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RESUME Les astéroides sont des planétésimaux rocheux résiduels qui n’ont pas réussi
a former des planetes et ont subi une évolution collisionnelle subséquente. L'étude des
astéroides est cruciale pour comprendre des problémes fondamentaux tels que la formation,
I’évolution et 1'origine de la vie dans notre systeme solaire et les systemes exoplanétaires.

Apres I'élimination du gaz du disque protoplanétaire et les instabilités subséquentes des
planetes géantes, les astéroides de la ceinture principale (MBA) se stabilisent a leur em-
placement actuel. Une petite fraction des astéroides de la ceinture principale est transportée
de fagon continue vers l'orbite terrestre, formant une population appelée la population des
astéroides géocroiseurs (NEA). Elle suscite beaucoup d’attention en raison de son histoire
passée et de la menace future d’un impact sur notre planete. Les principaux mécanismes dy-
namiques qui fagonnent la ceinture d’astéroides moderne et qui contribuent a leur transport
vers la région proche de la Terre incluent les collisions, l'interaction planétaire et les effets
thermiques, a savoir les effets Yarkovsky et YORP. Ces effets thermiques sont le sujet central
de cette these.

L'effet Yarkovsky est la force radiative produite par le rayonnement thermique du coté
apres-midi d’un objet en rotation en orbite autour du Soleil. Cet effet sur un objet unique
a été bien décrit mathématiquement a la fin du siecle dernier. Cependant, son role sur un
systéeme d’astéroides binaire n’a pas été completement compris et est souvent négligé. Dans
cette these, je construis un cadre théorique de base pour l'effet « Yarkovsky binaire ». Le
principe de l'effet Yarkovsky binaire est de faire migrer a la fois le composant primaire
et secondaire vers l'orbite synchrone ot la période de rotation est égale a la période or-
bitale mutuelle. Nous proposons que l'effet Yarkovsky binaire sur l'astéroide secondaire
(BYS) est le principal mécanisme de synchronisation des astéroides secondaires, et que 1'effet
Yarkovsky binaire sur 1’astéroide primaire (BYP) continue de réduire les orbites de la plupart
des astéroides binaires découverts. Les futures recherches sur 1’évolution a long terme des
systémes binaires devraient prendre en compte le BYP et le BYS.

L'effet YORP est le couple radiatif produit par le rayonnement thermique provenant de la
surface irréguliere des astéroides. Il gouverne I’évolution de la rotation des petits astéroides.
Les récentes études photométriques de la mission Gaia, ont trouvé un groupe excessif de
rotateurs lents et un fossé les séparant des rotateurs plus rapides, inexpliqué par les théories
actuelles. J’ai développé un modele d’évolution de la rotation des astéroides capable de
reproduire la distribution observée, tenant compte de l'effet YORP, des collisions et des
effets d’amortissement du frottement interne. Ce modéle suggere que cette distribution est
régulée par la compétition entre les collisions et 'amortissement du frottement interne des
« basculeurs » - des astéroides avec des vecteurs de rotation instables, et que le groupe des
rotateurs lents est principalement peuplé de basculeurs. Nous contraignons le produit de
la rigidité et du facteur de qualité, qui se rapporte a la viscosité du corps, a 4 x 107 Pa. Ce
nombre, deux ordres de grandeur plus petit que celui supposé pour les blocs monolithiques,
implique que les astéroides dont la structure est en agrégat pourraient subir des effets de
marée plus forts que ce que 'on pensait auparavant en raison de leur porosité et de leur
couche de régolithe.

Un autre probleme lié a I'effet YORP concerne sa sensibilité aux structures de surface telles
que les crateres d’'impact. Le couple YORP d'un astéroide change fréquemment en raison
des collisions, rendant difficile 1’étude de 1’évolution a long terme de la rotation. Dans le but
de résoudre ce probleme, j'ai développé des solutions analytiques, vérifiées par des solutions
numériques, pour les couples YORP induits par les crateres, qui seront utilisés pour étudier
le comportement de marche aléatoire de la rotation des astéroides a 1’avenir.

Mots clés astéroides - dynamique - effets thermiques



ABSTRACT  Asteroids are rocky leftover planetesimals that failed to form planets and
experienced subsequent collisional evolution. Most of the asteroids are distributed in
the so-called “Main Belt" located from 2.1 to 3.2 astronomical units (au). Studying as-
teroids is crucial to understand fundamental problems such as the formation, evolution
and life origin of our Solar system and exoplanetary systems.

After the gas depletion of the protoplanetary disk and the subsequent giant planet
instabilities, Main belt asteroids (MBAs) settle down at their modern location. A small
fraction of MBAs is continuously delivered to the near Earth orbit, forming a popula-
tion called near-Earth asteroids (NEAs) that gain a lot of attention due to their previ-
ous history and future threat of impacting our planet. Major dynamical mechanisms
shaping the modern asteroid belt and the delivery to the near-Earth space include col-
lisions, planetary interaction and thermal effects, namely the Yarkovsky and YORP
effects. These thermal effects are the focus of this thesis.

The Yarkovsky effect is the radiative force produced by the thermal radiation in the
afternoon side of a spinning object that orbits around the Sun. This effect on a single
object has been well described mathematically in the end of the last century. However,
its role on a binary asteroid system was not completely understood and often over-
looked. In this thesis, I build a basic theoretical framework for the “Binary Yarkovsky”
effect. The principle of the Binary Yarkovsky effect is to migrate both the primary and
secondary components towards the synchronous orbit where the spin period equals the
mutual orbital period. We propose that the Binary Yarkovsky effect on the secondary
asteroid (BYS) is the major mechanism to synchronise the secondary asteroids, and Bi-
nary Yarkovsky effect on the primary asteroid (BYP) is still shrinking the orbits of most
discovered binary asteroids. Future investigation on the long-term evolution of binaries
should take BYP and BYS into account.

The YORP effect is the radiative torque produced by the thermal radiation from the
irregular surface of asteroids. It governs the rotational evolution of small asteroids. Re-
cent photometric surveys from the Gaia mission, allowing observation of long-period
asteroids, found an excessive group of slow rotators and a gap separating them from
faster rotators, which is unexplained by current theories. I developed an asteroid rota-
tional evolution model capable of reproducing the observed distribution, accounting for
the YORP effect, collisions and internal friction damping effects. The model suggests
that this distribution is regulated by the competition between collisions and internal
friction dampening of "tumblers" -asteroids with unstable rotation vectors, and that the
slow rotator group of asteroids is mainly populated by tumblers. We constrain the prod-
uct of the rigidity and quality factor, which relates to the body’s viscosity, to 4 x 107
Pa. This number, two orders of magnitude smaller than the one assumed for monolithic
boulders, implies that rubble pile asteroids could undergo stronger tidal effects than
previously thought due to a porous structure and regolith layer.

Another puzzle of the YORP effect relates to its sensitivity to the surface structures
such as impact craters. The YORP torque of an asteroid frequently changes due to col-
lisions, making it difficult to study its long-term rotational evolution. As an attempt to
solve this problem, I developed analytical solutions, verified by numerical solutions, for
crater-induced YORP torques, which will be used to study the random-walk behaviour
of asteroids’ rotation in the future.

Keywords asteroids - dynamics - thermal effects
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INTRODUCTION

Asteroids are rocky leftover planetesimals that failed to form plan-
ets and subsequently experienced collisional evolution. Most of the
asteroids are distributed in the so-called “Main Belt" located from
2.1 to 3.2 astronomical units (au). The total mass of main belt aster-
oids (MBAs) is roughly 0.045 % of Earth mass (Krasinsky et al., 2002;
Somenzi et al., 2010; Kuchynka and Folkner, 2013), with most of the
mass concentrated in a few large asteroids like 1 Ceres, 2 Pallas and 4
Vesta. A small fraction of asteroids are delivered to orbits intersecting
with Earth’s orbit, forming Near-Earth Asteroids (NEAs).

This thesis focuses on the Yarkovsky and YORP effects, both of
which are caused by radiative force, on the long-term evolution of
main belt asteroids. By briefly introducing the observational features
of the current main belt asteroids in Sec. 1.1 and the origin and his-
tory of asteroids in Sec. 1.2, we will have a basic idea of what roles the
Yarkovsky and YORP effect are playing during the evolution of aster-
oids and how they help people understand the Solar system history
and possible evolution of exo-planetary systems. We then review the
current knowledge of Yarkovsky and YORP in Sec. 1.3 and Sec. 1.4, re-
spectively, which leads to the major part of this thesis in the following
chapters that try to answer the unsolved problems in the field. Chap-
ters 2 and 3 will concentrate on the Yarkovsky effect and Chapters 4,
5 and 6 will concentrate on the YORP effect

1.1 OBSERVATION FEATURES OF ASTEROIDS

Major observational features can be summarized below.

1.1.1  Size-frequency distribution (SFD)

For asteroids without sufficient thermal infrared emission data, the
size of asteroids is inferred from the absolute magnitudes

10-1/5
VPV

Here D is the diameter, H is the absolute magnitude, a measure of an
asteroid’s brightness, and pv is the visual geometric albedo, defined
as the proportion of total incoming power reflected to the source di-
rection when accounting for the visible wavelength.

A typical SFD of debris disks is characterized by a power law:

D = 1329

km (1.1)

N.p ~ D% (1.2)
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where N.p is the cumulative number of asteroids with a diame-
ter larger than D. For collision-dominating debris disks, &« = —2.5
(Dohnanyi, 1969; Wyatt et al., 2011). Observation reports a broken
power law for MBAs: « = —2.6 for D < 0.1 km ,« = —1.3 for
0.2km <D <5km,and o = =3 for 5 km < D < 40 km (Cheng, 2004,
Bottke et al., 2005; Bottke et al., 2020; Heinze et al., 2019). This wavy
distribution is speculated to result from the size-dependent strength
of asteroids and the size distribution of collisional fragments (Bottke
et al., 2005). The steeper slope in the range D > 100 km and the el-
bow at D ~ 130 km are considered as the primordial distribution of
planetesimals (Morbidelli et al., 2009).

1.1.2  Spectroscopic classes

In general, asteroids are spectroscopically classified to C-type, which
is carbonaceous and has a low albedo, S-type which is silicate-rich
and has a higher albedo, and M-type which is metal-rich and has
moderately high albedos (DeMeozo019; Tholen, 1984; Mahlke et al.,
2022). C-type asteroids contain primitive materials that are less ther-
mal altered. S-type asteroids are more evolved than C-types, having
undergone processes such as differentiation. This suggests that they
may be fragments of larger bodies that once had molten interiors. M-
type asteroids are believed to be the remnants of the metallic cores of
larger differentiated bodies that were shattered by collisions.

The composition of asteroids shows dependence on the distance to
the Sun (e.g. see Fig. 3 in DeMeo and Carry, 2014). S-type asteroids
are dominating at the inner main belt (2.2 - 2.5 au), while the central
main belt (2.5 - 3.2 au) is dominated by C-types asteroids. Farther
regions are dominated by P-type and D-type asteroids, which are
similar to the spectra of comet nuclei. This spatial trend is considered
to result from the thermal gradient in the protoplanetary disk where
planetesimals formed. However, there is a mixing of different types of
asteroids in the semi-major axis, implying a complicated dynamical
evolution in the past. The early migration of giant planets could be an
answer to this mixing, while the timing of the giant planet instability
is yet determined (Walsh et al., 2011; Morbidelli et al., 2015).

1.1.3  Orbital elements

The semimajor axes of main belt asteroids are mainly distributed
from 2.1 to 3.2 au. The inner edge is related to the secular resonance
between the precession frequency of the perihelion of asteroids and
the g¢ planetary frequency. The outer edge is related to the 2:1 mean
motion resonance with Jupiter. There are several gaps located at 2.5,
2.8 au, namely Kirkwood gaps where asteroids are depleted, which
separate the main belt to the inner belt, middle belt and outer belt.
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Their eccentricities range from o to 0.3 and inclinations range from
o to 33 degrees. This indicates an excitation process in the past since
the planetesimals are considered to form in circular and co-planar
orbits (Johansen et al., 2015; Morbidelli et al., 2015).

1.1.4 Spin distribution

The spin rate of large asteroids (e.g. the radius R > 50 km) basically
follows a Maxwell distribution with the peak corresponding to a pe-
riod of ~ 6 hours (Pravec and Harris, 2000). Observation on asteroids
larger than 1 km shows an upper limit of the spin rate corresponding
to a rotational period of ~ 2.2 hours for asteroids, beyond which the
centrifugal forces will overcome the self-gravity and therefore lead to
rotational disruption. This spin limit can be well described by

31 _
Pmin = Hp—G =3.3p 172 (1.3)

according to Pravec and Harris (2000). Here G is the gravitational con-
stant and p is the bulk density of asteroids. This is seen as evidence of
a rubble pile structure instead of a monolithic structure. For asteroids
smaller than 1 km, there are fast rotators whose spin rate exceeds
the above spin limit, indicating a monolithic structure with internal
cohesion > 1 kPa (Hu et al., 2021).

For small main belt asteroids (range from 1 km to 50 km), two ob-
servational features are distinguishable: the excess of fast rotators (e.g.
period P < 3 hours) and the excess of the slow rotators (e.g. period
P > 1 day) (Pravec and Harris, 2000). The former is considered to arise
from the accumulation of asteroids near the spin limit, which could
avoid destruction by mass shedding and maintain a relatively fast
rotation, when it starts to spin faster than the spin limit (Zhang18).
The excess of slow rotators still lacks a well-recognized explanation.
Recent observations by Gaia have shown that, in the period-diameter
diagram of main belt asteroids, there is a visible gap separating the
slow rotators from the faster ones, which makes the problem even
more complicated (Durech and Hanus, 2023).

1.2 ORIGIN AND LONG-TERM EVOLUTION

Theories that attempt to decipher the history of main belt asteroids
have to be subject to the observational features above. Planetesimals,
the progenitors of asteroids, can grow up to 103 km in the protoplan-
etary disk due to accreting collisions and self-gravity. They form in
the concentrated region of the dust where the gas-particle instabili-
ties such as the streaming instability can be triggered (Youdin and
Goodman, 2005). Theoretically, there are a few barriers such as the
bouncing barrier, fragmentation barrier and radial drift barrier that
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prevent dust grains from growing (Brauer et al., 2008; Zsom et al.,
2010; Birnstiel et al., 2010), but some “lucky" particles step over these
barriers and become sufficiently massive to accrete particles for fur-
ther growth (Windmark et al., 2012). The typical born size of plan-
etesimals is as large as > 100 km, inferred from the modern SFD of
asteroids (Morbidelli et al., 2009).

Planetesimals formed in the different regions of the protoplanetary
disk gathered somehow in the location of the modern asteroid belt,
as speculated from the diversity of the spectra types of asteroids. Sev-
eral mechanisms have been proposed for such dynamic mixing, such
as the "grand tack" model (Walsh et al., 2011; Raymond et al., 2014;
Deienno et al., 2019) and low-mass asteroid belt model (Raymonzo17;
Izidoro et al., 2022).

In the “grand tack” model, initial S-type asteroids formed within
Jupiter and C-type asteroids formed beyond the ancient Saturn. Jupiter
migrated inward to 1.5 au due to its interaction with the disk, scat-
tering S-type asteroids outward. During this process, Saturn grew
and migrated inward to a mean motion resonance. Then the Jupiter-
Saturn pair started to move outwards, scattering back some S-type
and C-type asteroids. This process will deplete 99.7% mass of the
initial asteroid belt objects, explaining the low mass of the current
asteroid belt. The distribution of the orbital eccentricity and the in-
clination of the giant planets’ migration are consistent with excited
current ones.

In the scenario of an initial low-mass asteroid belt model, planets
form in narrow rings, and the asteroids are implanted from both the
terrestrial planet-forming and giant planet regions after gas depletion
(Bottke et al., 2006; Raymond and Izidoro, 2017a,b). The narrow dust
ring was observed in HL Tau’s disk. In the model, planetesimals are
scattered by planetary embryos to the current asteroid belt, and are
subsequently damped by Kozai resonance in the mean motion reso-
nance with Jupiter or scattering by pass-by embryos.

Around 60-100 Myr after gas depletion (Avdellidou et al., 2024),
the asteroid belt is likely affected by the orbital instability of giant
planets driven by their interaction with a massive disk of planetesi-
mals located from a few au beyond the original orbit of Neptune to
about ~30 au. This is also called “Nice model" as it was proposed and
developed by researchers in Nice, France. In the process of the outer
migration of icy planets, some outer planetesimals in the outer belt
are scattered into the asteroid belt, explaining the existence of D-type
and P-type asteroids.

After the giant planet instabilities, the asteroid belt evolves mainly
under collisions, planetary interactions such as mean motion reso-
nance and secular resonance, and thermal effects (Morbidelli et al.,
2015). Destructive collisions shape the size frequency distribution into
an equilibrium state called the collisional cascade, in which the rate
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of removal for objects with an arbitrary size due to destructive im-
pact equals the rate of generation for objects with that size due to the
destruction of larger asteroids. Fresh collisional fragments could be
responsible for Q-type asteroids (Binzel et al., 2004). Collisional frag-
ments from the same parent body are called “asteroid families". The
newly born family members are confined in an ellipse in the orbital
element spaces (e.g. a-e space and a-i) and go through diffusion un-
der the Yarkovsky effect (Bottke et al., 2001), which is a radiative force
produced by the thermal radiation in the afternoon side of a spinning
object that orbits around the Sun (Bottke Jr et al., 2006). Once the as-
teroid migrates across the resonance zone with giant planets, its ec-
centricity increases. Some of them could have close encounters with
planets and be subsequently delivered to near-Earth asteroids (NEAs)
(Farinella et al., 1998; Morbidelli and Vokrouhlicky, 2003), which are
considered to be the reason for the extinction of dinosaurs and still
hold potential risks impacting our planet. The rotational evolution of
small objects (R <50 km) is dominated by the YORP effect, which
is the radiative torque produced by the thermal radiation from the
irregular surface of asteroids. Larger objects are mainly affected by
mutual collisions. The YORP effect and collisions can either spin up
or down the objects, although the preferred direction is not yet well
understood (Vokrouhlicky and Capek, 2002).

This thesis deals with the last stage of evolution with a focus on
the Yarkovsky and YORP effects, which will be given a more detailed
introduction below.

1.3 YARKOVSKY EFFECT

The Yarkovsky effect is named after Ivan Osipovich Yarkovsky, a Pol-
ish engineer and scientist. He claimed that the planet could be acceler-
ated by the recoil force caused by the hottest aether in the afternoon
side, although the aether was proven not to exist later. Though his
theories about the ether were mistaken, his concept of heat-driven
acceleration was rediscovered in the 1950s by Opik and Radzievskii.

1.3.1 Mechanism

The Yarkovsky effect is composed of the diurnal component and the
seasonal effect, which are caused by the spin and orbital motions,
respectively.

DIURNAL EFFECT When a rotating asteroid absorbs sunlight, the
surface heats up and re-radiates the energy later when it is facing
away from the Sun. For prograde rotators (rotating in the same di-
rection as their orbit), this leads to a net force that increases the
semimajor axis of their orbit, causing them to slowly drift outward
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Yarkovsky force YORP torque
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Irregularity

Figure 1.1: Schematics of the diurnal Yarkovsky and YORP effects where
the radiative forces are denoted by the red arrows. Left: the aster-
oid is in the prograde rotation where its spin vector aligns with
the orbital vector. The recoil force, represented by the hottest re-
gion in the afternoon side, accelerates the asteroid and therefore
expands the orbit. Right: The irregularity of the asteroid is rep-
resented by the solid triangle. The dashed triangle denotes the
orientation after half of the spin period. The radiative torque on
the triangle over the spin period cannot cancel by itself and leads
to a net torque that secularly modifies the rotation.

from the Sun. In contrast, retrograde rotators (rotating in the oppo-
site direction) experience an inward drift as the thermal re-radiation
decelerates their orbit. The illustration is shown in Fig. 1.1.

SEASONAL EFFECT The seasonal effect arises because different hemi-
spheres of the asteroid are illuminated at different times during its
orbit. When the asteroid is closest to the Sun, the illuminated hemi-
sphere absorbs more heat and later re-emits it, causing a net force
that affects the orbit’s semimajor axis. Unlike the diurnal effect, the
seasonal effect is always directed inward, causing a decrease in the
semimajor axis regardless of the asteroid’s rotation direction.

The Yarkovsky effect is affected by several factors such as the size,
thermal inertia, spin rate and obliquity. The steps of solving the in-
duced orbital drift rate are listed below.

HEAT CONDUCTION EQUATIONS The temperature T for the sur-
face and the layer beneath is governed by

oT  « 07T

P Cip@' (1.4)
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with two boundary conditions,

oT
Kaiz ‘z:O =E(t) - eGT4|z:0 ’ (1.5)
oT
Kai |Z—>oo = O/ (16)
z

where t is the time, « is the thermal conductivity, C is the specific heat
capacity, p is the bulk density of the asteroid, e is the emissivity and
o is the Stefan-Boltzmann constant. These equations can be solved
by the numerical approach or the analytical approach (with several
assumptions) with details shown in Chapter 5 and 6.

RADIATIVE FORCE The radiative force for a surface element dS is

df = —Zse—CGT“dSﬁ (1.7)
with ¢ being the light speed and 11 is the normal vector of the surface

element dS. The total force of the whole body is

F= —23%0 JT“ﬁdS. (1.8)

ORBITAL DRIFT RATE The secular orbital drift is caused by the
transverse component of the force F. Assuming a circular orbit, the
orbital drift rate is

2F -V

a= et (1.9)

Here m and n are the mass and the mean motion rate of the objects,
respectively. For a spherical object, the solution is

4 _8cosed)(1—A)7tr2 O (1.10)
47 “on me 2420, + 02, '

for the diurnal component and

_4sinzed)(1 —A) mr? On
9n me 2+20, + 0%

as = (1.11)
for the seasonal component. The Yarkovsky effect is exceedingly small,
producing an orbital drifting rate of 107> au/Myr for km-sized ob-
jects in the main belt.

1.3.2 Detection

This tiny force can cause measurable changes in an asteroid’s orbit
over the long term. Detecting this effect requires precise tracking of
an asteroid’s position over extended periods, often through a combi-
nation of optical observations and radar ranging.
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The first definitive detection of the Yarkovsky effect was made for
the near-Earth asteroid (6489) Golevka (Chesley et al., 2003). This de-
tection was possible due to radar observations made in 1991, 1995,
and 2003, which allowed scientists to measure a deviation in Golevka’s
orbit from what was predicted by gravitational forces alone. The dif-
ference in the asteroid’s position—about 15 kilometers—could be ex-
plained by the Yarkovsky effect.

Since then, more asteroids (~ 100 ) have shown evidence of Yarkovsky-
induced drift (Vokrouhlicky et al., 2015). To quantify the Yarkovsky
effect on an asteroid, astronomers typically introduce a parameter
A2, which represents the non-gravitational transverse acceleration. In
cases where the Yarkovsky effect is detected, it becomes possible to
infer additional properties about the asteroid, such as its density, ther-
mal conductivity, and spin state, as revealed above.

1.3.3 Application

DELIVERY OF ASTEROIDS FROM THE MAIN BELT TO NEAR-EARTH
SPACE One of the most critical applications of the Yarkovsky ef-
fect within the asteroid belt is its ability to deliver asteroids from
the main belt into resonances that can push them toward near-Earth
space. When an asteroid’s semimajor axis changes due to this effect, it
can eventually reach a mean-motion resonance or secular resonance
with one of the giant planets, particularly Jupiter or Saturn. Once an
asteroid enters one of these resonances, its orbit can become chaotic,
increasing the probability of close encounters with terrestrial planets
and ejection from the main belt, becoming a near-Earth object (NEO).
This process is a major source of NEOs, which has been confirmed
by the consistency of the simulation with the observed excess of ret-
rograde rotators in NEAs.

ASTEROID FAMILIES Asteroid families are groups of asteroids that
have formed from the fragmentation of a larger parent body. The
Yarkovsky effect is responsible for spreading the members of an as-
teroid family over time, particularly in terms of their semimajor axes.
After the initial collisional event that creates an asteroid family, the
smallest fragments experience the strongest Yarkovsky drift, which
causes them to spread more rapidly than the larger bodies. This dis-
persing effect, decreasing with the size, forms a near V-shape distribu-
tion in the diagram of 1/D versus a, with the center around the parent
body and the slope of the edge denoting the family age (Vokrouhlicky
et al., 2006). A few old asteroid families have been identified using
this method (Delbo’ et al., 2017).
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1.3.4 Unsolved Issues

While the Yarkovsky effect is well described by the equations shown
above and has many successful applications on main-belt asteroids,
there are a few unsolved issues.

CHAOTIC ROTATION STATE While idealized models often assume
that asteroids are in principal axis rotation, some asteroids, especially
those with slow spin rates, are in non-principal axis rotation, namely
tumbling. This tumbling motion, which can not be described by a
single period, introduces additional complexities in analytical and
numerical calculation (Vokrouhlicky et al., 2015).

BINARY ASTEROIDS The Yarkovsky effect on a binary asteroid was
not well understood although it was realized about twenty years ago.
The problem will be addressed in Chapters 2 and 3.

STOCHASTIC BEHAVIOR The Yarkovsky effect depends on the as-
teroid’s rotational state, which however undergoes a random walk
due to collisions and YORP. Therefore, the Yarkovsky effect should
also behave stochastically. This problem has not been addressed com-
pletely, but the situation has been improved as will be discussed in
Chapter 5 and 6.

1.4 YORP EFFECT AND ROTATIONAL EVOLUTION

The Yarkovsky—O’Keefe-Radzievskii-Paddack (YORP) effect is intro-
duced by David Rubincam (Rubincam, 2000), named after four impor-
tant contributors to the concepts behind. Ivan Yarkovsky proposed
the radiative force described in the last section, Vladimir Radzievskii
proposed the force could lead to a torque when considering variations
in albedo, Stephen Paddack, along with John O’Keefe, stated that the
irregular shape is an important factor and the induced torque could
apply to small asymmetric dust. The YORP effect became an impor-
tant theoretical concept for asteroids by the early 2000s, advanced by
David Rubincam.

1.4.1  Mechanism

The modern view of the YORP effect is the net radiative torque pro-
duced by the emitted thermal photons from the irregular surface, over
the characteristic period (e.g. the orbital period and the spin period
for asteroids), as illustrated in Fig. 1.1. A common confusion is that
the YORP torque is produced by the incident solar photons. This was
proved not to exert a net torque after averaging over the orbit (Breiter
et al., 2007).

11
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The YORP torque is composed of two components: the spin com-
ponent that modifies the spin rate and the obliquity component that
modifies the obliquity. The object is usually assumed to be in the
principal axis rotation (e.g. rotation around its shortest or longest
axis). The spin component does not depend on the thermal iner-
tia, a parameter measuring the delay between the photon absorp-
tion and emission in the thermal wavelengths. On the contrary, the
obliquity component depends on the thermal inertia. The YORP the-
ory predicts that asteroids could spin up or down with equal prob-
abilities in the case of non-zero thermal inertia and will prefer to
spin down in the case of zero thermal inertia (Vokrouhlicky and
Capek, 2002; Capek and Vokrouhlicky, 2004). However, this has not
yet been demonstrated by statistical results from observation. In addi-
tion, according to the theory, the YORP effect drives asteroids towards
asymptotic obliquities related to the shape of individual asteroids,
with the most common asymptotic obliquities being 0°, 20° and 180°.

The procedures to calculate the YORP torque are listed below.

HEAT CONDUCTION EQUATION This is the same as described in
Sec. 1.3.1.

RADIATIVE TORQUE The radiative force df is calculated the same
as described in Sec. 1.3.1. Then induced radiative torque of the whole
body is

q 2
Tyorp = —g JT“ﬁ x 7dS. (1.12)

Here 7 is the position vector of the surface element dS. The torque is
then required to be averaged over the spin period and orbital period.
Symmetric shapes like spheres or ellipsoids are proven to result in
a zero YORP torque. Therefore, the essence of the YORP effect is
the irregular shape of the object, which requires accessing the YORP
torque by the numerical approach

2e0

? —1—141’_1'1 X T_"lASl (1.13)

Tyorp = —
More details will be shown in Chapter 5 and 6. Normally the timescale
for the YORP torque (i.e. the time to change the same angular momen-
tum as the initial one) is

R \?/8hY / an \2
wore =1 () (5) () (114

However, we should note this timescale is estimated with the assump-
tion of a constant shape, which actually evolves over time. The YORP
effect not only depends on the global shape, but is also subject to
the fine surface structure. The effect YORP timescale is yet unknown
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due to the frequent change of the YORP torque over the collisional
history:.

While the normal YORP effect focuses primarily on how an aster-
oid’s overall shape causes asymmetric absorption and re-radiation
of sunlight, the tangential YORP (TYORP) effect introduces an addi-
tional layer of complexity by considering how solar radiation inter-
acts with small surface features like boulders, ridges, and slopes. The
TYORP effect arises from heat conduction across boulders. The heat
conduction between the eastern and western sides of the boulder in
the morning is larger than that in the afternoon, leading to a weaker
thermal emission. Therefore, the afternoon-illuminated side of the
boulder will dominate, leading to a positive net radiative torque.

The TYORP effect could be used to study the effect of roughness
on the total YORP torque (Golubov and Krugly, 2012). However, the
shadow and self-heating effect induced by the surface roughness is
also proven important but not included in the TYORP effect (Golubov
and Lipatova, 2022). In Chapter 5 and 6, I develop a semi-analytical
method to account for this crater-induced YORP (CYORP) effect.

1.4.2 Detection

The first observational evidence of the YORP effect came from mon-
itoring asteroid spin rates over time. One of the earliest successful
detections was made with the asteroid (54509) YORP (Taylor et al.,
2007; Lowry et al., 2007), named after the phenomenon itself. In a
series of radar observations conducted between 2001 and 2007, as-
tronomers observed a clear acceleration in its spin rate, consistent
with the predictions of theoretical YORP models, both in trend and
order of magnitude.

More recent detections of the YORP effect have been made possible
by advances in observational techniques and computational model-
ing. To date, there have been 12 confirmed YORP detections and 2
possible cases (Durech et al., 2024). However, an intriguing and puz-
zling observation is that, despite theoretical predictions suggesting
equal probability for spin-up or spin-down, all detected cases thus
far have been instances of spin-up.

1.4.3 Application

The YORP effect has several key applications in asteroid dynamics
and evolution.

OBLIQUITY DISTRIBUTION Asteroids are observed to have a pre-
ferred spin vector alignment near 0° and 180°, except for those cap-
tured in spin-orbit resonances with giant planets (Vokrouhlicky et al.,

13
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2003; Hanus et al.,, 2013). This distribution is consistent with the pre-
dictions of the YORP effect.

SPIN RATE DISTRIBUTION Asteroids exhibit an excess of fast ro-
tators (with periods near 2.2 hours) and slow rotators (with periods
longer than one day). The fast rotators are believed to result from
YORP-induced spin-up and subsequent redistribution. However, the
presence of slow rotators has not been fully explained by existing the-
ories. Moreover, recent Gaia data have revealed a gap in the period-
diameter distribution of main belt asteroids, separating slow rotators
from faster ones. Chapter 4 provides a plausible explanation for these
mysteries by applying the YORP theory.

TUMBLER DISTRIBUTION  Some asteroids exhibit non-principal axis
rotations, often attributed to YORP-induced spin-down. Their distri-
bution follows a power law in the period-diameter diagram (Pravec

et al.,, 2005). Although this distribution has not been well explained by

previous theories, Chapter 4 explains their distribution by adapting

the YORP theory.

SURFACE AND SHAPE EVOLUTION As the YORP effect alters an
asteroid’s spin rate, it can lead to surface mass movement due to
increasing centrifugal forces. This process is believed to contribute to
the formation of the "top-shaped" asteroids (Keller et al., 2010; Walsh
et al., 2012).

BINARY ASTEROID FORMATION Binary asteroids in the main belt
are thought to form through either YORP-induced rotational disrup-
tion of small objects (typically less than 10 km in diameter) or colli-
sional disruption of larger objects (Walsh et al., 2008).

1.4.4 Unsolved Issues

Unlike the Yarkovsky effect, the YORP mechanism remains poorly
understood, primarily due to its sensitivity to an asteroid’s global
shape and fine surface structures (Breiter et al., 2009; Statler, 2009).

INCONSISTENCY BETWEEN OBSERVED AND THEORETICAL YORP
TORQUE Observations report that nearly 100% of detected YORP
torques are positive, whereas theoretical predictions suggest only about
50% should be positive (éapek and Vokrouhlicky, 2004; Durech et al.,
2024). One possible explanation is the contribution of positive TYORP,
but the magnitude of this torque and its role in explaining slow ro-
tators remains unclear. Additionally, observational biases may arise
from the fact that most detections are of fast rotators, which are more
likely to be spinning up toward the spin barrier. Although challeng-
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ing, future observations of YORP torques in slow rotators may shed
new light on this discrepancy.

CHAOTIC ROTATION STATES The YORP effect on tumbling aster-
oids is still not well understood. A few studies suggest that tumblers
may evolve into stable states where their period and obliquity be-
come fixed (Vokrouhlicky et al., 2007a; Breiter and Murawiecka, 2015).
However, these studies neglect the role of thermal inertia, which can
influence the spin components of tumbling asteroids. Solving this
chaotic problem numerically would be computationally expensive.
Chapter 4 will explore constraints on this issue through model fitting
and observational data.

PRECISE MODELING Due to our limited understanding of how mi-
croscopic structures affect the YORP effect, it remains difficult to cal-
culate a precise YORP torque for real asteroids (Breiter et al., 2009).
Theoretical models fail to converge as resolution increases. Chapters 5
and 6 aim to address these challenges and enhance our understand-
ing of the YORP effect.

STOCHASTIC BEHAVIOR YORP torques are frequently reset by col-
lisions that create impact craters, leading to a random walk in the
spin rate and obliquity of asteroids (Bottke et al., 2015). This long-
term stochastic behavior is not well understood, largely because of
the complexities in modeling the changes caused by collisions. Chap-
ters 5 and 6 will delve deeper into this issue, aiming to advance our
comprehension of these stochastic processes.
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Part I1

YARKOVSKY EFFECT AND ORBITAL
EVOLUTION






BINARY YARKOVSKY EFFECT ON THE
SECONDARY ASTEROID

The Yarkovsky effect on the binary asteroid system was not well un-
derstood. It was first realized to have perturbation and secular effects
on the Earth-satellite LAGEOS in 1980s. Several authors advanced
the theory and extended its application to the binary asteroid and
planetary-ring systems (Rubincam, 1982; Milani et al., 1987; Farinella
and Vokrouhlicky, 1996; Métris et al., 1997; Vokrouhlicky et al., 2005;
Rubincam, 2006; Vokrouhlicky et al., 2007b; Rubincam, 2014). How-
ever, this effect was not correctly interpreted and therefore its impor-
tance was not recognized.

This chapter explores the Yarkovsky effect on the secondary aster-
oid (the smaller component in a binary asteroid system) and its im-
plications for long-term evolution. The Binary Yarkovsky effect can
be divided into two sub-effects: the planet-Yarkovsky effect and the
eclipse-Yarkovsky effect. The former, caused by planetary radiation, is
well understood, while the latter, resulting from eclipse-induced per-
turbations, remains less explored. This chapter demonstrates that the
eclipse-Yarkovsky effect dominates in low-inclination cases *, whereas
the planet-Yarkovsky effect is more significant at higher inclinations.

In this chapter:

* Isummarize the principles of the eclipse-Yarkovsky effect, which
moves the orbit toward the synchronous state.

e [ provide an analytical formula for the Binary Yarkovsky effect,
verified by numerical simulations.

* I propose that the Binary Yarkovsky effect could be the primary
driver behind the synchronous state of most discovered binary
asteroids.

* I discuss its potential influence on the long-term evolutionary
paths of binary asteroids.

e [ present predicted orbital drift rates for relevant binary aster-
oids, offering potential tests for future observations.

This paper was published in the peer-reviewed journal The Astro-
physical Journal Letters.

Author contributions: W.H. Zhou proposed the idea, conducted the
analytical analysis and wrote the paper. D. Vokrouhlicky contributed

1 Inclination refers to the angle between the spin vector and the mutual orbital vector
of the secondary asteroid.
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to the completion of the idea and the analytical analysis. K. Masanori
conducted the numerical verification. H. Agrusa, P. Pravec, M. Delbo,
P. Michel contributed to the discussion and the writing of the paper.
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Abstract

We explore the Yarkovsky effect on small binary asteroids. While significant attention has been given to the
binary YORP effect, the Yarkovsky effect is often overlooked. We develop an analytical model for the binary
Yarkovsky effect, considering both the Yarkovsky—Schach and planetary Yarkovsky components, and verify it
against thermophysical numerical simulations. We find that the Yarkovsky force could change the mutual orbit
when the asteroid’s spin period is unequal to the orbital period. Our analysis predicts new evolutionary paths
for binaries. For a prograde asynchronous secondary, the Yarkovsky force will migrate the satellite toward the
location of the synchronous orbit on ~100 kyr timescales, which could be faster than other synchronization
processes such as YORP and tides. For retrograde secondaries, the Yarkovsky force always migrates the
secondary outward, which could produce asteroid pairs with opposite spin poles. Satellites spinning faster than
the Roche limit orbit period (e.g., from ~4 hr to ~10 hr) will migrate inward until they disrupt, reshape, or form
a contact binary. We also predict a short-lived equilibrium state for asynchronous secondaries where the
Yarkovsky force is balanced by tides. We provide calculations of the Yarkovsky-induced drift rate for known
asynchronous binaries. If the NASA DART impact broke Dimorphos from synchronous rotation, we predict
that Dimorphos’s orbit will shrink by @ ~ 7cmyr ', which can be measured by the Hera mission. We also
speculate that the Yarkovsky force may have synchronized the Dinkinesh—Selam system after a possible merger

CrossMark

s

of Selam’s two lobes.

Unified Astronomy Thesaurus concepts: Asteroids (72); Planetary rings (1254); Solar system (1528)

1. Introduction

Binary asteroids are found throughout the solar system at a
wide range of size scales. Their formation mechanisms are also
diverse. Kilometer-sized systems are generally thought to form
by rotational disruption of the primary resulting from radiative
torques (e.g., Walsh et al. 2008), large main-belt systems are
thought to form by collisions (e.g., Michel et al. 2001; Durda
et al. 2004), while binaries in the Kuiper Belt are thought to be
primordial, forming directly from the streaming instability
(e.g., Nesvorny et al. 2010). This study primarily focuses on
~kilometer-sized binaries found among both the near-Earth
asteroids (NEAs) and main-belt asteroids (MBASs). These
systems are small and close enough to the Sun that radiation
forces play an important role in their long-term evolution.
Understanding their long-term dynamics is crucial to trace back
their evolution and estimate their lifetime, which also provides
information on the physical properties and geologic structures
of asteroids.

It is widely accepted that the long-term dynamics of
binaries are dominated by tides and the binary YORP
(BYORP) effect, which is a radiative torque that modifies
the orbit of the secondary asteroid (Cuk & Burns 2005;
Vokrouhlicky et al. 2015). Tidal dissipation can drive the
secondary either outward or inward, depending on whether

Original content from this work may be used under the terms

B of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOIL

the secondary’s mean motion is slower or faster than the
primary’s spin (Murray & Dermott 1999). The primaries of
binary NEAs typically have short rotation periods, in the
range of 2.2—4.5 hr (Walsh & Jacobson 2015), which is likely
due to the formation of the system by rotational failure
(Pravec & Harris 2007). For simplicity, we assume the
primary’s spin rate always exceeds the secondary’s mean
motion and that tides will consequently drive the secondary
outward. For small eccentricities, the time evolution of the
binary semimajor axis can be written as (Murray &
Dermott 1999)

ky m, 5
a;, = 3—p&(r—p) na. (1)

Op my,

Here k,, Qp,, and m,, are the tidal Love number, quality factor,
and mass of the primary, while n, a, and mg are the mean
motion, semimajor axis, and mass of the secondary,
respectively. Throughout this manuscript, the subscript “p”
denotes the primary, while the subscript “s” denotes the
secondary. The nomenclature and symbols are given in
Table 2.

While d; decreases dramatically with the semimajor axis
(@ < a='1/2), the drift rate caused by the BYORP effect
becomes greater with the increasing semimajor axis (Cuk &
Burns 2005; Jacobson & Scheeres 2011; Vokrouhlicky et al.
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2015). The averaged semimajor axis drift rate under BYORP is

_ M F
.

ag @)
Here, fg is the dimensionless BYORP coefficient that can be
positive or negative, depending on the shape and surface
morphology of the secondary.® The calculated absolute value
of fg for polyhedron asteroid models shows a large range from
107* to 10™" (Steinberg et al. 2011) with a typical value of
1073 (Jacobson & Scheeres 2011). The nominal radiation
pressure per unit mass F is defined as

o1 - Ayr?
mgc ’

where ® = 1364 (an/au)2 Wm 2 is the solar flux, A is the
Bond albedo, and ¢ is the speed of light. Here @, is the
heliocentric orbital semimajor axis of the binary system. The
BYORP effect could drive the secondary either outward to an
unstable orbit, where external gravitational perturbations would
finally destroy the binary system (Cuk 2007), or inward until
the secondary gets tidally disrupted or the BYORP effect is
balanced by the tidal effect (Jacobson & Scheeres 2011). The
theoretical timescale of the BYORP effect for NEAs is short
(e.g., <10°yr; Cuk & Burns 2005; Cuk 2007) compared to
their dynamical lifetime (e.g., ~107 yr; Gladman et al. 2000),
indicating that the observed binary asteroids are either very
young or old enough, if they reached a BYORP-tide
equilibrium. However, available measurements suggest that
binary systems are evolving at much lower rates than predicted
by BYORP. The binary asteroid system 1996 FG; is observed
to have a semimajor axis drift of —0.07 & 0.34 cmyr '
(Scheirich et al. 2015), which is much lower than the predicted
values of 2.3cmyr ' (Scheirich et al. 2015) or 7cmyr '
(McMahon & Scheeres 2010) based on the secondary shape
model. Similarly, based on an available shape model of the
secondary, the binary system 1999 KW, has been estimated to
have a BYORP drift rate of 6.98cmyr ' (McMahon &
Scheeres 2010) or 8.53 cm yr_1 (Scheirich et al. 2021), while
observations of the mutual orbit report an outward drift rate of
1.2cmyr ' corresponding to fg ~0.00157 if tides are
neglected (Scheirich et al. 2021). The two orbital solutions
for the binary system 2001 SLo have drift rates of a of
—28+02cmyr ' or —=5.14+0.2cmyr ' corresponding to
Jf8 =0.006 or 0.01, respectively (Scheirich et al. 2021). Since
there is no available shape model for the secondary in
2001 SLy, a theoretical value of fg cannot be derived. The
observation data of the Didymos—Dimorphos system before the
DART impact show a small drifting rate of —0.08+
0.02 cm yr’l (Scheirich & Pravec 2022; Naidu et al. 2024;
Scheirich et al. 2024).

Several mechanisms have been proposed for weakening the
BYORP effect. The BYORP torque can be weakened, or even
removed, by either the nonsynchronous state of the satellite
(Cuk & Burns 2005) or its nonprincipal axis rotation (Quillen
et al. 2022). Another possibility is a rotational state referred to
as the “barrel instability” (Jacobson et al. 2021), in which the

F 3

6 In the literature, the BYORP coefficient is often referred to as B, but we

denote it as fg to maintain consistency with other coefficients in this Letter.

Zhou et al.

satellite rolls about its longest axis during its orbital motion and
its longest axis remains approximately aligned toward the
primary (Agrusa et al. 2021). A recent study also suggests that
the BYORP coefficient can be reduced by an order of
magnitude for satellites like Dimorphos, the secondary of the
binary asteroid Didymos, which has an overall “smooth” shape
made up of boulders that are all significantly smaller than the
size of the body (Cuk 2023).

In this work, we investigate the Yarkovsky effect that has
been largely overlooked in the context of the long-term
evolution of binary asteroids. The Yarkovsky effect, which is
the radiation force raised on the afternoon side of a rotating
object, has been well studied for single asteroids (Vokrouhlicky
1998, 1999; Bottke et al. 2006; Vokrouhlicky et al. 2015).
However, its impact on binary asteroids remains less explored.
The Yarkovsky effect on a binary consists of two components:
the Yarkovsky—Schach (YS) effect and the planetary Yar-
kovsky effect. The YS effect is caused by (1) elimination of the
satellite irradiation by sunlight when it is located in the primary
shadow and (2) the related asymmetric thermal cooling and
heating of the secondary after it enters and exits the shadow (in
fact, there is also a similar effect on the primary related by the
shadow of the secondary, but this produces smaller dynamical
perturbation). The YS effect has been studied for Earth
satellites (Rubincam 1982, 1987; Milani et al. 1988; Farinella
& Vokrouhlicky 1996), space debris (Murawiecka & Lemaitre
2018), and Saturn’s rings (Rubincam 2006; Vokrouhlicky et al.
2007). This effect was noticed for binary asteroids too
(Vokrouhlicky et al. 2005a) but has not been studied in detail
yet. The planetary Yarkovsky effect is simply the Yarkovsky
effect caused by the primary’s radiation instead of the Sun
(Rubincam 2006; Vokrouhlicky et al. 2007).

In this Letter, we describe the binary Yarkovsky effect in
Section 2 and discuss its implications on the long-term
evolution of binary systems in Section 3. The main results
are summarized in Section 4.

2. Theory
2.1. Analytical Model

When the secondary enters the shadow of the primary, its
surface temperature drops, leading to a reduced Yarkovsky
force. After the secondary exits the shadow of the primary, its
temperature increases, restoring the Yarkovsky force level
before entering the shadow. However, these two processes are
not exactly balanced, resulting in a net perturbation over the
orbit that leads to a secular change of a. This is the basis of the
YS effect, whose concept is displayed in Figure 1. The
necessary condition for the YS effect to operate is therefore that
the secondary enters the shadow of the primary. This constrains
the inclination i between the orbital plane defined by the
secondary motion about the primary and the orbital plane of the
binary barycenter about the Sun, i <r,/a, implying that the
satellite crosses the shadow in every orbit about the primary. A
nonzero inclination could weaken the YS effect as the time
fraction in the shadow decreases with the inclination
(Murawiecka & Lemaitre 2018). However, a larger inclination
i > r,/a will result in only a fraction of the heliocentric orbit
where the secondary can undergo an eclipse and therefore lead
to a weakened YS effect. In fact, binary systems that have been
discovered tend to exhibit a preferred inclination of approxi-
mately 0° or 180° (Pravec et al. 2012). Since the YORP effect
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Figure 1. The principle of the YS effect. A binary system consists of a larger
primary and a smaller secondary (satellite). The relative orbit is assumed
circular, and the satellite has zero obliquity and a rotation synchronous with the
motion about the primary; both periods are much smaller than the period of the
binary heliocentric motion, such that during one satellite orbit about the
primary, the Sun is assumed fixed and in the orbital plane of the satellite. The
color-coded arrows attached to the satellite represent its thermal acceleration
due to solar irradiation (see also the side bar); the tilt away from the opposite
direction to the Sun is due to the satellite thermal inertia. The specific values
were computed using the numerical model and binary parameters from
Section 2.3. In the absence of the satellite passage through the primary’s
shadow, the thermal acceleration would be constant. The orbit-averaged effect
on the satellite distance from the primary would be zero. The essence of the YS
effect is due to the satellite crossing the primary’s shadow. The interrupted
solar irradiation results in the satellite cooling such that the thermal acceleration
drops and tilts. Upon leaving the shadow, the satellite heats, slowly regaining
the thermal state at the subsolar configuration. The net budget of the transverse
component of the thermal acceleration may be nonzero, depending on the
satellite rotation rate and obliquity, resulting in a secular change of its distance
from the primary.

drives the primary’s obliquity to 0° or 180° (Rubincam 2000),
the optimum condition i < r,/a is usually easily satisfied for
small binaries if they form via YORP-driven spin-up and mass
shedding followed by reaccumulation in the equatorial plane of
the primary (Walsh et al. 2008; Pravec et al. 2012; Agrusa et al.
2024) For simplicity, in the following, we take i = 0°. We first
develop a simple analytical YS effect model, and later in this
section, we justify it by comparison with the results of a
numerical simulation.

There is also a “mirror” YS effect related to the satellite
shadow that perturbs the thermal state of the primary. In
principle, the corresponding drift rate of the satellite semimajor
axis a may be described by a similar approach used for the core
YS effect on the satellite. While algebraic complications would
arise due to primary’s larger size than the satellite’s cross
section, it is conceivable that the primary-driven YS component
would be a factor of ~(rs/rp)2 smaller than the secondary-
driven YS effect. As our ambition is to provide a simple and
introductory analytical estimate of the YS effect, we neglect the
thermal acceleration of the primary at this moment.

Returning to the analytical formulation of the YS effect for
the satellite, we assume that both the primary and the secondary
have a spherical shape with radii r, and r, respectively
(nonsphericity of both components may result in corrections,
which are typically lower than the aimed accuracy of our
simple analytical model). The heliocentric orbit of the
barycenter and the relative orbit of the two components in
the binary are both assumed to be circular. We denote the
semimajor axis of the secondary orbit about the primary by a,
the corresponding mean motion by n, and the spin rate of the
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secondary by w. We introduce the frequency ratio m=
|w/(m — ny)| =~ |w/n|, where ny, is the heliocentric mean motion
of the binary system. In this work, we assume n;, < n; thus,
n — np >~ n in the denominator of m. We assume the secondary
is in principal axis rotation. Complex rotational states such as a
tumbling state or the so-called barrel instability are left for
future investigation.

The complete mathematical solution of the YS effect for a
small satellite orbiting a large primary is given in Vokrouhlicky
et al. (2007; a ring particle about Saturn, in their context). The
semimajor axis drift rate of the secondary due to the YS effect
has a generic form:

avs = P57 @

n

The dimensionless coefficient fyg is called the YS coefficient in
this work and depends on the physical properties of the binary
system, such as the mutual orbital period, the sizes of the two
bodies composing the binary, and the thermal properties. In
fact, fys is the sum of the diurnal component and the seasonal
component,

fys =Nsa + fyss (5)

where
401 4 € 4 €
= V(Zm_1)cos* = — V(zy+1)sin* = (§)
Jys.a 9 [ (@m-1) 5 @m+1) 2] (6)

2 .
&m=—§wmmfa @

Here 2,01 =+—tm£ D) r/l, @=+-1), ¢ ~r/ma
expresses the orbital fraction spent by the satellite in the
primary’s shadow, and V(z) is a real-value function defined by

JL%@Y
j[ (Z) dz ’

with j(z) denoting the spherical Bessel function of the first
kind and order 1,

V() = Im(l +x (8)

. sin cos
Q@) =250 - 225 ©)
z z

The thermal penetration depth [, at the satellite mean-motion

frequency n is given by [, = \/K,/(p,Csn), where Kj is the
thermal conductivity, Cy is the heat capacity, and p, is the
surface density of the satellite. The variable x is defined as

L
V2r €O'T ch '
with ¢co=1—c;, the subsolar temperature T, defined by
coTd = (1 — A)®, e the thermal emissivity, and o the Stefan—

Boltzmann constant. Alternatively, the V(z) function can be
expressed using a real argument x = 2z z,

E (x)sin 6 (x) _ 1 Bx)C(x) —Ax)D(x)
1+ x l+x C*)+D*x)

X = (10)

V() =

an

The expressions for functions A, B, C, and D are derived in

Vokrouhlicky (1998) and are also provided in Appendix B.
Apart from the eclipse-induced YS effect, the radiation from

the primary to the secondary would cause a so-called
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“planetary” Yarkovsky effect (Rubincam 2006; Vokrouhlicky
et al. 2007), which replaces the solar radiation with the thermal
radiation of the primary in the Yarkovsky effect. Its resulting
semimajor axis drift rate can be expressed as

2f v F
dpy = M’ (12)
n
where
Toy ™ s, (13)
(6]

Fym Y (14)
pY_]:(Za)'

Equation (14) results from the fact that the radiation flux from
the primary is smaller than the solar radiation flux by a factor of
(rp/2a)2. It is important that the planetary Yarkovsky effect
does not require the eclipse condition and therefore works for
high-inclination cases. Noticing that ¢, =~ r,/7a, we have

. s

apy = —ays—, (15)

4a

showing that the planetary Yarkovsky effect is an opposite
effect to the YS effect. Considering r,/a<1, the YS
coefficient not only dominates over the planetary Yarkovsky
effect but also becomes progressively stronger relative to it as
the binary semimajor increases.

Combining the eclipse-induced YS effect (Equation (4)) and
the planetary Yarkovsky effect (Equation (15)), we obtain the
total Yarkovsky effect on the binary asteroid:

. . . . rp
ay = dys + dpy = ays( - —) (16)
4a
For the sake of simplicity, we introduce a combined Yarkovsky
coefficient,

(s
o =fs|l——) am
4a
such that the total Yarkovsky effect has a generic form:
_ /T

(18)

ay
n

2.2. Discussion

The sign of the Yarkovsky-induced drift rate dy is the same
as the Yarkovsky coefficient fy, while the latter is a
complicated function that depends on the properties of the
binary system (see Equations (6) and (7)). Roughly said, for
prograde secondaries (¢ < 90°), the Yarkovsky effect tends to
drive the secondary toward the synchronous orbit agy,
determined by n=w, while for retrograde secondaries
(e >90°), the Yarkovsky effect always drives the secondary
outward until it leaves the system. The Yarkovsky coefficient
fy could have a simpler form in the fast spin regime (w > n) or
in the slow spin regime (w < n), as discussed in Appendix C.

For the purpose of an illustration, we consider a binary
system on a heliocentric circular orbit and a, = 1 au. We set
rp,=1000m, r;=200m, and the physical parameters
K,=K,=0.1 Wm 'K, C,=C,=550 JK 'kg™', and
Pp = ps=2000 kg m . The semimajor axis a of the binary
components is fixed at 2650 m, which corresponds to an orbital
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Figure 2. The Yarkovsky coefficient, fy, as a function of m and e, where
m = w/n is the ratio of the spin frequency to the orbital frequency and ¢ is the
angle between the spin vector and the orbital vector. The sign of fy is the same
as the sign of dy, and fy = 0.005 corresponds to ¢ = 1.4 cmyr~ ! for this
system. The direction of the white arrows denotes the evolution direction under
the Yarkovsky effect. For small values of ¢, the Yarkovsky effect drives m
toward 1; otherwise, the satellite is driven away from the primary.

90 135 180
e(*)

Prograde Retrograde

period of 10 hr. As a result, different values of m are obtained
solely by changing the spin frequency w. We also set the
obliquity ¢ as a free parameter. Figure 2 shows the Yarkovsky
coefficient fy as a function of m and ¢. Clearly, the Yarkovsky
effect drives the secondary orbit to evolve toward the
synchronous state (m =1) for prograde rotators but always
pushes the retrograde rotators outward. In the blue zone, the
Yarkovsky effect maximizes at a spin period of ~3hr,
corresponding to the thermal parameter value O, ~ /2;
here O, = I'Vw /(eoT3,) with the surface thermal inertia
I' = JKCsp,.

In the most common case seen for the observed binary
systems, namely, € ~0°, the Yarkovsky coefficient simplifies
(with only the diurnal component contributing)

4
s = %wzmm. (19)

We introduce the relative angular frequency A =w — n such
that z,,_1 = V—11/Ix, where [ is defined as

~1/2
e K cm(—'Al ) 20)
p G| A| 2 x 10~*rads™!

(we use the above-given physical parameters of the satellite
surface). In the case of large bodies r, > I, readily fulfilled in
the cases of interest, we can further apply the approximate
expression for the V(z,,_;) function,

Oa .
V(zp-1) = —————  Sign(w — n), 21
(@m-1) 2126, 1 R gn( ) 21
with the thermal parameter © o defined as
TJiA
Op = | 3 | . 22)
€O-Tsub

Note that fy does not depend on the size of the secondary when
rs>In. In the regime of ry<lIa, fy gets smaller when r
decreases. The Yarkovsky coefficient fyy depends on the
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Figure 3. The YS coefficient fys as a function of the ratio of the spin velocity
to the mean motion, w/n. The blue dots show the numerical results of the zero-
obliquity case compared with the analytical solution (orange). The secondary x-
axis and y-axis indicate the corresponding rotation period and semimajor axis
drift for the given binary system.

semimajor axis following fy o r,(1 — 7r,,/4a)/a, considering a
constant A. As the secondary asteroid is always outside the
Roche limit (a 2 1.57,), fy decreases with a.

2.3. Comparison with Numerical Simulation

To validate our analytical solution, we compare our results
with numerical solutions. We performed thermophysical
simulations using the AsteroidThermoPhysicalMo-
dels.jl library, one of the functionalities of the asteroid
dynamical simulator Astroshaper (https://github.com/
Astroshaper). This package was originally developed to predict
the YORP effect on asteroid 162173 Ryugu, a target asteroid of
Japan’s Hayabusa2 spacecraft (Kanamaru et al. 2021). The
thermophysical model, originally formulated for a single
asteroid, has been generalized to include all relevant thermal
effects in a binary system. Most importantly, we account for the
mutual shadowing between the binary components.

For comparison with the analytical solution, we numerically
evaluated the YS coefficients fyg for different orbit and spin
periods of the secondary. We consider a binary asteroid with
the same parameters as Section 2.2. The binary at 1au
heliocentric distance has been given zero eccentricity (both the
heliocentric and mutual orbits). The spherical binary compo-
nents were approximated using a triangulated model with 2562
vertices and 5120 facets for both the primary and the
secondary. The obliquity of the secondary’s spin pole is set
to be e =0°.

We performed thermophysical simulations for 100 thermal
cycles to reach converged values of fyg, with the least common
multiple of the secondary’s orbit period and the spin period as
one cycle. The orbital period of the satellite was fixed at 8 hr,
and the rotation period was varied to simulate cases of different
w/n. The radiation flux between the primary and the secondary
was hereby ignored to save computational time. At each time
step, we calculated the temperature distribution of the asteroids
and the thermally induced force on each surface facet, as
described in Rozitis & Green (2012). The thermal force in an
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asteroid-fixed frame was then transformed into an inertial frame
to calculate the acceleration on the secondary. The effective YS
coefficients fyg are plotted in Figure 3 as a function of the ratio
of the spin velocity to the mean motion, w/n. The numerical
results are in reasonable agreement with the analytical solution
(Equation (21)), given its simplicity, providing its justification.
A complete parameter survey by the numerical thermophysical
model will be presented in future work.

3. Implications
3.1. Synchronization of the Secondary Component

The majority of the binary asteroid systems are observed to
have a synchronized secondary. Simulation of rotational
disruption of asteroids shows that the secondary could be born
either asynchronous or synchronous due to the frequent
reshaping near the Roche limit (Agrusa et al. 2024). Currently,
there are two known mechanisms for the synchronization of the
secondary asteroid: the tidal effect and the YORP effect. Both
of these effects synchronize the secondary by changing the
rotation of the secondary until it gets tidally locked. The tidal
bulge raised on the secondary by the primary causes a torque
that tends to remove the difference between the spin frequency
and orbital frequency. The estimate of the characteristic
timescale related to the tidal torque makes use of (Murray &
Dermott 1999)

51Gp*rd 5
o= 57”(5) E (23)
rap, 0

a
with k; = 0.038 Gp?rZ /1. (Burns & Safronov 1973; Murray &
Dermott 1999; Quillen et al. 2022) assuming a monolithic
structure. While we note that k;/Q is a more fundamental
parameter for the tidal effect, we use the parameter pQ for ease
of comparison with previous work. However, it is important to
note that the expression of the tidal Love number k, for rubble
piles is still under debate and poorly constrained (Burns &
Safronov 1973; Yoder 1982; Jacobson & Scheeres 2011;
Taylor & Margot 2011; DellaGiustina et al. 2024). The
timescale 7 gpin =~ w/w reads

e — wop, fa 6
Lspin A

10w (42 () (%) o

where P;=27/w is the satellite rotation period. The value of
1Q, which varies by a few orders of magnitude in the literature
(Burns & Safronov 1973; Goldreich & Sari  2009;
Efroimsky 2015; Caudal 2023; Pou & Nimmo 2024), is still
uncertain for rubble piles, and its dependence on the size is also
poorly known.

The radiative torque due to the irregular shape, namely, the
YORP torque, can spin the secondary up or down. The
direction of the YORP torque, which depends on the shape and
rotation state, is still poorly understood. The timescale of the
YORP effect is (Rubincam 2000; Bottke et al. 2006; Marzari
et al. 2020)

2 2
Tvorp ~ 42 kyr( 5 2”“km) (%)( 1“;1 ) . (25)
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It is obvious that the YORP timescale is much shorter than the
tidal timescale, implying that the YORP effect could be the
major mechanism for the synchronization of the secondary
asteroid. However, there are two issues. First, the YORP effect
may be highly sensitive to the fine-scale surface irregularities
(Breiter et al. 2009; Statler 2009; Cotto-Figueroa et al. 2015).
In most cases, this information is beyond the resolution of the
available observations. As a result, predicting even the
instantaneous YORP value may be very difficult (this is the
reason why the presently achieved YORP detections are often
smaller than theoretically expected; see the latest compilation
in the discussion section of Durech et al. 2024). From a long-
term perspective, the movement of boulders (Golubov &
Krugly 2012) and formation of impact craters (Zhou et al.
2022; Zhou & Michel 2024) could modify or even reverse the
direction of the YORP torque. Building on the YORP’s shape
sensitivity, Bottke et al. (2015) introduced the “stochastic
YORP” concept and showed that it overall weakens the long-
term effects of nominal YORP. Second, theoretically, the
YORP torque has an equal probability of taking a positive or
negative sign. Therefore, we would expect that half of the
secondaries are asynchronous due to the wrong direction of the
YORP torque (i.e., opposite to n — w), which is inconsistent
with the observed dominating synchronous population with
tight orbits (e.g., a <2.2r, or P,y < 20 hr; see Pravec et al.
2016). Asynchronous secondaries occur more frequently in
wide orbits compared to tighter ones (Pravec et al. 2016),
implying a correlation to some mechanism that influences
orbital configurations.

While there is no clear answer for the dominating
mechanism of synchronization of the secondary, we find that
the Yarkovsky effect also drives the prograde rotators toward
the synchronous orbit (Section 2). Here, we estimate the
timescale for the Yarkovsky effect to synchronize the orbit:

v = a _ an
Y= iy 2 F

ooy V(523 (5) “(52) () o

where fyo is the Yarkovsky coefficient at a=2.5r,. The
Yarkovsky effect synchronizes the secondary by principally
modifying its orbit, while the tidal and the YORP effects
change its spin rate. Compared to the YORP timescale
(Equation (25)), Equation (26) suggests that the Yarkovsky
effect could operate more efficiently than the stochastic YORP
for relatively large objects. The Yarkovsky could also dominate
over the tidal effect unless the satellite is close in or large or the
value pQ is smaller than assumed. Therefore, we propose that
the Yarkovsky effect could be—at least in some small binaries
—the major mechanism to synchronize the secondary. Let us
give two examples of interest, namely, the Didymos—
Dimorphos and Dinkinesh—Selam systems.

By abruptly reducing the binary orbit period, the NASA
DART impact may have broken Dimorphos from synchro-
nous rotation. Due to the oblate shape of Dimorphos (Daly
et al. 2023), the spin—orbit coupling could be very weak, and
instead of Dimorphos’s long axis librating about the
postimpact synchronous state, it could be circulating
(Richardson et al. 2023). If this is the case, we can estimate
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the present Yarkovsky drift rate. By setting the orbital period
to be 11.37 hr and the spin period to 12 hr, we obtained an
estimate of @ ~ 7.6 cmyr ', which could be examined by
the subsequent space mission ESA Hera that will launch in
2024 October to visit Didymos in fall 2026 (Michel et al.
2022). However, we note that this possibility is only one of
many possible Dimorphos postimpact spin states, including
tumbling (Agrusa et al. 2021; Richardson et al. 2023). The
Yarkovsky effect does not vanish for tumbling objects (not
even in the strong tumbling regime such as the long-axis
mode). For a weak tumbling regime (short-axis mode), the
Yarkovsky effect could be acceptably well represented using
a traditional formulation (with rotation about the principal
axis of the inertia tensor) and assuming (i) a spin axis
oriented along the rotational angular momentum, (ii) a
rotation period close to the precession period, and (iii) the
shape given by the convex hull swept during the tumbling
cycle (Vokrouhlicky et al. 2015). There are many examples
of tumbling NEAs, such as 99942 Apophis (Pravec et al.
2005, 2014; Vokrouhlicky et al. 2015; Del Vigna et al. 2018;
Pérez-Hernandez & Benet 2022) and 4179 Toutatis (Vok-
rouhlicky et al. 2005b; Chesley et al. 2015; Del Vigna et al.
2018), for which the Yarkovsky signal was firmly detected,
pretty much as expected and within the expected range of the
nontumbling state. Thus, we suspect that the rule of the
Yarkovsky effect would still be valid for tumbling compo-
nents in a binary system, while a more thorough investigation
is required for confirmation in the future. There is some
observational evidence indicating that Dimorphos may be in
some excited tumbling state (Pravec et al. 2024), where the
satellite’s longest axis is approximately tidally locked to the
direction toward the primary. Given its on average synchro-
nous rotation, the Yarkovsky effect could be weak or even
shut off in this case, but a more detailed analysis of this
interesting system is needed.

In the latter case, the Dinkinesh—Selam binary recently
discovered by the Lucy mission (Levison et al. 2024), the
secondary asteroid Selam appears to be synchronous with a
wide orbit at a/r,~9. Selam is likely a contact binary,
possibly formed by the merger of two satellites. If this is the
case, Selam was unlikely to be in synchronous rotation
following a merger, requiring some synchronization mech-
anism to explain its present spin state. The timescale for the
tidal despinning could be as long as ~3 Gyr according to
Equation (24), due to the wide orbit. However, the typical
collisional lifetime of asteroids the size of Dinkinesh (0.8 km in
diameter; Levison et al. 2024) is about 0.3 Gyr (Bottke et al.
2005). Since this lifetime is much smaller than the tidal
despinning timescale, it is therefore unlikely that Selam was
synchronized by the tidal effect, while the Yarkovsky effect
can synchronize the orbit quickly. We found that the
Yarkovsky timescale could be ~1 Myr by setting r, =720 m,
re=277m, a=3.1km, p,=p,=24gcm >, a,=2.19au,
and e, =0.11. Therefore, we propose that the Yarkovsky
effect could be the main reason for its current synchronous
state.

3.2. Long-term Evolution of Binary Asteroids

Let us now consider the possible evolutionary pathways of
small binary systems in general terms, extending the canonical
view (with tides and BYORP operating) by the Yarkovsky effect.
Assume the parent body of the binary is disrupted either by



THE ASTROPHYSICAL JOURNAL LETTERS, 968:L3 (10pp), 2024 June 10

rotational fission or a catastrophic collision. The resulting
fragments that are bound to the parent body accumulate to form
a satellite, which can be either in synchronous or asynchronous
rotation (Agrusa et al. 2024). The synchronous secondary evolves
under the tidal and BYORP effects, resulting in a final state at the
tide—BYORP equilibrium location (given that the BYORP torque
is negative) or in a migration outward until it leaves the system or
becomes chaotic (if the BYORP torque is positive) (Cuk 2007;
Cuk & Nesvorny 2010; Jacobson & Scheeres 2011; Jacobson
et al. 2014). Assuming ag_, is the location of the BYORP—-tide
equilibrium, where dg = —d, secondaries with a large BYORP
coefficient fg such that ag_; < arecne Will cross the Roche limit
and get tidally disrupted (Cuk & Nesvorny 2010).

If the secondary is born asynchronous or perturbed into such
a rotation state, it will evolve under the joint effect of tides and
the Yarkovsky effect. If it happens to be in a spin—orbit
resonance, BYORP is also active (Jacobson et al. 2014). For
retrograde rotators, both tides and the Yarkovsky effect expand
the secondary’s semimajor axis until it is lost, forming an
asteroid pair. The timescale for this process is
min(n, 7v) S Ty, considering that the strength of tides declines
rapidly with the semimajor axis. In this case, the two
components of the asteroid pair have opposite spin poles,
different from asteroid pairs produced by rotational fission
(Pravec & Scheirich 2010; Pravec et al. 2019) or BYORP
(Cuk 2007). For prograde rotators, the Yarkovsky effect will
shrink the orbit if the secondary spins faster than the mean
motion. If the secondary has a spin period P shorter than the
orbital period at the Roche limit Proche, Which is given by

3/2 3/2
3 ARoche ~ 4.3 hr ARoche (27)
4nGp, \ 1 1.5, |

Proche = 2

then the secondary will migrate to this point and undergo
significant reshaping or even tidal disruption. The typical
Roche radius is given as ~1.5 r, (Holsapple & Michel 2006),
assuming the binary components have equal density. The
traditional hydrostatic Roche radius is roughly 2.46rp,
corresponding to an orbital period of ~9 hr. The distribution
of orbital periods of known binary systems shows a cutoff at
11 hr (Pravec et al. 2006). More recently confirmed binaries
have confined the cutoff orbital period to 10.5 hr, suggesting
that the Roche radius could be 2.7 r, for rubble piles with a
weak structure or low density if the cutoff in the orbital period
distribution is caused by tidal disruption. If the secondary has
sufficient material strength (e.g., small monoliths), it is also
possible that it would continue migrating inward and form a
contact binary. Note that this process requires the Yarkovsky
effect to overcome the outward torque due to tides. The
semimajor axis ay_, where tides balance the Yarkovsky effect,
can be obtained by equating Equations (1)-(18):

47 /7, . \/7
v, = 0.84 rp( T ) 0.005 10''Pa 28
0.2 km N e

This implies that the Yarkovsky effect easily overcomes tides for
small binaries unless the tidal effect is much stronger than
assumed. Changing fy to fg makes the above equation for ag_.
Considering the uncertainty of the tidal effect, we assume that
ag_. and ay_ could be located either inside or outside the aroche-
If ay_ > aroche, the secondary will be stopped outside the Roche
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limit and be in a Yarkovsky—tide equilibrium state. However, this
state can only last for a YORP timescale or a tidal despinning
timescale, as the YORP torque or tides change the spin to shut off
the Yarkovsky effect. For rotators with P > Pgycpe, the Yarkovsky
effect will move the secondary toward the synchronous orbit agy,
except in the special case where the Yarkovsky effect is negative
and balanced by tides, leading to a temporary Yarkovsky-tide
equilibrium state at ay_.

To summarize, we provide some predictions on the secondary
dynamical state based on the Yarkovsky effect: (1) retrograde
secondaries should be relatively far from the primaries; (2) some
asteroid pairs could have opposite spin directions if they are
formed by the Yarkovsky effect; (3) secondaries with a period
shorter than the orbital period at the Roche radius, ranging from
~4 to ~10hr, should be destroyed in a Yarkovsky timescale
(~0.1 Myr), otherwise they should be in a Yarkovsky-tide
equilibrium (asynchronous) that lasts for a YORP timescale; and
(4) secondaries with a period longer than the Roche orbital period
should become synchronous after a Yarkovsky timescale.

3.3. Predicted Orbital Drift Rates of Real Binary Asteroids

As of now, there are 66 binary asteroid systems with
documented secondary spin periods (Pravec & Harris 2007,
Warner et al. 2009; Pravec et al. 2012, 2016; Monteiro et al.
2023). Among these, five are known to exhibit spin periods that
are different from their orbital periods to date. While there are
other potentially asynchronous binary systems, their information
is either undetermined or incomplete (Pravec et al. 2016).
Consequently, we computed the theoretical Yarkovsky drift rates
for these five asynchronous binary asteroids for future tests.

It is important to note that the Yarkovsky effect remains
applicable to those binary systems with n = w, provided their
obliquity is nonzero. However, due to insufficient data on the
spin vectors, the information regarding the axial tilt of real
asteroids remains ambiguous. Here our focus is limited to
asteroids with n = w, for which BYORP does not work. We
estimated the Yarkovsky effect for these bodies in the limiting
cases € =0° and 180°. The result is shown in Table 1. We
notice that there are a few asteroid binaries (e.g., Esclangona,
Arlon) with a large separation, although their spin periods are
much smaller than the orbital periods (m < 1). This large
separation was explained as a result of the BYORP-induced
expansion and subsequent desynchronization (Jacobson et al.
2014). We found that the Yarkovsky effect could also expand
the mutual orbit, if the secondaries have obliquities around or
larger than 90°, which is left for future observational tests. The
Yarkovsky effect decreases with increasing separation, not only
because of the decreasing time fraction in the shadow over a
mutual orbit (i.e., ¢; in Equations (6) and (7)) but also due to
the challenges in maintaining the shadow condition over the
heliocentric orbit. For a distant satellite, the inclination of its
orbit about the primary should be confined in a narrower
interval of values than for close satellites. Accounting for the
potential nonexistence of the shadow in a relatively high-
inclination heliocentric orbit, the ¢; should be revised as the
time fraction that the secondary spends in the shadow over a
heliocentric orbit.” Therefore, thorough orbital modeling is
crucial for assessing the Yarkovsky drift rates for distant
satellites. The predictions provided by Table 1 are based on the

7 This reduces to ¢; = rp/ma when i = 0.
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Table 1
The Yarkovsky Effect Predicted for Known Asynchronous Binaries
Name ay, (au) en rp (km) /1 ajr, P, (hr) P, (hr) fy (x107%) ay (cmyr™h
(1509) Esclangona 1.866 0.032 4.25 0.33 49.2 768 6.6422 —0.54/+0.41 —0.52/+0.39
(2486) Metsahovi 2.269 0.08 4 0.30 18.3 172.6 2.64 —0.97/+1.0 —0.17/+0.17
(2623) Zech 2.255 0.234 34 0.29 14.1 117.2 18.718 —-2.0/4+1.7 —0.29/+0.25
(32039) 2000 JO23 2.223 0.283 1.3 0.65 33.1 360 11.09 —0.81/+0.67 —0.45/+0.37
(311066) 2004 DC 1.634 0.400 0.15 0.20 4.6 23 7 —5.3/+4.6 —10.2/+49.0

Note. The orbital period of the binary components relative to each other is P,y = 27/n, while the rotation period of the secondary is Py = 27/w. The Yarkovsky
coefficient fy and the drift rate ay are calculated for an obliquity equal to 0°/180°. The thermal parameters are assumed to be the same as those used in Section 2.2. It
is important to note that for the distant satellites, the Yarkovsky effect could be diminished (see Section 3.3).

simplest situations and therefore only give the upper limits of
Yarkovsky drift rates.

There are also some binaries (e.g., 1994 CC, 2001 SN263,
2004 DC, etc.) with large heliocentric eccentricities; therefore,
they may also suffer from strong planetary perturbations that
modify the mutual orbit and the spin state. Since the Yarkovsky
effect is much more deterministic than the BYORP effect once
the rotational state is known, our hypotheses can be easily
examined by future observations.

4. Conclusions

The Yarkovsky effect is the radiative force acting on a rotating
object with nonzero thermal inertia, gradually altering its orbit
over the long term. In this work, we investigate the Yarkovsky
effect on a binary asteroid system. The binary Yarkovsky effect,
manifesting primarily on the secondary asteroid, comprises two
main components: the YS effect and the planetary Yarkovsky
effect. The former is the net Yarkovsky force averaged over the
mutual orbital period due to the eclipse caused by the primary on
the secondary. As a result of the eclipse condition, the YS effect is
only significant for low-inclination binary asteroids (e.g.,
i <rp/a), which are common in both the NEA and MBA
populations. The planetary Yarkovsky effect is simply produced
by the radiation from the primary asteroid instead of the Sun. For
low-inclination asteroids, the YS effect dominates over the
planetary Yarkovsky effect. The direction of the binary
Yarkovsky effect depends on the obliquity and the difference
between the spin rate and the mean motion of the secondary,
while the magnitude depends on the thermal and orbital properties
of the binary system. In general, the binary Yarkovsky effect
moves the secondary to make the mean motion match the spin
rate on a timescale of ~0.1 Myr.

We found that for prograde-rotating secondaries, the
Yarkovsky effect can synchronize the secondary (i.e., w =n)
by orbit modification on a timescale much shorter than tidal
despinning, except for large or close-in secondaries. On the
other hand, the YORP effect could be more efficient for
synchronization of small secondaries. This is because of its
timescale depending on ~7?2 rather than ~r; for the Yarkovsky
effect. This brings us new insights about the mechanism of the
synchronization of binary asteroids and the underlying reason
why the majority of binary asteroids are found to be in
synchronous states. Our calculations also predict that the
secondary asteroids with spin periods shorter than the orbital
period around the Roche limit (e.g., from ~4 to ~10hr) will
fall into the Roche limit quickly driven by the Yarkovsky effect
and then get tidally disrupted, reshaped, or accreted on the

primary. In addition, some asynchronous binaries might be in
the Yarkovsky—tide equilibrium state where the orbit does not
drift, but such a state may be quickly broken by the YORP
effect or tides. For retrograde secondaries, the Yarkovsky effect
would drive them outward until they leave the binary system
due to planetary perturbations or collisions, producing asteroid
pairs. In this scenario, the two components of the asteroid pair
would exhibit opposite spin directions.

We also calculated the Yarkovsky-caused drift rate for known
asynchronous binaries, listed in Table 1 for future observational
tests. Some of the asynchronous binary asteroids have wide
mutual orbits, which could be the result of the Yarkovsky effect
on retrograde secondaries. We found that the synchronization of
the Dinkinesh—Selam system discovered by the Lucy spacecraft
could be due to the Yarkovsky effect, considering that tides are
weak for such a distant secondary. In addition, we calculated the
possible Yarkovsky effect on the Didymos—Dimorphos system in
its state following the impact of the NASA DART mission, which
might have perturbed it into an asynchronous state. The
Yarkovsky coefficient fy is around 0.0067, and the resulting
semimajor axis drift rate is @ ~ 7.6 cmyr '. This could be
examined by in situ observation conducted by the space mission
ESA Hera during its rendezvous with Didymos in late 2026.
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Appendix A
Nomenclature

The symbols used in this Letter are listed in Table 2.
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Table 2
Notation Used throughout This Letter
Symbols Subscripts
a Semimajor axis of a p Primary component of a
mutual orbit binary asteroid
k Love number S Secondary component
of a binary asteroid
n Mean motion h Heliocentric parameter
] Quality factor B BYORP
r Radius Y Yarkovsky
f Dimensionless YS Yarkovsky—Schach
coefficient
Bond albedo pY Planetary Yarkovsky
p Density Y-t Yarkovsky-tide
equilibrium
I Rigidity B-t BYORP-tide
equilibrium
i Inclination Roche Roche limit
€ Obliquity
w Spin rate of the
secondary
T Timescale
(C] Thermal parameter
r Thermal inertia
F Nominal radiative force
per unit mass
Appendix B

Functions A(x), B(x), C(x), and D(x)

The functions A(x), B(x), C(x), and D(x), useful to express
the V(z) in real notation (Equation (11)), are given by (e.g.,
Vokrouhlicky 1998, 1999)

Ax) = —(x + 2) — e*[(x — 2)cosx — xsinx],

(B1)
B(x) = —x — e*[xcosx + (x — 2)sinx],

(B2)
a(x) =3 + 2) + e*[3(x — 2)cosx + x(x — 3)sinx],

(B3)
b(x) = x(x + 3) — e“[x(x — 3)cosx — 3(x — 2)sinx],

(B4)

with C(x) = A(x) + x a(®)/(1 + x) and D(x) = B(x) + x b(x)/
a1+ .

Appendix C
Special Cases for fy

The formula of the Yarkovsky coefficient fy can be
simplified in some special cases. In the fast spin regime, where
w>n such that m>1, V(z,.1) =Wz, 1) = V(z, and
Zm = ~—im 1y/1,. In this case, one could replace the penetra-
tion depth [, of the thermal wave at mean-motion frequency n
with a penetration depth I, = [,,/</m of the thermal wave at
rotation frequency, thence z,, = ~—1 1/l,. Since cos*(e/2) —
sin*(¢/2) = cose, we obtain a simpler form of Equation (6)
reading

4
Fysa = %V(zm)cose. (€1

This equation resembles the classic Yarkovsky effect for a
single asteroid orbiting around the Sun but is multiplied by

Zhou et al.

—c1. Therefore, the Yarkovsky is maximized when the spin
thermal parameter O, ~ J2 , which is defined as

0.~ 52 (g erer)

coTay 200 J m~2 K

x (SPShr)il/z(la:\u )3/2' (CZ)

It is obvious that when ¢=0° there is only the diurnal
component left, leading to the inward migration of the
secondary asteroid and the decrease of m (since n becomes
larger).

In the slow spin regime, where w < n such that m~ 0,
we have V(z,11)~—V(Z,_1)=V(z;) and z = V=1 r/l,.
Therefore,

4 1.
Fysa = —%V(z)(l ~ 5 sin? ) (C3)

Interestingly, when combined with the seasonal component, we
get the total YS coefficient fysg,

4
s = —§V<z1>, (C4)

that is independent of the obliquity . Here, fys >0, which
leads to an outward migration and increasing m (since n
becomes smaller).

In the synchronous regime where m =1, considering
WV(z9) — 0, we obtain

4 .
fysa = %V(z,z)sm“%, (C5)

and fys ; remains the same. This will result in a zero Yarkovsky
effect given that ¢ = 0°. For the case of ¢ = 0°, the Yarkovsky
effect always transfers a positive angular momentum, driving
the secondary outward.
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BINARY YARKOVSKY EFFECT ON THE PRIMARY
ASTEROID

Following Chapter 2, this chapter investigates the Binary Yarkovsky
effect on the primary asteroid in a binary system. The analysis is more
complex for the primary asteroid, as it undergoes partial, rather than
full, eclipses like the secondary. This may introduce non-linear effects.
The significance of this scenario is particularly evident when the sec-
ondary is synchronous, which is the most common configuration for
discovered binary asteroids.
In this Chapter:

I present a modified formula for the primary asteroid, by fitting
an empirical parameter with numerical results.

I establish a unified framework for radiative effects in binary
asteroid systems.

I propose that singly synchronous binaries® tend to experience
orbital shrinkage due to the combined effects of the Binary
Yarkovsky and Binary YORP forces.

I estimate the orbital drift rates caused by the Binary Yarkovsky
effect for singly synchronous binary asteroids for future tests.

This paper was accepted by the peer-reviewed journal Astronomy &
Astrophysics Letters.

1 Singly synchronous binaries refer to systems in which the secondary asteroid is
synchronous.
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ABSTRACT

Context. The binary Yarkovsky effect on the secondary asteroid (BYS) was recently discovered to influence binary asteroid systems
by pushing the secondary asteroid towards a synchronous orbit on a short timescale. However, the binary Yarkovsky effect on the
primary (BYP) remains less understood, partly due to non-linear effects from partial eclipses, but could have significant implications
for singly synchronous binaries.

Aims. We aim to obtain an empirical formula for the BYP and estimate its induced orbital drifting rates for real binary asteroids.
Methods. We solved the radiation forces numerically. By fitting the numerical results, we find an empirical modified solution to
estimate the effective BYP: the traditional BYP formula multiplied by (r;/r,)®"", which accounts for the partial eclipse.

Results. We confirm that the BYP pushes the primary towards a synchronous orbit where its spin equals the mean motion. Numerical
results indicate that the parameter « is relatively insensitive to the ratio of the spin rate to the mean motion and decreases slightly
with increasing thermal inertia. For small binary systems with a typical thermal inertia of 200 tiu, @ is approximately 1.7. The BYP
is found to affect the mutual orbit of singly synchronous binaries with a timescale typically an order of magnitude longer than that of
the BYS. Drift rates induced by the BYP for known small binary asteroids (primary radius < 1 km) range from —0.001 to —1 cmyr~'.
A comparative analysis with observed orbital drift rates shows agreement for pre-impact Didymos and 1996 FG; but discrepancies
for 2001 SLy and 1999 KW,, suggesting complex dynamics in these systems involving the BYP, the binary Yarkovsky-O’Keefe-
Radzievskii-Paddack (BYORP) effect, and tides.

Conclusions. The BYP is changing the mutual orbits of most discovered binary asteroids. We suggest that the BYP should be

considered along with BYORP and tidal effects when studying binary systems’ long-term dynamics.

Key words. minor planets, asteroids: general — planets and satellites: general

1. Introduction

Binary asteroids are estimated to account for approximately
15% of the asteroid population (Margot et al. 2015; Virkki et al.
2022; Minker & Carry 2023; Liberato et al. 2024). The dynam-
ical lifetime of near-Earth asteroids and the collisional lifetime
of main-belt asteroids are typically comparable to or longer than
10 million years (Farinella et al. 1998; Gladman et al. 2000).
Understanding the long-term dynamics of binary asteroids is
crucial for unravelling their evolutionary paths to their current
configurations and deciphering their history.

In classical theory, the tidal effect and the binary Yarkovsky-
O’Keefe-Radzievskii-Paddack (BYORP) effect governs the
long-term evolution of binary asteroid systems (Cuk & Burns
2005; Cuk 2007; Cuk & Nesvorny 2010; Jacobson & Scheeres
2011; Jacobson et al. 2014). The tidal effect results from energy
dissipation due to deformation, which drives the spin of the
object towards a synchronous state and moves the orbit out of
a synchronous state (Murray & Dermott 1999). A synchronous
state occurs when the spin period equals the mutual orbital
period. The BYORP effect is a net radiative force with a ran-
dom direction and magnitude averaged over a period and is
caused by anisotropic radiation from the asteroid’s irregular
shape (Cuk & Burns 2005).

* Corresponding author; wenhan. zhou@oca. eu

However, some aspects are not satisfactorily explained by
classical theory. The tidal synchronization timescale for small
binaries is considerably long (e.g. ~10Myr) unless a small
tidal parameter, Q/k, is assumed, where k is the Love num-
ber and Q is the quality factor (Murray & Dermott 1999;
Cuk & Burns 2005; Quillen et al. 2022; Zhou et al. 2024). The
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect pre-
dicts that half of secondaries are synchronous and the other half
asynchronous; however, in reality the vast majority of known
binaries (i.e.,~90%) are singly synchronous where only the sec-
ondary is synchronous, like the Earth-Moon system (Zhou et al.
2024). Furthermore, four binary asteroids (namely the 1996
FG3;, 1999 KWy, 2001 SLg, and Didymos systems) have been
detected with secular mutual orbital drifts. BYORP and tidal
effects could potentially explain these drift rates, but refinements
to shape models and tidal parameters are needed (Scheirich et al.
2015, 2021, 2024; Scheirich & Pravec 2022; Naidu et al. 2024;
Cueva et al. 2024; Richardson et al. 2024). This suggests that
additional factors may be influencing the long-term dynamics
of binary asteroids.

Recently, Zhou et al. (2024) revisited the Yarkovsky effect
on binary asteroid systems, building on pioneering work
related to Earth’s satellites and planetary rings (Rubincam
1982, 2006, 2014; Milani et al. 1987; Farinella & Vokrouhlicky
1996; Métris et al. 1997; Vokrouhlicky et al. 2005, 2007). The
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binary Yarkovsky effect arises from eclipse-induced thermal
perturbations and thermal radiation from the other compo-
nent in the system. By reorganizing the solution provided by
Vokrouhlicky et al. (2007), Zhou et al. (2024) found that the
binary Yarkovsky effect on a secondary asteroid with a low incli-
nation can drive the mutual orbit towards a synchronous state.
The typical timescale for this synchronization process is approx-
imately 0.1 Myr, which can be shorter than the timescales associ-
ated with tidal effects and the YORP effect. Thus, it has been pro-
posed that the binary Yarkovsky effect may account for the syn-
chronous state observed in the majority of known binary aster-
oids (Zhou et al. 2024). The binary Yarkovsky effect ceases to
operate on the secondary once it enters a synchronous state.

However, there should also be a mirror binary Yarkovsky
effect on the primary asteroid (hereafter the BYP) similar to the
binary Yarkovsky effect on the secondary asteroid (BYS). The
BYP is expected to continue modifying the mutual orbit after the
BYS is inactive for the synchronized secondary, suggesting that
most observed binary asteroids (~90%) should be influenced by
the BYP in addition to tidal effects and the BYORP effect. Pre-
liminary estimates indicate that the orbital drift rate caused by
the BYP is weaker than that of the BYS, by roughly a factor
of (rs/ rp)z, where r; is the radius of the secondary and r;, is the
radius of the primary. However, because the primary experiences
only a partial eclipse due to the smaller size of the secondary,
unknown non-linear effects may be at play.

This study explores the behaviours of the BYP and its influ-
ence on singly synchronous binary asteroids and evaluates its
typical strength using numerical methods. This paper is orga-
nized as follows: Section 2 overviews the mechanism and main
equations of the binary Yarkovsky effect; Sect. 3 describes the
numerical method used in this work to investigate the BYP;
Sect. 4 discusses the numerical result, develops the empirical
approximate formula for the BYP, and presents the estimated
orbit drift rates of known synchronous binaries due to the BYP.

2. Analytical consideration

In this paper, subscripts ‘s’ and ‘p’ denote parameters related
to the secondary and primary, respectively. According to
Zhou et al. (2024), for binary asteroids with aligned spin vectors,
mutual orbital vectors, and heliocentric orbits, the BY S-induced
orbital drift rate is

21y sFs

apys = . €))
with

7rrp
ﬁm=ﬁm@—zﬂ. @

Here fgy and fys are the binary Yarkovsky coefficient and the
Yarkovsky-Schach (YS) coefficient, respectively. The n is the
mean motion, and the a is the semi-major axis of the mutual
orbit. The nominal radiation pressure per unit mass, ¥, is defined
as

(1 — A)nr?
S i 3)

The coefficient fyg is a complicated function of the physical
properties of the components. However, in the limit that the size
of the binary components is larger than a few centimetres, which
is true in the context of binary asteroids, fys can be approxi-
mated as

4r, ON
fYS,s = >
9ma 2 + 20, + ©;
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F =

Sign(n — wy). @

Here w is the spin rate, and r,/ma accounts for the time fraction
of the eclipse. The thermal parameter, @, is defined as

= F\/m

3
.90'TSub

O &)

Here I is the thermal inertia, Ay = ws—n is the relative frequency,
€ is the emissivity, o = 5.67 x 10 Wm=2k™ is the Stefan-
Boltzmann constant, and Tsy, = ((1 — A)P/eo)'/* is the subsolar
temperature.

The total binary Yarkovsky effect is the combined contribu-
tion of both the primary and secondary asteroids. For the primary
component, in principle, there is a mirror effect to the secondary.
The formula for the primary can be obtained by simply replacing
the subscript ‘s’ with ‘p’ in Egs. (1) and (4), which gives

4rs ®p

2 Sign(n - wy). 6
9na 2+ 20, + 02 LT ©

Asp =

However, due to the complexity of the geometry of the
shadow cast on the primary component by the secondary com-
ponent, this may not be accurate. In the derivation of Eq. (4),
we assumed that the entire body stops receiving sunlight once
its mass centre enters the shadow region, for the sake of simpli-
fying the calculation. This assumption is reasonable for the sec-
ondary but not for the primary component since only a portion
of the primary enters the eclipse at any given time (similar to a
solar eclipse on Earth caused by the Moon). This partial eclipse
reduces the strength of the YS effect, which heavily depends on
the shadow; because of its induced non-linearity, a numerical
approach is required to solve it.

This study ignores the planetary Yarkovsky (pY) effect on
the primary, which is caused by the radiation from the secondary
asteroid, as it is expected to be minimal. It would only induce a
correction factor of (1 — zrg/4a) ~ 1 for the overall effect for the

primary.

3. Numerical model

The radiation force of a surface element is «coT*S, where T
denotes the temperature and S denotes the surface area. Thus,
to obtain the radiation force, we need to obtain the surface tem-
perature of the shape model.

An irregular shape could produce the BYORP torque
(Cuk & Burns 2005). To eliminate the influence of the BYORP
effect, we chose a spherical shape model approximated by a
polyhedron with 1280 triangulated facets as the shape model.
This symmetric shape model introduces a BYORP-induced error
of only 107 to fys, which is negligible compared to fys ~ 1073.

The temperature, T, of the surface and the layer beneath is
governed by

oT k 0°T
TR EE M
ot Cp oz
with two boundary conditions,

oT

Ko~ k=0 = E(0) = e Tz, ®)

4

oT

Tz = 0, 9
Kaz |Z ( )

where 7 is the time, « is the thermal conductivity, C is the spe-
cific heat capacity, p is the bulk density of the asteroid, and
e is the emissivity. In this study we set k = 0.1Wm™' K™!,
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Fig. 1. Left: Snapshots of the temperature field of the binary asteroids. Diagrams (a)—(d) illustrate the anti-clockwise orbit of the secondary asteroid
around the primary. Both the primary and secondary have spin rates of 3 hours. The other properties of the binary system are detailed in Sect. 4.1.
In phase (a) the primary is partially eclipsed by the secondary, while in phase (c) the primary fully eclipses the secondary. Right: Tangential
accelerations due to thermal forces for the primary (blue) and secondary (red). The eclipse periods are represented by shaded areas.

C = 550JK 'kg™', and p = 2000kg m™ for both the primary
and secondary components by default. This gives a thermal iner-
tiaT = /Cpk ~ 330 tiu [Jm2K~'s7/2], which is close to
the measured mean value of ~200 tiu for kilometre-sized near-
Earth objects (NEOs; Delbo’ et al. 2007). According to in situ
measurements, asteroids Ryugu and Bennu have thermal iner-
tia values of 225 + 45 tiu (Shimaki et al. 2020) and 350 =+ 20 tiu
(DellaGiustina et al. 2019), respectively. The one-dimensional
heat conduction equation (Eq. (7)) is sufficient for our problem
since our interests lie in binary asteroid systems whose compo-
nents are much larger than the thermal penetration depth; the lat-
ter is approximately a few centimetres. A full three-dimensional
heat conduction equation is needed when investigating small
(sub-centimetre-scale) dust.

We solved the temperature T j; at a depth of (j — 1)z below
the i-th facet at the k-th time step using the numerical scheme
described in Zhou & Michel (2024). The thermal equilibrium
state, where the intake energy equals the released energy of the
system, is usually established after ~50 mutual orbits unless the
thermal inertia is considerably high (e.g. >1000 tiu). A snapshot
of our simulation is shown in Fig. 1. With the surface tempera-
ture, one can obtain the radiation force in the k-th timestep for
the whole body via

4
Z Tio xS imi,
i

where S; and n; are the area and the normal vector of the i-th
surface element, respectively. The tangential component of the
force, which is the source of the Yarkovsky effect, in the k-th
timestep is then easily obtained as Fy - v /vg, assuming a circular
orbit. The YS coeflicient is calculated as

2e0

Fp=——
k 3c

(10)

1 Fk'l)k'C

TS = T 24 (1 = 4) 3,5,

an

with A, the albedo of the asteroid, being ~0.1. The mutual heat-
ing between the primary and the secondary was ignored due to
its minimal contribution to the overall effect on the primary.

4. Results and implications

We investigate the YS coefficient as a function of the frequency
ratio, w,/n, in Sect. 4.1 and propose an empirical modified for-
mula for BYP in Sect. 4.2. Finally, we discuss the implications
of the BYP on the long-term evolution of binary asteroids and
estimate its magnitude for known synchronous binary asteroids
in Sect. 4.3.

For simplicity, we assumed the spin vector of the primary
asteroid aligns with the mutual orbit vector and considered the
mutual orbit to be co-planar with the heliocentric orbit, given
the low inclinations (i.e. i < 30°) observed in real binary aster-
oids (Pravec et al. 2012). Low inclinations are likely common
as these systems are believed to form via YORP-driven spin-up
and mass shedding followed by re-accumulation in the equato-
rial plane of the primary (Walsh et al. 2008; Pravec et al. 2012;
Zhang et al. 2021; Agrusa et al. 2024). We note that this assump-
tion leads to an upper limit for our estimated Yarkovsky effect.
The dependence of the BYS and BYP on non-zero inclinations
is discussed in Appendix A.

4.1. Synchronization of the mutual orbit

We considered a typical small binary asteroid system on a helio-
centric circular orbit with a heliocentric semi-major axis a, =
lau. We set the semi-major axis of the mutual a 3.1r, to
keep the orbital period P = 12h. By varying the spin periods
of the primary and the secondary, we obtain the YS coefficient
as a function of the frequency ratio, w/n, which can be easily
translated to A via Eq. (4) and A, via Eq. (6).

Figure 2 shows the YS coefficient, fysp, for the primary,
obtained from the numerical model and the simple analytical
model, as a function of the frequency ratio, wy, /n. The Yarkovsky
force has the same sign as the YS coefficient. The YS coef-
ficient is positive when wp/n is smaller than 1, indicating the
mutual orbit will expand under the Yarkovsky force. On the other
hand, when wp/n is larger than 1, the YS coeflicient is negative,
implying a shrinking orbit. The Yarkovsky force vanishes when
the primary is in a synchronous state, w, = n. Therefore, we

~
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Fig. 2. YS coefficient for the primary as a function of the ratio of spin
velocity to mean motion. The primary asteroid has a radius of 1 km, and
the secondary has a radius of 0.3 km. Gold circles represent the numer-
ical results. The solid gold curve shows the simple analytical solution
from Eq. (6), while the dashed gold curve shows the modified solution
from Eq. (12) with @ = 1.7. The w,/n distribution of confirmed binary
asteroids is depicted in the blue histogram, which is truncated at 10.

conclude that the BYP pushed the mutual orbit towards the syn-
chronous orbit of the primary component.

However, we observe that the magnitude of the numerical
results deviates slightly from the analytical results, which may
be due to the partial eclipse on the primary, as discussed in the
following section.

4.2. Empirical formula for the primary

Ideally, the ratio of fysp to fyss should be proportional to ry/7p.
However, due to the non-linear effect produced by the partial
eclipse stated above, the YS coefficient for the primary, assuming
the same physical properties as the secondary except the size, is
affected by a non-linear dependence on r;. As a result, the ratio
of fysp to fys,s is better described as

@ a—1
frsp = (?) Sfyss = (E) Sys.ps (12)
P

Tp

where fyss and fysp can be obtained from Egs. (4) and (6),
respectively.

We searched the best-fit @ for the numerical results by min-
imizing the sum of the squares of the difference between sim-
ulation results and the fitted values, as shown in the left panel
in Fig. 3. The right panel of Fig. 3 shows the values of «
under different frequency ratios, w/n, and thermal inertia. We
find that « is insensitive to w/n but shows a clear decreas-
ing trend with increasing thermal inertia. The values of « are
1.81+0.05, 1.77+0.05, 1.75+0.05, 1.70+0.04, and 1.65+0.03 for
I = 100, 200, 300, 500, and 1000 tiu [Jm=2s~'/2 K], respec-
tively. One-kilometre-sized objects typically have a thermal iner-
tia of around 300 tiu (Delbo’ et al. 2007), as seen in Didymos
(Rivkin et al. 2023; Rozitis et al. 2024). Once a was determined,
we obtained the modified fys, solution. An example of the mod-
ified fysp solution with & = 1.7 is shown in Fig. 2 (dashed gold
curve). It fits the simulation much better than the simple solution
witha = 1.
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4.3. Implications

We have demonstrated that the BYP moves the primary aster-
oid towards a synchronous orbit, albeit on a longer timescale
than the BYS. Together with the BYS (Zhou et al. 2024) and the
BYORP effect (Cuk & Burns 2005), this forms a unified descrip-
tion of radiative forces acting on binary asteroid systems, as sum-
marized in Table 1: For an asynchronous component, the binary
Yarkovsky effect is at play; for a synchronous component with
an asymmetric shape, the binary YORP effect is dominant; and
for a synchronous component with a symmetric shape, there is
no significant secular radiative effect.

Based on this framework, we summarize the primary dynam-
ics for different types of binary asteroids as follows. For syn-
chronous binaries where both components are asynchronous, the
BYS, the BYP, and tidal effects are all active. The BYS dom-
inates over the BYP and, with the assistance of tidal effects,
drives the secondary component towards a synchronous state.
The synchronization timescale for a binary asteroid system with
a primary radius of approximately 1km is roughly 0.1 million
years (Zhou et al. 2024). For larger objects, the tidal effect pre-
dominates over the BYS. The YORP effect may also contribute
to synchronization, though its stochastic nature is not yet well
constrained (Statler 2009; Golubov & Krugly 2012; Bottke et al.
2015; Zhou et al. 2022).

For singly synchronous binaries where the secondary is syn-
chronous, which is the most common type of known binary
asteroids, BYP, BYORP (acting on the secondary), and tidal
effects are all active. The BYP is expected to shrink the orbit
of most binary asteroids given that the majority of primary
asteroids in the main belt or in near-Earth orbit rotate rapidly,
close to the spin limit of 2.2 hours (Walsh & Jacobson 2015).
The timescale of the BYP is typically an order of magni-
tude longer than that of the BYS and depends on the size
ratio of the two components. The BYORP effect is predicted
to act on a timescale ranging from 0.01 to 10million years
with a random direction and depends on factors such as shape
(Cuk& Burns 2005; McMahon & Scheeres 2010; Steinberg
2011; Jacobson & Scheeres 2011), surface roughness (Cuk et al.
2024), and rotational state (Quillen et al. 2022).

For doubly synchronous binaries (i.e. both components
are synchronous), the BYORP effect acts on both compo-
nents. Tidal effects also become significant in eccentric orbits
(Wisdom 2008; Goldberg & Batygin 2024) or for librating
objects (Scheeres 2009; Jacobson et al. 2014).

While the magnitude of the BYORP effect remains largely
uncertain due to the unconstrained shape and fine surface struc-
tures of most asteroids, the BYP can be estimated quickly using
the formula in this work (see Eq. (12)). We have estimated the
YS coefficients and orbital drift rates for known synchronous
binary asteroids with detected spin periods and orbital periods
(Pravec & Harris 2007; Warner et al. 2009; Pravec et al. 2012,
2016; Monteiro et al. 2023). As an order-of-magnitude approx-
imation, we assumed spherical binaries that have relatively
low inclinations, which ensures that these binaries experience
eclipses during each mutual orbit. This assumption is appropri-
ate for most binary asteroids (Pravec et al. 2012). The binary
Yarkovsky effect is expected to be insensitive to shape, except
in cases of extreme irregularity, which is unrealistic for binary
asteroids. These bodies are expected to have relatively regu-
lar shapes following rotational disruption. All of these binary
asteroids shrink the mutual orbit under the BYP due to their
faster spin relative to the mean motion (see also the histogram
in Fig. 2).
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Fig. 3. Left: YS coefficient as a function of the secondary-to-primary size ratio. The primary asteroid has a radius of 1km. The orbital period is
12 hours, and the spin periods of both components are 8 hours. The ratio of the primary-to-secondary YS coefficient is indicated by red triangles.
The solid red line represents the best-fit curve: fysp/fyss = (rs/ rp)l'go. The dashed red line shows the theoretical formula without accounting for
the non-linear effect of partial eclipses: fysp/fyss = (rs/rp). Right: Value of a as a function of the frequency ratio and thermal inertia. The dashed
black line represents the theoretical value, excluding the non-linear effects of partial eclipses. For a typical small binary system with I" ~ 200 tiu

and a primary spin period of approximately three hours, « is around 1.8.

Table 1. Radiative effects on the object in a binary system.

Orbit
Shape Synchronous Asynchronous
Symmetric Null Binary Yarkovsky
Asymmetric Binary YORP  Binary Yarkovsky

Notes. The binary Yarkovsky effect includes the pY effect and the YS
(eclipse-induced) effect.

Figure 4 shows that for the known small binary asteroids,
the absolute value of fysp ranges from 107 to a few x1073
and the BYP-induced orbital drifting rate from —0.001 cm yr~!
to —1 cmyr~!. For comparison, the typical BYORP coefficient
is ~1073 (McMahon & Scheeres 2010; Jacobson & Scheeres
2011) and decreases with reduced relative surface roughness
(Cuk et al. 2024). There is a clear trend that larger and colder
binary asteroids have smaller values of fys, and & (located
towards the left and bottom of the plot). Thermal inertia influ-
ences these results in a complex manner. Generally, within the
range of 100-500 tiu, as thermal inertia increases, the Yarkovsky
effect decreases for more distant objects (e.g. middle and outer
main belt objects), while it strengthens for closer objects (e.g.
NEOs and inner main belt objects).

We compared our results with four binary asteroids that have
observed orbital migration. The estimated binary Yarkovsky
effect versus observed values are as follows: —0.05 versus
—0.08 + 0.02 cm yr~! (Scheirich & Pravec 2022; Scheirich et al.
2024; Naidu et al. 2024) for pre-impact Didymos, —0.079 versus
—-0.07 +0.34 cm yr~! (Scheirich et al. 2015) for 1996 FG3, —0.13
versus —2.8 + 0.2cmyr~! (Scheirich et al. 2021) for 2001 SLo,
and —0.19 versus 1.2cmyr~!' (Scheirich et al. 2021) for 1999
KW,. For pre-impact Didymos and 1996 FGj, the BYP pre-
dicts orbital drift rates close to the observed values. However, for
asteroid 2001 SLg, our estimated BYP-induced orbital drift rate
is an order of magnitude lower than the observed value. Further-
more, the outward drift of 1999 KW, cannot be explained by the
BYP alone, suggesting the presence of additional mechanisms,

such as a strong tidal effect, a BYORP effect on a synchronous
secondary, or the BYS on an asynchronous secondary. Further
observational data are needed to better understand the complex
long-term dynamics of binary asteroids.

In Vokrouhlicky et al. (2005)’s pioneering work on the
Yarkovsky effect in binary asteroids, simulations of asteroid
2000 DP;y; showed that the mean transverse acceleration of
the mutual orbital motion is ~—6 x 107> ms~2 assuming K =
0.1Wm™K!, C = SOOJkg‘1 K-!, and p = 1.7gcrn‘3 for
both components. This translates to an orbital drift rate of about
a ~ —0.85cmyr~!. In their simulation, the primary and sec-
ondary are both spherical polyhedral shape models with the
assumption of a synchronous secondary. Therefore, their results
reflect the BYP. Our theoretical estimate of —0.27 cm yr~! is con-
sistent in both sign and order of magnitude with the previous
simulation result despite some deviation that may arise from the
system’s eccentricity.

5. Conclusion

This work, together with our previous work on the BYS
(Zhou et al. 2024), completes the basic theoretical framework of
the binary Yarkovsky effect. The BYP is shown to modify the
mutual orbit after the secondary asteroid reaches synchroniza-
tion. The timescale of the BYP is generally an order of magni-
tude longer than that of the BYS and depends on the size ratio
between the secondary and primary.

We propose an empirical modified formula to estimate
the BYP: applying the traditional binary Yarkovsky formula
(Eq. (6)) and then multiplying it by (r/r,)@" (see Eq. (12)).
Our numerical results indicate that « is relatively insensitive
to the frequency ratio, w/n, but decreases with increasing ther-
mal inertia. For a typical small binary asteroid system with
I' = 200tiu, the best-fit value for « is approximately 1.7. We
summarize the primary mechanisms for binary asteroid systems
as follows: the BY'S and tidal effects are active for asynchronous
binaries, while BYS, BYORP, and tidal effects operate in singly
synchronous binaries, which are the most commonly observed
binary asteroids.
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Fig. 4. YS coefficient and YS-induced orbital drift rate for confirmed small binary asteroids, assuming thermal inertia of 100 tiu (left) and 500 tiu
(right). The colours indicate the heliocentric semi-major axis, with bluer colours representing greater distances from the Sun. The size of each
circle corresponds to the size of the primary asteroid. As thermal inertia increases, blue dots tend to move downwards and red dots upwards,

although the outcome is a complex function of thermal inertia.

We estimated BYP-induced drift rates for known small
binary asteroids with primary radii r, < 1km. These drift rates
range from —0.001 to —1cmyr~!. For middle and outer main
belt objects, the BYP tends to decrease with increasing thermal
inertia, whereas for NEOs and inner main belt objects, the BYP
increases with increasing thermal inertia.

We compared our results with the observed orbital drift rates
of four binary systems. Our findings are consistent with the pre-
impact Didymos and 1996 FG; systems but show discrepancies
for the 2001 SLo and 1999 KW, systems. We suggest that a
complicated model involving BYP, BYORP, and tidal effects is
required to fully understand the long-term dynamics of binary
systems.
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Appendix A: Discussion on non-zero inclination
cases

The inclination i is defined as the angle between the vectors of
the mutual orbit and the heliocentric orbit. A non-zero inclina-
tion complicates the thermal perturbation caused by the shadow.
We offer an estimate of the non-zero inclination and justify the
importance of BYP on real binary asteroids. A comprehensive
numerical investigation on how a non-zero inclination affects
both BYS and BYP is out of the scope of this paper and is left
for future study due to its complexity. Our following simple esti-
mation is based on the principle that the strength of the YS effect
is generally proportional to the solar flux loss due to the shadow.
We will use an inclination-dependent factor f; to describe the
ratio of the YS effect for a non-zero inclination relative to the
case with zero inclination.

To begin, we considered how inclination influences the
YS effect on the secondary. When the inclination is non-zero,
the shadow cast by the secondary on the primary no longer
remains fixed at the equator but oscillates around it, reaching a
maximum altitude, . Because the primary is approximately
spherical, the duration it experiences shadowing is roughly pro-
portional to cos 8, leading to a weakening factor of

fis = cosp. (A.1)
The parameter 8 can be estimated via simple geometry,
tan i
sing = 00 (A2)
"

A sin8 < 1 naturally necessitates a low inclination, i <
arctan(r,/a) =~ rp/a, for the occurrence of the shadow.

The case for the primary would be a bit different. The shadow
cast by the secondary on the primary is above the equator rather
than at the equator when the inclination is not zero. These high-
altitude areas affected by the shadow have lower temperatures
than the equator, as the total incident solar energy decreases by
a factor of cos . Consequently, the overall YS effect would be
reduced by a factor of

2
fip = cos”B.

Recall that the binary Yarkovsky effect also includes the pY
effect in addition to the YS effect. The strength of pY effect is
approximated by the YS coeflicient multiplied by —7r, /a for the
secondary and —zrg/a for the primary. Therefore, compared to
Eq. 2, the total binary Yarkovsky coefficient becomes more com-
plicated for non-zero inclination cases:

(A.3)

nrp

fovs = (cosp = 22 s, (Ad)
a

for the secondary and
T

fovp = (co5 = T2 fus, (A3)

for the primary. We note that the typical values for fys and fysp
are 0.01 (Zhou et al. 2024) and 0.001 (Fig. 2), respectively.
Figure A.1 shows the value of the binary Yarkovsky coef-
ficient as a function of inclination, described by Eqs. A.4 and
A.5. It is seen that YS decreases with the inclination and van-
ishes with a critical inclination, within which the eclipse always
occurs during a mutual orbit. In contrast, the pY effect remains
independent of inclination, as it is driven by radiation from the
companion object within the binary system. There is a specific

0.0075 1
—— BYS
0.00501 —— BYP
pY
0.0025
e

= 0.00001

~0.00251
~0.0050{ L | |
0 30 60 90

i (deg)

Fig. A.1. Binary Yarkovsky coefficient as a function of the inclination
for the secondary (red) and the primary (blue). The dashed black line
is the critical inclination (i.e. arctan(rp/a)), within which the eclipse
always occurs during a mutual orbit. The values of parameters to calcu-
late fzy (Egs. A.4 and A.5) are set as follows: a/r, = 2.5, fgy, = 0.01
and fgy, = 0.001. In this figure, a positive value of fgy represents the
migration direction towards the synchronous orbit and a negative value
denotes the opposite direction to the synchronous orbit.

inclination at which pY cancels out YS, resulting in the disap-
pearance of the binary Yarkovsky effect.

When the inclination is low and YS dominates, the binary
Yarkovsky effect tends to synchronize the orbit. Conversely, at
high inclinations where pY is dominant, the effect causes de-
synchronization. The assumption of zero inclination in the main
text maximizes the binary Yarkovsky effect and ensures mutual
orbital synchronization. Although the strength of the binary
Yarkovsky effect diminishes with increasing inclination, it does
not change by more than an order of magnitude except near the
critical inclination (i.e. arctan(r,/a)), justifying the importance
of the binary Yarkovsky effect for most of the binary asteroids.

We note that a more detailed numerical investigation of the
role of the inclination is required in the future, especially consid-
ering the non-zero obliquities that complicate the problem sig-
nificantly.
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YORP EFFECT AND ROTATIONAL EVOLUTION






A ROTATIONAL EVOLUTION MODEL EXPLAINING
THE OBSERVED SPIN DISTRIBUTION

There are three mysteries regarding the slowly rotating asteroids in
the main belt:

* Excess of slow rotators. The overabundance of asteroids rotat-
ing slowly was realized about 40 years ago. Collisions typically
produce a Maxwell distribution in the spin rate and the clas-
sic YORP theory produces a uniform distribution. The existing
theory cannot explain the excess of slow rotators.

* Gap. Recent Gaia observation reveals a visible gap in the period-
diameter distribution of asteroids, which separates the slow ro-
tators from faster rotators. Classic theory only predicts smooth
distributions without any kind of gap.

e Tumbler distribution. The distribution of tumbling asteroids in
the period-diameter is not well explained.

This chapter attempted to solve the above three problems by con-
structing a novel comprehensive rotation evolution model and fitting
it to Gaia observation. The attached paper is in press on the journal
Nature Astronomy.

Author Contributions: W.H. Zhou led the project. W.H. Zhou pro-
posed the model, derived the formula, carried out the numerical
simulations, analyzed the results, and led the writing of the paper.
M. Delbo and W.H. Zhou initiated the collaboration. W.C. Wang, Y.
Wang, and W.H. Zhou led the gap identification using machine learn-
ing. M. Delbo and P. Michel contributed to writing the manuscript. J.
Durech and J. Hanus$ provided the asteroid data based on Gaia obser-
vations. All authors collaborated on the interpretation of the results.
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Abstract

The rotational distribution of asteroids as a function of their size is used as a diagnostic of
their physical properties and evolution. Recent photometric surveys from the Gaia mission,
allowing observation of long (e.g. 224 h) period asteroids, found an excessive group of
slow rotators and a gap separating them from faster rotators, which is unexplained by
current theories. Here we developed an asteroid rotational evolution model capable of
reproducing the observed distribution. We suggest that this distribution is regulated by the
competition between collisions and internal friction dampening of “’tumblers” -asteroids
with unstable rotation vectors, and that the slow rotator group is mainly populated by
tumblers. We constrain the product of the rigidity and quality factor, which relates to the
body’s viscosity, to uQ ~ 4 x 10° Pa. This number, two orders of magnitude smaller than
the one assumed for monolithic boulders, implies that rubble pile asteroids could have a
porous structure or a thick regolith layer, and undergo stronger tidal effects.
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1 Introduction

It was initially assumed that asteroid rotation distribution had to take a Maxwellian form,
peaking at about four revolutions per day as the result of the collision-induced random distri-
bution of their spin vectors in three-dimensional velocity space [1]. However, as observations
progressed, an excess of fast rotators near the spin barrier (2.2 hours) [2, 3] and of slow
rotators was noted for small asteroids [2-9]. The excess of fast rotators has been modeled
[3] as due to spin up until the spin barrier by the Yarkovsky—O’Keefe—Radzievskii—Paddack
(YORP) effect, which is a thermal torque influencing asteroids’ rotation rates over a long term
[10, 11]. The YORP effect has indeed been observed for eleven asteroids [12—15].

On the other hand, the abnormal excess of slow rotators is not captured by the prevail-
ing model involving the YORP effect and collisions [3]. Prior studies have modeled this
excess empirically, either by artificially reducing the spin acceleration by a factor of 2 [3]
or ceasing the rotation [16] beyond a certain period, or assigning a spin rate where lower
rates are more probable [17]. Yet, these methods do not rest upon a solid physical founda-
tion. Moreover, recent observations [18] reveal an obvious drop in the number density in
specific size-dependent periods, forming a visible “gap” that separates the slow rotators from
the faster rotators (Fig. 1).

Another puzzle relates to the asteroids in non-principal rotation states, termed “tumblers”
[19]. Observation shows that nearly all observed tumblers are distributed in the slow rotation
zone [19, 20]. The distribution of these tumblers is constrained by a transition line fitting
a power-law on period-diameter diagram [19-21], which coincidentally matches the newly
discovered “gap” (Fig. 1). A plausible explanation for the distribution of tumblers is still
lacking [21], especially for its correlation with the visible gap in the spin distribution of
asteroids.

2 Mechanism

2.1 Formation of the slow rotators and gap

We constructed a self-consistent rotational evolution model that takes into account collisional
excitation, internal friction damping, and the YORP effect on tumblers (see details in Meth-
ods). In this model, the tumbling motion can be initiated either by the YORP torque spinning
down the asteroid to a quasi-static rotational state [22], or by sub-catastrophic collision, the
latter occurring on a timescale:
D \4a-10/3 , p \(1-a)/3
Teol = Teol,0 (m) (ﬁ) . (1)
Here 7,00 = 113 Myrs is determined by the collisional frequency of main belt asteroids
(Methods) and @ = 3.2 is the power index of the size distribution of main belt asteroids
[17]. In our simulation, we do not take into account the evolution of a (otherwise @ < 3.2
[23] since most of asteroids were born big [24]), because the spin distribution reaches an
equilibrium state on a relatively short timescale (~ 300 Myrs) compared to the time scales
of the evolution of the size-frequency distribution. The timescale above is shorter when the
asteroid rotates slower, indicating that tumbling is more easily triggered for slow rotators. The
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tumbling motion can be damped to the principal-axis rotation by internal energy dissipation

on a timescale: D2 p

Tdamp = Tdamp,0 (m) (ﬁ) P ()
where Tgamp,0 depends on the viscosity (Methods). Here, the period P is the main lightcurve
period, closely associated with the total angular momentum [21], which is conserved during
the damping process.

These slow tumblers could evolve into a principal-axis rotation, a stable tumbling state
with a fixed period, or a completely chaotic state (the nutation angle reaches 90°) [25],
depending on the initial orientation and the asteroid shape. In a completely chaotic state,
the YORP effect could be ineffective, since the radiation torque can be averaged out over
a long term if its direction is random. The same logic is used to justify the absence of the
binary YORP effect in non-synchronous asteroid binary system [26]. Therefore, we reason-
ably assume that a tumbler has a probability pgx to maintain its period. In the long-term
evolution, the YORP torque is reset numerous times after collisions due to the crater-induced
YORP effect [16, 27, 28] given the extreme sensitivity of YORP to small-scale topography
[29]. As a result, the tumblers experience random interchanges between the tumbling states
both with or without a fixed period. Therefore, the expected value of the YORP torque equals
the standard YORP torque multiplied by a “weaken factor” fyeaen = 1 — prix Which is smaller
than 1 (Methods).

As aresult of a weakened YORP torque, these tumblers evolve slowly in the long-period
region (Fig. 2), forming a concentrated group (Fig. 3). The terminal spin distribution of our
simulation is shown in Fig. 1. The animation for the spin evolution can be found in Sup-
plementary Video 1. Therefore, our results suggest that the slowly evolving tumblers are
the origin of the excess of slow rotators. We compare our simulation result with the spin
distribution for small asteroids between 3 km and 15 km reported by previous research
[31(Supplementary Fig. 8) and constrain fyeaken ~ 0.1, assuming the YORP torque has equal
probability of spinning up or down as indicated by the theoretical study [30]. Fitting the frac-
tion of slow rotators in Gaia data gives fyeaken ~ 0.1 (Methods). Our model predicts that most
slow rotators are tumbling, consistent with observation data [20, 21].

2.2 Location of the gap and its implications

The distribution of tumblers is constrained by the transition line where the collisional excita-
tion of tumbling balances the internal energy damping. The transition line can be obtained by
equating Eq. 1 to Eq. 2:
3/8+a)
P=8h (—TC"“’ ) (L)ﬂ, 3)
Tdamp,0 1 km

with 8 = (4a — 4)/(8 + ). In the zone below this line, the excitation from collisions is dom-
inant over damping, leading to the creation of numerous slowly rotating tumblers. However,
we note that this transition line is not equivalent to the gap line but should be slightly lower
than the gap line, as the tumblers may undergo minor diffusion during damping. Consider-
ing @ = 3.2 [17], the slope of the transition line (Eq. 3) becomes 8 =~ 0.785. The rarity
of observed tumblers above the gap is consistent with our prediction, that is, the damping
timescale above the gap is shorter than the excitation timescale. There is an outlier, asteroid
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1994 XF,, which is tumbling but located well above the gap [31], suggesting a recent col-
lision event. Our calculations estimate that the most recent sub-catastrophic collision could
have occurred less than four thousand years ago. This timescale is comparable to that of space
weathering [32], highlighting this asteroid as a potential candidate for future spectral obser-
vations. More observations could be performed for asteroids with yet unmeasured rotation
states in the long-period zone in order to further test our hypothesis that the large majority of
them are tumblers.

The observed gap in the period-diameter diagram (Fig. 1,3), which separates the slow rota-
tors from faster rotators, is the boundary of these slow tumblers. We used a semi-supervised
machine-learning method to locate the gap of the observation data from Gaia (see Meth-
ods section: Identification of the gap by a semi-supervised machine-learning method), which
gives

D \Po

P=riim) @
with Py = 13.38 h and By = 0.783 for the observed gap. This is closely aligned with the
predicted slope (i.e. 0.785) of the distribution of tumblers.

In our model, the location of the gap and the transition line depends on the parameter
Tdamp,0,» Which is proportional to the ratio of the quality factor and Love number Q/k,. In
the literature, the Love number is commonly assumed to be inversely proportional to the
asteroid rigidity u, although rigidity plays only a marginal role in dissipation, as compared to
viscosity. A high k, means the body is easily deformed and a low Q value signifies that the
body is relatively good at dissipating tidal energy and is not highly elastic [33]. This provides
invaluable information on the asteroid’s internal structure and composition (e.g., the layered
structure and the thickness of the regolith [34]). Furthermore, it is often associated with the
tidal response of a celestial body, affecting the long-term evolution of the rotation and orbit
of a binary system (e.g. binary asteroids [35], Earth-Moon system [33]). However, due to
the lack of seismic data or in-situ detection of tidal effects by space missions to asteroids,
the value of Q/k; is poorly constrained despite, its importance in our understanding of the
physical properties and evolution of asteroids. Our model offers a novel approach to constrain
Q/k, by fitting the gap in the observed period-diameter distribution diagram of asteroids. We
assume uQ as a constant for our considered size range (1-50 km). By fitting the gap in the
simulation results to that in Gaia data (Fig. 4), our best-fit model suggests uQ ~ 4x 10° Pa, or
equivalently Q/k, ~ 5x108(D/km)~2, which produces a gap with the parameters Py = 13+1h
and By = 0.78 £ 0.06. This leads to Tgampo ~ 0.4 Myr in Eq. 2. Our obtained value of uQ is
much smaller than usually assumed > 10'! Pa [21, 25, 36] for monolithic boulders or 103 Pa
for cold less-porous solid minerals, indicating that rubble piles are weaker (e.g. have a high
porosity or a thick regolith layer [34]) and more susceptible to the tidal effect than previously
assumed. This leads to a faster evolution [33] and a larger equilibrium separation of binary
asteroids [37].
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Fig. 1 Period-diameter distribution from a, Gaia observation [18] and b, simulation. The grey line represents a fitted
line identifying the gap (Eq. 4). a. The data for the tumblers come from Asteroid Lightcurve Data Base (LCDB) [38].
b. This simulation adopts uQ = 4 X 10° Pa, Jweaken = 0.1, and 50% positive YORP torques.

3 Methods

3.1 Identification of the gap by a semi-supervised machine-learning
method

To identify the location of the gap from a statistical perspective, we use a semi-supervised
machine-learning method to classify asteroid data into two groups and obtain the boundary
line (the gap) that separates them. For a set of data, we performed pseudo labeling by manu-
ally defining a grey zone as a starting reference zone for the model to locate the line, and label
the data above the grey region as class I, and those below as class II, as shown in Supple-
mentary Fig. 5. We use these well-classified data to fit a gap, using the linear Support Vector
Machine (SVM) model [39], which aims at finding the maximum distance between the gap
and two groups by using stochastic descent to converge on the solution. Expressed in the log
scale, the gap is described by a line with the slope (k) and the intercept (b) with k = 8 and
b =log Py. We train the model by using the following semi-supervised approach:

1. Initialize the configuration of the gap line in log-scale: k = 0.6, b = 1.2. The y-distance
of the gap is 0.4. The initial values are reasonably chosen by observation. The principle of
choosing the values is to make sure the type of the asteroids above the gap is different from
the type below the gap. We leave the data points inside the grey area as unclassified data.

2. Use the manually classified data to train the linear SVC model and get the parameters of
the model. The parameters include k and b.

3. Use the new values of k and b obtained from the previous step to re-label the data points.
Similarly, the new k and b represent another gap and we label the data above the gap as
class I, the data below the gap as class I and leave data inside the gap as unclassified.

4. Redo step 2 by re-training the model until the gap gets converged, i.e., the values of k and
b have little variations during each iteration.

We apply the above semi-supervised machine-learning method to both the observation
and our simulation data. As the gap between slow rotators and fast rotators is clearly observed
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Fig. 2 Rotational evolution of a synthetic asteroid over 200 Myr. The spin rate and nutation angle are denoted by
the solid and dashed lines, respectively. This asteroid follows such a typical sequence: (1) it spins down, under the
YORP effect, until it goes through a sub-catastrophic collision; (2) subsequently, the tumbling motion is triggered
and it spins down at a slower rate than before due to a weak YORP effect until a new tumbling state is triggered; (3)
then it starts to spin up at a slow rate until the tumbling is damped; (4) it spins up at a normal YORP acceleration until
getting disrupted. It can be seen that the time fraction of lifetime in the slow region for asteroids is relatively high
compared to that in the faster region, resulting in a larger number density of asteroid population in the slow region.

in Gaia data for the first time [18], we use the Gaia data reported by Durech and Hanu
[18] as the primary source of observation asteroids. All selected asteroids are main-belt
asteroids, with semimajor axes ranging from 1.85 to 3.97 au. The converged solution is
Py = 13.38 hours and 5 = 0.783, as shown in Supplementary Fig. 5. The obtained § = 0.783
for Gaia data closely matches the theoretical value 0.785. We run 100 Monte Carlo simula-
tions on the rotational evolution model for each ¢ Q, and then input the simulation results of
the period-diameter distribution to the machine-learning model to identify the gap. The gap
parameters obtained in simulations are shown in Fig. 4. However, we should note that due to
the data quality and the systematic uncertainty of the SVM model, results might vary, result-
ing from specific parameters in the machine-learning model—such as the gap width or the
initial value of k. We also use unsupervised clustering methods including but not limited to
K-Means, Density-based spatial clustering of applications with noise (DBSCAN) and spec-
tral clustering, as well as the geometric data analysis mentioned in Contardo et al. [40]. In our
experiments, unsupervised methods are more sensitive to their hyper-parameters and would
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is described by Eq. 3.

introduce considerable uncertainty if they were forced to identify a single gap. An example of
DBSCAN method with different min samples is shown in Supplementary Fig. 6. In general,
these unsupervised methods do not yield converging results for our problem. Animations of
the iteration process with different initial conditions are presented in Supplementary Videos
2 and 3.

3.2 Rotational evolution model

The long-term rotational dynamics of asteroids are mainly dominated by the YORP effect,
which is a radiative torque caused by radiation from the irregular asteroid surface, and sub-
catastrophic collisions. Both collisions and the YORP effect can transfer positive or negative
angular momentum, leading to spin-up or spin-down of asteroids. Comparing the collision
timescale with the YORP timescale, it is obvious that the YORP effect dominates over colli-
sions unless the asteroid enters an extremely slow rotation. The term “YORP cycle” is used
to describe the process by which the asteroid evolves into an end-state where its rotation state
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needs resetting under the YORP effect [16]. One YORP cycle is terminated when (1) the spin
rate exceeds the rotational disruption limit w = /47Gp/3 ~ 2.2 hours; (2) a sub-catastrophic
collision occurs; and (3) the spin rate decreases to zero.

These three cases yield distinct outcomes (Table 1). In the first case, the asteroid is
assumed to be reshaped or divided into fragments. The spin rate should be reset, as well as the
YORP torque since it is sensitive to the surface topology [27, 29]. We consider the new object
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Fig. 6 Classification by the DBSCAN method with min sample number of a, 40 and b, 50,

to maintain a pure spin state, as the rotational disruption chiefly alters the angular momen-
tum along the major principal axis. Moreover, the process of reshaping or uniting the rubble
piles rapidly dissipates energy to realign the asteroid. Thus, the nutation angle, which gauges
the degree of tumbling, remains nearly zero. In the second case, a sub-catastrophic collision
induces the spin rate to renew with a random increment and the obliquity to reset randomly.
Since a collision lacks a preferred direction of incidence, it imparts an angular momentum
with equal probability to all directions, thereby instigating tumbling. In the third case, the
asteroid spins down to a quasi-static rotational state, triggering a tumbling state due to the
YORP effect or collisions. In our model, the initial spin rate distribution follows a Maxwell
distribution with the peak at 8 hours, the minimum at 2000 hours, and the maximum at 2.2
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hours. In fact, the initial condition does not affect significantly the spin distribution at equi-
librium. We generate as many test particles as asteroids in the Gaia sample with the same
sizes and orbital elements and run the simulation for 400 Myrs. The spin distribution arrives
at equilibrium after around 300 Myrs.

3.3 Sub-catastrophic collisions

Sub-catastrophic collisions transfer angular momentum to asteroids, modifying the spin rate
and potentially triggering tumbling. We follow the route of Farinella et al. [41] to calculate
the characteristic collision timescale at which an asteroid’s rotational state is reset. To transfer
the angular momentum that is comparable to that of the target asteroid with the angular speed
Wrarg and radius 7, the radius of the impactor is

13

Wrarg'targ

Fimp ~ (— Ttarg (5)
Vimp

where vinp, ~ 5.8 km/ s is the average impact speed between asteroids [42]. The collision

timescale for such a collision can be estimated as

1
PiNr>r;mp(rimp + rtarg)2

(6)

Teol =

Here P; ~ 2.85 x 107"® km™ yr! is the intrinsic collisional probability [42], and N, is
the number of the asteroid that has a larger radius than rjpp:

-«
i
Nrsriy = No (ﬂ) 0

o

with —a being the power index of the size-frequency distribution (SFD) of asteroids.
Substituting Eq. (5) and Eq. (7) into Eq. (6), we can obtain

Teol =

(a-1)/3
JSeol ( 1 ) @@ D/3 a=10)/3

v,
t t
PNy Vimp rg arg arg ®

where f., is a dimensionless coefficient related to the shape of asteroids, the impact angle
and the density ratio of the impactor to the target. The general form of the collision timescale
we use in our simulation is

D (4a—10)/3 P (1-a)/3
[ ®

Tcol = Teol,0 (Tm S_h
Applying f.o; = 0.83, @ = 3.5, ry = 1 km and Ny = 3.5 x 10° for a rough estimate, Farinella
etal. [41] obtain 7¢ 10 = 50.8 Myrs. With an update to f., by Farinella and Vokrouhlicky [43],
the hereafter studies utilise 7.0 = 228.8 Myrs. Bottke et al. [23] show the wavy character-
istics of the size distribution of asteroids, in particular, the decreasing slope in the small size

10
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end. To account the slightly shallower distribution in the size range (0.1, 1) km, Holsapple
[17] uses Ny = 6.1 x 10° and @ = 3.2 and obtains Teolo = 113 Myrs. In this study, we follow
the size distribution fitted by Holsapple [17]. In our numerical code, when the evolution time
reaches 7., the spin rate w receives an increment Aw due to a random collision:

Aw = (42 +2cosy - Nw (10)

where vy is the random angle between the projectile angular momentum and the target angular
momentum, uniformly distributed from 0° to 360°. After such a sub-catastrophic collision,
the nutation angle is set to be a random number between 0° and 90°, denoting a tumbling
state. We also reset the YORP coefficient, since the YORP torque is shown to be sensitive to
the change of fine surface structures (e.g. boulders and craters) [27, 29, 44].

3.4 YORP effect

The YORP effect is a radiative torque produced by the recoil force of the emitted photons from
the asteroid. The asteroid could spin up or spin down under the YORP effect. In our model,
the asteroid is initially assigned with a YORP torque, which can be expressed as [45—48]

OR? 1
Tyorp,; = 6YORPfYORPT(COS 2e + §) (1)

3

Tyorp,e = —fyorp sin 2e. (12)

Here Tyorp,; and Tyorp,e are the YORP torque components that modify the spin rate and the
obliquity, respectively. The obliquity € ranges from 0° to 90°. Here @ is the mean flux of solar
radiation at the asteroid’s orbit, R is the asteroid radius and c is the light speed.

The dimensionless YORP coefficient fyogrp is highly sensitive to the shape of asteroids.
The probability distribution of fyorp is commonly modeled as either a normal distribution
[49-51] or an exponential law [47]. In our study, we adopt a half-normal distribution to
ensure fyorp remains positive, setting the standard deviation at 0.005, which is a typical
value [27, 48]. This simple YORP model leads asymptotically asteroid obliquity to either 0°
or 180°, consistent with observations on asteroid obliquities [11], although simulations show
the asymptotic obliquity could be also 90° for some asteroids [52]. We introduce the param-
eter dyorp, Which can take values of 1 or -1, to control the sign of Tyorp;. A positive dyorp
signifies a spin-up torque, while a negative value indicates a spin-down torque. For asteroids
with an unrealistic zero thermal inertia, simulations suggest a tendency to spin down [52, 53].
Conversely, for realistic asteroids with non-zero thermal inertia, the YORP effect appears to
equally drive spin-up or spin-down [30]. To date, eleven confirmed YORP detections all show
increasing spin rates [15], a finding that contradicts theoretical predictions and remains unex-
plained. Possible observational biases include: (1) all detections are for near-Earth objects
(NEOs), primarily retrograde rotators from the v¢ resonance in the main belt; (2) all detec-
tions are for fast rotators, which are more likely to be spinning up towards to the spin barrier.
In the literature, dyorp is typically assumed to be equally likely to be positive or negative [48—
51, 54]. We maintain this assumption in our primary analysis but also explore scenarios with
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Fig. 7 Results for a, 90% positive YORP torques and b, 90% negative YORP torques.

a preference for either positive or negative dyorp. TWo extreme cases, which may not be real-
istic but are helpful for a quick grasp of the idea, are shown in Supplementary Fig. 7 where
dyorp has 90% probability to be 1 or -1. Generally, an increased likelihood of positive YORP
torque leads to a reduction in the population of slow rotators, aligning with expectations.
Observations, however, poorly constrain the proportion of slow rotators, as one can see from
inconsistencies between data derived predominantly from an asteroid family [3] and data from
Gaia observation on main belt asteroids [18]. Consequently, this study does not endeavor to
refine the parameters that define the fraction of slow rotators but rather focuses on examining
the gap feature and the distribution of tumbling asteroids. Fortunately, the preference to spin
up or down does not affect the location of the gap and the distribution of tumbling asteroids.

The YORP coefficient is reset when the asteroid goes through a rotational disruption (i.e.
the spin rate exceeds the limit corresponding to a period of 2.2 hours), or experiences a sub-
catastrophic collision, after which the surface is largely deformed, leading to a change on the
YORP torque [29]. If the asteroid spins down to a quasi-static rotation, the tumbling motion
could be easily triggered by the YORP torque or collisions. In our model, we assign a nuta-
tion angle of 45° to the asteroid if the period becomes longer than 1000 hours to denote the
tumbling motion. The understanding of the YORP effect on a tumbling asteroid is still largely
limited due to the shape-sensitivity of the YORP torque and the sometimes chaotic nature of
tumbling motion [22, 55-57]. Breiter and Murawiecka [25] demonstrate that the combined
impact of the YORP effect and the damping on tumblers might produce a stable tumbling
motion with a fixed period, or can evolve into a completely chaotic tumbling motion when
the nutation angle arrives 90° [25]. In the latter case, the YORP effect might be ineffective
since the radiation torque can be averaged out over a long term if the direction of the radia-
tive torque is random. The same logic is used to justify the absence of the binary YORP effect
in non-synchronous asteroid binary systems [26]. Therefore, a tumbling asteroid has a prob-
ability pgx of maintaining its angular momentum under the complex coupling effects of the
YORP torque and internal energy dissipation. The high sensitivity of psy to the initial rotation
state and the shape of asteroids, makes it hard to obtain a typical value of pgy theoretically,
especially considering that the above studies have ignored the thermal inertia.
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In our model, the probability pgx can be translated into a "weaken” factor of the YORP
effect fyeaken in the simulation of long-term rotational evolution of asteroids by

fweaken =1 = Pfixs (13)

so that the expected value of the YORP torque is

Tyore' = fuweakenTYORP- (14)

The rationale behind this is explained as follows: since the YORP torque is sensitive to the
surface deformation [29], the YORP torque can be reset from time to time [16] by the crater-
induced YORP (CYORP) torque[27, 28]. With every reset of the YORP torque, the tumbler
has a probability of pgy to fix the period (invalidate the YORP torque), the expected value of
the YORP torque over a long term can be simply estimated as (1 — pgx)Tyorp, given that the
simulation time 7 (~ hundreds of Myrs) is much larger than the reset timescale Tyee; (< 1 Myr)
[16, 27]. In fact, the YORP effect that accounts for the random reset by the CYORP torque is
referred to as the “stochastic YORP” effect [16], which reduces the efficiency of the YORP
torque [16, 27]. However, this effect makes no difference in the equilibrium spin distribution,
because it works for all asteroids, indicating that it only affects the evolution rate. For the
sake of simplicity, we choose to overlook this effect, especially considering the absence of a
comprehensive model for the stochastic YORP effect [27].

It is possible to constrain the value of fyeuen Dy Observations, taking advantage of the
fact that fyeaken directly influences the number of slow rotators. A greater fyeaken introduces
a larger fraction of slow rotators. In case the Gaia observation has a bias against fast aster-
oids, we utilize the histogram provided by Pravec, P. and others [3] (see their Fig. 2) of the
spin distribution of 268 small main-belt and Hungaria asteroids with the diameter range 3—15
km, which was considered as the best estimate of the rotation rate distribution of small aster-
oids [16]. ~ 30% of the asteroids in Pravec, P. and others [3] belong to two asteroid families,
i.e., the Hungaria and Phocaea families. Family member asteroids are thought to share the
same age. Thus they are more suitable with agreeing with our synthetic asteroids that evolve
concurrently in our simulations, compared to a general sample e.g. from Gaia data, the lat-
ter potentially suffering from a bias against the detection of low-lightcurve-amplitude fast
rotators . We vary the value of fyeaken in our simulation and compare the resulting spin distri-
bution of asteroids in the same size range with that in [3]. The most consistent result is shown
in Supplementary Fig. 8, indicating fyeaken ~ 0.1. Compared to ground-observation, Gaia is
less biased for slow rotators, while fast rotators might be more biased. By fitting the fraction
of slow rotators (w < 1 cycle/day), we fit fyeaken ~ 0.12. In the result presented in Fig. 1, we
adopted fyeaken = 0.1.

We note that the unknown preference of the YORP torque to be positive or negative
also affects the histogram, as shown in Supplementary Fig. 7. The parameter fycaken may
be smaller than 0.1 if the YORP torque favors positivity. Consequently, the constraints on
Jweaken become complicated due to inconsistent information from different observations and
unknown chaotic behaviors of the YORP torque. However, fortunately, the value of fyecaken,
given fyeaken < 1, does not change the position and the slope of the gap in the slow-rotating
region and the distribution of tumblers. A more precise constraint on the parameter fyeaken
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for Gaia data, which is close to the result fit from Pravec, P. and others [3].

may be deferred for future investigations, provided that unbiased observations demonstrate
agreement with the histogram in the spin rate distribution.

3.5 Internal energy dissipation

Due to the internal friction, a tumbling object will finally evolve into a pure spin state around
the major principal axis. The damping rate of asteroids is usually estimated by using an empir-
ical quality factor Q whose inverse measures the energy lost per precession period, and the
Love number k, describes the tumbling-caused deformation. In the classical theory [58], k»
is translated into the rigidity ¢ for a homogeneous elastic body:

N nGp*D?

k
2 19u

; (15)
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leading to the commonly used “uQ* prescription. The damping timescale is generally

expressed as
2 3

o () (s3)
~ ML 4o = i 16
Tdamp pR2w3 Tdamp,0 1 km Sh (16)

where A is a dimensionless shape factor. The uncertainty of this estimate comes from the
quality factor Q, which is usually set to be 100 but never actually measured for rubble pile
asteroids [21, 58]. The value of the shape factor A is suggested to be 18 in Breiter’s model
[21, 59], although its value varies by two orders of magnitude in the older literature [5S8—63].
The nominal timescale is

-3
J710) )(chm ) (17)

Tdamp,0 = 1.1 Myrs ( 101Pa o

While rubble piles have shear rigidity [35], dissipation and the damping rate are not very
sensitive to its value. Recent studies have demonstrated that it is the viscosity that predomi-
nantly defines the efficiency of friction [64—66]. An accurate approach to the problem should
be based on a rheological equation including the viscosity as a key parameter. This treatment
would render a frequency dependence of the quality factor.

However, the viscosity of asteroids is still unknown and more complex rheologies may be
needed [65, 66]. For convenient comparison with previous studies, we utilize the classic Q/k;
method with the uQ prescription in this work. We assume uQ as a constant for the size range
of our interest (1-50 km), although 1 Q could vary with the size [35] or the frequency [67]. In
our model, the nutation angle 6 evolves as

6= 1/Tdamp (18)

for the sake of simplicity, although # should be a complex function of 6 [59, 62]. Each time
the asteroid is excited to tumble under the YORP effect or a collision, the nutation angle is
reset to a random number between 0° and 180° for simplicity, considering the probability
distribution of the nutation angle reset by a sub-catastrophic collision is unknown.

Our best fit model suggests that uQ ~ 4x10° Pa (see Fig. 4), which is equivalent to Q/k, ~
5 x 103(D/km)~2. The results with uQ ~ 10'! Pa and 10° Pa are shown in Supplementary
Fig. 9. It can be seen that the usually assumed uQ ~ 10'! Pa yields a gap above the observed
gap, as a result of a weak damping effect. Conversely, a uQ ~ 10° Pa creates a gap lower than
the observed one, according to diagnosis by our semi-supervised machine learning method.

Data availability. For the observation data, the code is available at https://github.com/WH-
Zhou/Zhou-2024-Gap-Finder.

Code availability. For the gap identification, the code is available at
https://github.com/WH-Zhou/Zhou-2024-Gap-Finder.
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Table 1 Outcomes of YORP-cycle endstates.

Events Spinrate  Obliquity =~ YORP torque Rotation mode
Rotational disruption ' Reset Remain Reset Pure spin
Quasi-static rotation Remain Remain Reverse and weakened ~ Tumbling
Sub-catastrophic collision ~ Reset Reset Reset and weakened Tumbling

IThis applies to the larger remnant; disruption can also mean mass shedding.
Tables.
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CRATER-INDUCED YORP EFFECT WITH ZERO
THERMAL INERTIA

The YORP effect is sensitive to the convex and concave structures
on the surface, which could be represented by boulders and craters,
respectively. Understanding how these structures affect YORP is cru-
cial to precisely calculating the YORP torque and its random-walk
evolution due to the morphological alteration during the collisional
history.

This chapter develops a semi-analytical method to calculate the
crater-induced YORP (CYORP) torque produced by a crater, assum-
ing zero thermal inertia. By investigating CYORP’s dependence on
the properties of the crater and asteroid, we found the typical size for
the crater to modify the total YORP torque is one-tenth of the aster-
oid size, which leads to a YORP reset timescale of 0.4 Myr. This paper
was published in the peer-reviewed journal Astronomy & Astrophysics.

Author Contributions: W.H. Zhou led the project. W.H. Zhou pro-
posed the model, derived the formula, carried out the numerical sim-
ulations, analyzed the results, and led the writing of the paper. Y.
Zhang, X. Yan and P. Michel collaborated on the interpretation of the
results.
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ABSTRACT

Context. The Yarkovsky—O’Keefe—Radzievskii—Paddack (YORP) effect plays an important role in the rotational properties and evo-
lution of asteroids. While the YORP effect induced by the macroscopic shape of the asteroid and by the presence of surface boulders
has been well studied, no investigation has been performed yet regarding how craters with given properties influence this effect.
Aims. We introduce and estimate the crater-induced YORP effect (CYORP), which arises from the concave structure of the crater, to
investigate the magnitude of the resulting torques as a function of varying properties of the crater and the asteroid by a semi-analytical
method.

Methods. By using a simple spherical shape model of the crater and assuming zero thermal inertia, we calculated the total YORP
torque due to the crater, which was averaged over the spin and orbital motions of the asteroid, accounting for self-sheltering and self-
sheltering effects.

Results. The general form of the CYORP torque can be expressed in terms of the crater radius Ry and the asteroid radius R:
(Tcyorp) ~ WR%RN(I)/C, where W is an efficiency factor. We find that the typical values of W are about 0.04 and 0.025 for the spin
and obliquity component, respectively, which indicates that the CYORP can be comparable to the normal YORP torque when the size
of the crater is about one-tenth of the size of the asteroid, or equivalently when the crater/roughness covers one-tenth of the asteroid
surface. Although the torque decreases with the crater size Ry as ~R3, the combined contribution of all small craters can become non-
negligible due to their large number when the commonly used power-law crater size distribution is considered. The CYORP torque
of small concave structures, usually considered as surface roughness, is essential to the accurate calculation of the complete YORP
torque. Under the CYORP effect that is produced by collisions, asteroids go through a random walk in spin rate and obliquity, with a
YORP reset timescale typically of 0.4 Myr. This has strong implications for the rotational evolution and orbital evolution of asteroids.
Conclusions. Craters and roughness on asteroid surfaces, which correspond to concave structures, can influence the YORP torques
and therefore the rotational properties and evolution of asteroids. We suggest that the CYORP effect should be considered in the future

investigation of the YORP effect on asteroids.

Key words. minor planets, asteroids: general

1. Introduction

The Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect,
which is a thermal torque produced by surface emission, has a
strong influence on the rotational state and evolution of asteroids
(Rubincam 2000; Vokrouhlicky & Capek 2002; Bottke Jr et al.
2006). It can either increase or decrease the spin rate and can also
change the spin obliquity of an asteroid on timescales that also
depend on physical and dynamical properties of the considered
asteroid (e.g., Capek & Vokrouhlicky 2004; Scheeres & Gaskell
2008; Statler 2009; Rozitis & Green 2012). Although a slow pro-
cess in general, it could be directly measured by ground-based
observations (e.g., Durech et al. 2018). Moreover, it provides an
explanation for some observed properties, such as the preferred
orientation of the spin axis of members of the Koronis aster-
oid family (Vokrouhlicky et al. 2003), as well as some asteroid
shapes, such as the top shapes of primaries of small binary sys-
tems (e.g., Walsh et al. 2008), and possibly the shapes of the
asteroids Bennu and Ryugu (although another explanation has
been proposed for these particular cases; Michel et al. 2020).

In particular, to be at the origin of top-shaped asteroids,
the YORP effect needs to cause an increase in spin rate on a

continuous basis or in a trend that allows the shape to evolve in
a spinning top on a timescale that makes it possible. However,
it was found that small changes in the surface topography of an
asteroid can strongly influence the YORP effect outcome (Statler
2009), for instance, causing a spin down rather than a spin up,
which could alter a systematic increase in the rotation rate and
potentially make it difficult to achieve a top shape. Therefore, it
is crucial to assess the effect of surface topography on the total
YORP torque.
The current YORP model reads

Tyorp = Tnyore + TTyorp, (D

where Tnyorp Stands for the YORP effect on the whole aster-
oid, and Ttyorp stands for the tangential YORP effect, which
describes the YORP effect related to the presence of boulders
and surface roughness (Golubov & Krugly 2012; Golubov et al.
2014; Golubov 2017).

Here, we consider another surface characteristic that has not
been considered so far and that might also influence the evolution
of an asteroid rotation state under the YORP effect. Images sent
by space missions showed us that asteroid surfaces are populated
with craters, whose distribution and properties can differ from

A70, page 1 of 13

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe-to-Open model. Subscribe to A&A to support open access publication.



A&A 668, A70 (2022)

N
7
~

crater2

boulders

crater3
craterl:

Fig. 1. Simple crater model (left panel) and features in the asteroid that affect the total YORP torque (right panel). In the left panel, the yellow
arrow represents the light coming from the direction of the Sun, and the shadow region is shaded in gray. Parameters /& and R, are the depth and
radius of the crater, respectively. The edge circle of the crater on the ground level is denoted by C. The angle between the sunlight and ground
normal is denoted by Ay. The right panel shows the boulders and craters on the surface of asteroids that could contribute to the total YORP effect.
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Fig. 2. Three coordinate systems in this paper: coordinate system oxyz for calculating the illuminated domain in the crater, PABC for calculating
the effective recoil force of an arbitrary surface element, and OXYZ for averaging the YORP torque over the spin and orbital motion.

one object to the next (see, e.g., Marchi et al. 2015, for a review),
depending on its age, its response to impacts, and other possible
processes, such as surface motions that can erase small features
or boulder armoring that can prevent a crater from forming (e.g.,
Bierhaus et al. 2022; Daly et al. 2022). Nevertheless, craters are
an important and systematic characteristic of asteroid surfaces
that may have some influence on the YORP effect because this
effect is sensitive to the fine topography (Statler 2009).

For the first time, we propose here the concept of the crater-
induced YORP (called CYORP hereafter) and show that CYORP
may contribute to the total YORP torque as well, which adds a
“CYORP” term into Eq. (1),

Tyorp = Tnyore + Ttyore + Tcyore, 2)
where
Tcyorp otal = ZiTcyYORP,i 3)

as a summation for a whole set of craters or concave structures
on the asteroid (see Fig. 1). The CYORP torque is the difference
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between the torque caused by the crater and the torque by the
ground before the birth of the crater,

“

Here Tgound is the normal YORP torque of the ground before the
birth of the crater (see Fig. 1), which can be expressed as

Tcyorp = Terater — ground+

Toround = RR%)% cos Arg X ng, (®)]
where Ry is the radius of the crater, ®@ is the solar flux on the
asteroid, ¢ is the speed of light, A is the incident angle of the
light, and ry and ng are the position vector and unit normal vector
of the crater, respectively (see Fig. 2).

The CYORP torque arises due to the concave structure of the
crater. The vertical wall of the crater induces a force tangential
to the surface, and the curvature of the crater induces a normal
force component that is different from the force that is produced
by the ground without the crater. Thus, the force that leads to
the CYORP torque comprises of both the tangential and normal
components. The self-sheltering and self-heating effects because
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of concavity influence the total torque; this is also considered in
this work. In general, Tcyorp takes the form of the following
scaling rule with the radius of the crater Ry and of the asteroid
Ryt

(0]
Tcyorp = W?R(%Rast, (6)

where W is a function of the properties of the crater and the
asteroid (the detailed derivation of this equation is presented
in Sect. 2). As a general rule, Tcyorp is thus proportional to
the square of the crater radius and to the asteroid radius. Based
on this scaling relation, we developed a semi-analytic method
that can be applied to the calculation of the CYORP effect, and
it provides a basic understanding of the relative influence of
each parameter. The derived CYORP torque can be applied both
for craters and for any concave structures on the surface of an
asteroid, although a modification accounting for the geometry is
needed.

We focus here on one crater and vary its properties to deter-
mine how they influence the YORP effect. As a first step, we
assume zero thermal inertia (Rubincam’s approximation; see
Rubincam 2000), which can be applied to asteroids with low
thermal conductivity or slow rotation. Rubincam’s approxima-
tion is suitable for calculating the spin component of the YORP
torque. The model including the thermal inertia of the asteroid
will be the topic of a next study. In the following, we present
our calculation of the crater-induced YORP torque in Sect. 2,
accounting for the crater shape and other related thermophysical
processes. Section 3 presents results for various asteroid prop-
erties and locations of the crater. In Sect. 4 we give the typical
value of the CYORP torque (Sect. 4.1), which could be used to
estimate the order of magnitude, and we analyze the applicabil-
ity of the CYORP effect to the complete YORP torque and to the
spin evolution of asteroids (Sect. 4.2). In Sect. 5 we summarize
the main results and draw the conclusion.

2. Calculation of the crater-induced YORP torque
2.1. Shape model for the crater

We considered a simple shape model for the crater, which is rep-
resented by a full or part of a semi-sphere with a radius R, and
depth h (see Fig. 1). In this way, the size and the shape of the
crater can be determined by two parameters R; and y,, where

Ry —h
R,

(M

sin Yo =

We considered a coordinate system (x, y, z) with the origin
located at the sphere center (see Fig. 2). The unit vectors e, e,
and e, were chosen so that e, lay along the symmetry axis of
the spherical crater and e, lay in the plane of e, and the unit
solar position vector s. Vector e, follows the right-hand rule.
Equivalently, e, and e are defined as

e, =e; XS,

®)

e, =¢,Xe,.

In this coordinate system (see Fig. 2), the crater can be defined
as

Z={(x,y,2) € R3|x2 + yz +7 = Ry,z > R; sinvyp}. )

Applying

x = rsinéfcos ¢

y =rsinfsing (10)
X =rcosé,

the crater is equivalently

Z={(xy,2) eRr=R,0€(0,7/2 -0, € (0,21)}. (11)

The widely used parameter depth-diameter ratio translates as

iz 1 —sinyy (12)
Dy  2cosyy

where Dy = 2Ry is the diameter of the crater.

2.2. Shadowing effect

For a concave geometry such as a crater, the influence of self-
shadowing plays a significant role for the YORP effect. There are
three consequences of self-shadowing. (1) The crater is sheltered
by itself, that is, the fraction in the shadow of the crater does not
receive the photons from direct solar radiation. (2) The effective
angular momentum transfer that occurs in a surface element is
affected by the neighboring topology because the radiated pho-
tons can be reabsorbed by the shelter. As a result, the effective
recoil force (and the YORP torque) is different from that in the
case of a nonsheltered environment. (3) The radiation caused by
secondary illumination from the crater itself, which is ignored in
this work for simplicity. As we show in Sect. 3, the first effect of
shadowing contributes to the net YORP torque of a crater, and
the second effect weakens the YORP torque.

2.2.1. llluminated area

The unit vector directed toward the Sun from the crater s’ repre-
sents the direction of the parallel sunlight. When we consider
that the size of a typical asteroid R,y (on the order of some
kilometers) is much smaller than the distance from the Sun d
(on the order of one au), the unit vector pointing from the cen-
ter of the asteroid to the Sun is s =~ §’. In the following context,
we use s to denote the position of the Sun relative to both the
asteroid and the crater.

The unit position vector of the Sun in the coordinate system
(x, y, ) can be expressed as

13)

where A is the incident angle of the light. To determine the region
that is exposed to sunlight, we need to find the expression func-
tion of the boundary of the illuminated region. First, we define
the edge of the crater at the ground level, which is a circle as

(14)

s = sin de, — cos Ae.,

C = {(x, 4, )X + y* = R} cos® yp,z = Ry siny).

The boundary is the projection of the upmost circle C; of
the crater on the crater Z along the light. The boundary can be
obtained by solving the intersection of the crater ZZ and an ellip-
tic cylinder, which contains C; and along s. When an arbitrary
point in the circle C| is (¥, y’, 2'), the elliptic cylinder is

X% +y? =Ricos’yp

7=0

x—x  z-7 (15)
sind  —cosA

y=y.

A70, page 3 of 13
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After reduction, the expression of this elliptic cylinder is

(x +ztan )* + y*> = R3. (16)

Combining this with the expression of the crater (Eq. (9)) and
applying x = Ry sinfsin¢, y = R;sinfcos¢ and z = R cos 6,
we obtain the expression of the intersection curve,

cos 24 cos 6 + sinyg
sin2Asin 6

cos¢ = (17)

Because 0 < ¢ < 2, given a polar angle 6, Eq. (17) has two
solutions (if a solution exists) ¢ and ¢, , for ¢ with ¢, + ¢, = 2n,
in which we assume ¢; < ¢, for further analysis. The illuminated
region is represented by

(18)

24 6 + si
W e {(x, y.2) € Zlcos b < cos 21 cos smyo}

sin 24 sin 8

It is not guaranteed that Eq. (17) has a solution because the
right side of the equation can be larger than 1. Depending on the
incident angle of the light A, there are three illumination modes,
given an incident angle of light A as follows:

(1) The whole crater is illuminated <= A < . In this case,
w=2

(2) Two sides of the crater (e.g., east and west) are illuminated
= vy < A< a/4+vyy/2. In this case, W = {(x,y,2) €
Z16 € (0,7/2 =22 + yp),¢ € (0,2n) or 0 € (/2 — 24 +
Y0, /2 = y0), ¢ € ($1,$2)}.

(3) One side of the crater is illuminated < n/4 + yy/2 <
A < w/2. In this case, W = {(x,y,2) € Z|0 € 24 —yy —
/2,72 = 0), ¢ € ($1, )}

We refer to Appendix A for the details of the above math-

ematical description of these three illumination modes, or a

self-examination may be made through plane geometry in Fig. 1.

Although the different illumination modes are based on Eq. (18),

they refer to different integration domains. Expressing them

explicitly helps solve the thermal recoil force of the crater (see

Eq. (31) in Sect. 2.2.2), as the crater could go through all these

modes during a rotational period.

2.2.2. Self-heating

The surface of asteroids experiences three types of forces, which
are caused by absorbed, scattered, and reemitted photons, respec-
tively. The torque produced by absorbed photons is proven to
average out after integrating over the spin and orbital periods
for any asteroid shapes. Therefore, this type of force does not
contribute to the YORP torque of the whole asteroid (Nesvorny
& Vokrouhlicky 2008). Both the recoil forces produced by scat-
tered and reemitted photons depend on the light scattering law.
We assumed the simple and most widely used Lambert scat-
tering law, in which the light is emitted in all directions with
an intensity proportional to the cosine of the angle between the
light direction and the normal vector of the surface. For concave
configurations such as a crater, we should consider the self-
heating effect, which arises because some of the photons may
be re-absorbed by the nearby shelter, which prevents them from
contributing to the effective recoil force (Statler 2009; Yan & Li
2019). The reemission of the obscuring parts, which might make
a difference for a concave structure (Rozitis & Green 2013), is
ignored in this work for its complexity and will be studied in the
future.
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We consider a reference frame with the origin at the point P
located at the polar angle 6 (see Fig. 2). The orthogonal basis is
represented by three unit vectors:

éc=n
egp=ec Xe; (19)

ey =eép Xec.

Here n is the normal vector of the surface element. An arbitrary
vector of the light ray that is emitted through a solid angle dQ
can be expressed by the polar angle u and the azimuth angle v
in this reference frame. According to Lambert’s scattering law,
the recoil force on the surface element dS that is located at the
latitude of @ can be expressed as

® sinu cosv
f= —f — cosp| sinusiny [dQ. (20)
q c
H cos

Here ‘H is the region on the sky in which the light ray is not
reabsorbed. In the spherical coordinate system, the boundary of
9H is the intersection curve of an elliptic cone and the unit sphere,
both of which are centered at the origin. This elliptic cone must
contain the upmost circle (C in Fig. 1). When an arbitrary point
in Cis (x',y’, '), the elliptic cone expressed by (x, y, 7) is

y'2 + [(x" = x0) cos @ — (' — z9) sin H]* = cos? Yo
(x" = x0)sin@ + (7' — zp) cos8 =0
*_Y_Y

oy

2

Here (x, 0, zg) = (sinyg sin 6,0, 1 — sin y, cos ) is the center of
the circle C in the coordinate system (a, b, c). Combining this
with the unit sphere, which is

X =singcosvy

y =sinpusiny (22)

Z = COS[,
we obtain the function of the boundary of the illuminated sky:

cos 2y cos 6 + sinyg

cosy = — (23)

sin 2y sin 6

Here we assume that the solutions of this equation for v are v,
and v, with v; < v,. Thus, the region H is

2 6 + si
7‘{: {(_X,y’z) c R3|M c (O,ﬂ'/Z),COSV < _COS M COS Sln')/o}.

sin 2sin 6,
(24
It can be also expressed as
H = {(x, y.2) €Rv € (0,27), € (’#n)} (25)
where
= t —FF | € 0, . 26
Y= are an(tan&cosv) ©.7) (26)
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Therefore, the recoil force of the surface element that is
located at the latitude 0 is

o sinp cos v 11(6)
f= _f — cosu| sinusinv [sinudvdu = [0 27)
C /
H cos i 13(6)

Here f{(6) and f;(6) are functions of the latitude 6 of the surface
element, resulting from v; and v,. The second component can-
cels out because the integral of sin v over either (v;, v») or (0, 27)
is zero. Given ec = nand e4 = n/tan6 + e_/ sin 0 (see Eq. (19)),
we have

S = fi@n+ f3(0)e, (28)
with
(0
fi(6) = f5(6) + {1( :
and (29)
13(6)
KO =2
sin @

2.3. Integral of the recoil force

The total recoil force of the crater can be obtained by integrat-
ing the recoil force (Sect. 2.2.2) over the illuminated region
(Sect. 2.2.1),

F = f fds = f fi(@)n + f3(0)e, sin Bdpdé. (30)
w w
Because n = —sin 6 cos ¢e, — sin fsin e, — cos fe_, in the coor-
dinate system (x, y, z), we have
— fi(@) sinfcos ¢ Fi(Q)
F = f sin@| — f1(0) sinfsin ¢ d¢dd = |0 1)
W = fi@coso + £(0) F3(2)

The y-component vanishes due to the symmetry of the integral
domain on ¢ (see Eq. (18)). The tangential component and the
normal component of the recoil force both exist, and not only
one of them as in TYORP or NYORP.

2.4. Averaged YORP torque

The radiative torque is expressed as

Terater =f r deS
w

Here r' = ry + r is the position vector from the mass center of
the asteroid to the surface element dS on the crater, where ry
denotes the position vector of the sphere center of the crater,
and r denotes the vector from the sphere center to the surface
element. Because r X f ~ nx n =0 and r < ry, Eq. (32) can be
simplified as

(32)

1@m=j‘mxﬂSzme=RMWXQ+&MWXQ.
w
(33)

When we substitute e, = s/sind + e,/ tan A into Eq. (33), the total
torque becomes
Fi()
—QF
sin A

(34)

Terater =

Fi()
X —_
0xs ( an A

+ F3(/l)) ro X ny.

Plugging Eqs. (5) and (34) into Eq. (4), we obtain

T _ @)
CYORP = —
sinA

520
+ F3(1) +7TR03— cos A|roXng.
c

(Fl(/l)
roXs—
tan A

(33)

In order to understand this CYORP effect on the secular spin
evolution of an asteroid, we need to average it over its dynamic
timescale. It is well known that the timescale of the YORP effect
is much longer than the orbital period and spin period, therefore
it is useful to calculate the average YORP torque over the orbital
period and the spin period. In general, the spin period (some
hours) is much shorter than the orbital periods (some years), so
that the integral over the orbital motion and that over the spin
motion can be treated separately.

We consider an inertia reference frame (XYZ) with the origin
O at the asteroid center (see Fig. 2). The axis OZ is the spin axis
of the asteroid, and the OXY plane is the equatorial plane. The
position vector of the crater ry is

ro = ro(sin @ cos B3, sin « sin 3, cos @), (36)

where r( is the distance from the crater to the mass center of
the asteroid. The unit normal vector ny of the ground can be
expressed as

ny = (sin(a + A) cos(B + 9), sin(a + A) sin(8 + 0), cos(a + A))= —e,,
(37)

where the independent variables § and A denote deviations of the
normal vector from the position vector, which is determined by
the geometry of the asteroid. The unit solar vector s is

s = (cosn, cos esinn, sin € sinn), (38)

where 1 is the angle of orbital motion. The vector e, can be
expressed as a function of s and e, according to Eq. (13).
Therefore, the averaged CYORP torque is

1 27 27
(Texore) = 75 f f TcyorpH (s - no)dBdn. (39)
™ Jo 0
Here H is the Heaviside step function, which is defined as
Hx) = 1, x>0 40)
=0, x < 0.

The average CYORP torque turns out to be a function of yy, «,
€, 6 and A, where
vo describes the depth-diameter ratio of the crater (see Fig. 1),

« is the latitude of the crater,

€ is the obliquity of the asteroid,

A and ¢ describes the deviation of the normal vector ny from
the position vector ry (see Eq. (37)), which is determined by
the macroscopic geometry of the asteroid.

The dependence of the CYORP effect on these parameters is
exposed in the next section.

3. Results

In general, the averaged CYORP torque has the form
d

(Tevore): = Wo(yo, @, €, A,0)—RiRus, (41)
0]

<TCYORP>E = WG(’y(ﬁ a, €, A7 6)?R%Rast7 (42)
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Fig. 3. Map of the dimensionless parameter W scaled by color from blue (low) to red (high) as a function of ¢ and A (which are related to the
asymmetry of the asteroid; see Sect. 3.1). The spin component W, is shown in the left panel, and the obliquity component W, is shown in the right

panel. Here both « and € are set to be 7/4.

where the W function can be obtained from Eq. (39). Here
(Tcyorp): and (Tcyorp)e are equivalent to the Z and Y com-
ponents of the CYORP torque, denoting the spin and obliquity
torques, respectively. In the following analysis, we present the
values of W, and W, in different cases to show how the CYORP
torque varies with the parameters.

3.1. Asteroid shape

The asteroid shape affects the relation between r(, and ny. For
example, a spherical asteroid has ry/ro = ny, while a prolate
asteroid does not. The relation between r, and ny translates into
A and ¢ (see Egs. (36) and (37)) in our calculation. Figure 3
shows the values of the dimensionless parameter W in terms of
0 and A, where @ = € = /4. We demonstrate that for Z-axis
symmetric asteroids, which is equivalent to 6 = 0, the CYORP
torque disappears due to the antisymmetry of the torque function
over the integral domain. However, for nonsymmetric asteroids
(6 # 0), the CYORP torque includes both the spin and obliquity
components.

3.1.1. Z-axis symmetric asteroid

Here, we call a Z-axis symmetric asteroid an asteroid that has a
surface of revolution around the z-axis (major principal axis)'.
Some well-known examples are top-shape asteroids and sym-
metric ellipsoid asteroids with an axis ratio 1:1:c; (¢; > 0). A
Z-axis symmetric asteroid has 6 = 0 everywhere on its surface,
as demonstrated in Appendix B. Given 6 = 0, we substitute
Egs. (36) and (37) into Eq. (35), leading to

i sinn sina sin S sin € — sin7y cos a cos €

1
Tcyorp = —
Sin

cosncosa — sinysina cosSsin e
sin 7 sin @ cos 8 cos € — cos 77 sin & sin 8

N (43)
Ful 20 sinfSsin A
+ i )+F3(/1)+7rR%—cos/l cosBsinA |,
tan A 3¢ 0

' Cross sections perpendicular to the Z-axis are circular.
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where
cosd=mny-s
= cosnsin(a + A)cos B + sinnsin(a + A)sinfScose (44)
+ sinncos(a + A) sine.

The secular CYORP torque is calculated by averaging
TcyorpH(cos A) over the spin angle £ and orbital angle n accord-
ing to Eq. (39).

Interestingly, after averaging, the obliquity component (Y
component) and the spin component (Z component) vanish
because they are antisymmetric in the interval domain S €
(0, 2m) and n € (0, 2x). This becomes clear in the example of
the domain 8 € (0, 7r) and n € (0, 7). Because sin(7 — x) = sinx
and cos(m — x) = —cos x, for any point pair ({,7), we can find
that another point pair (7 — {,m — n) exists for which the Y-
axis and Z-axis components of TcyorpH(cos A) have the same
absolute value but the opposite sign; this is shown by investi-
gating Eqs. (43) and (44). The Y-axis and Z-axis components of
Tcyorp change sign, but A does not change at all. In the domain
£ € (0, m) and n € (0, m), the average function is therefore anti-
symmetric about (rr/2, n/2) for Y-axis and Z-axis components,
which leads to the fact that the average is 0. Other antisymmet-
ric points in the whole domain are (1/2,37/2), (37/2,7/2), and
(3m/2,37/2). Therefore, there is no spin and obliquity compo-
nent of the CYORP torque left for Z-axis symmetric asteroids
(6 = 0). This antisymmetric property does not occur in the X-
axis component of (Tcyorp), Which changes the precession angle
of the asteroid. Although Nature knows no perfectly Z-axis sym-
metric asteroid, this analysis implies that the torque would be
severely weakened for a nearly Z-axis symmetric asteroid (small
0), which is also shown in Fig. 3. However, this antisymme-
try of Tcyorp is only valid when Rubincam’s approximation
(zero thermal inertial) is applied and would be broken in the
case of nonzero thermal inertia, for which the spin and obliquity
components still exist (see Sect. 3.4).

3.1.2. Asymmetric asteroid

A perfectly Z-axis symmetric asteroid does not exist in
Nature, for which even the normal YORP effect vanishes
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(Breiter et al. 2007). We therefore investigated how the CYORP
effect depends on the asymmetry of the asteroid. For an asteroid
without a perfectly symmetric shape, the position vector ry and
the normal vector ny are not always aligned in the same longi-
tude (6 # 0). We already know (Sect. 3.1.1) that when § = 0,
the CYORP torque only has the obliquity component. In this
section, we investigate how ¢ affects the CYORP effect in the
imperfectly symmetric case. We also investigate the effect of A.
For simplicity, we fixed other parameters by setting the crater
shape parameter yy = 0.2, the latitude o = /4, and the obliquity
€ =m/4.

Figure 3 shows that the spin component starts from 0 and
grows with increasing d to a magnitude comparable to the oblig-
uity component. Thus, in the case of 6 # 0, which is more
common in real craters on asteroids, the CYORP torque has a
non-negligible spin component that changes the spin rate of the
asteroid in the long term.

3.2. Crater latitude « and asteroid obliquity e

In order to determine how W varies with the crater latitude and
the obliquity, we need to keep other variables constant. Figure 4
shows the W map with a crater latitude a € (0, ) and an asteroid
obliquity € € (0, ) when ¢ and A are set to be /4. The latitude
of large craters can cause their shape to depart from the semi-
sphere model used in our study (Fujiwara et al. 1993; Daly et al.
2020b). The effect of more complex geometries is left for future
studies.

3.3. Crater depth-diameter ratio

The above results assume that the depth-diameter ratio i/D
of the crater is ~0.16, while real craters on asteroids exhibit
wide ranges of this ratio. Figure 5 shows the recoil forces
(Eq. (31)) caused by craters with different depth-diameter ratios.
Moreover, for the tangential component of the recoil force, the
self-sheltering effect is negligible in shallow craters (low 4/Dy),
while for the normal component, the self-heating effect cannot
be ignored even in shallow craters.

3.4. Thermal inertia

The inclusion of nonzero thermal inertia increases the complex-
ity of the problem and requires a numerical method to obtain
a precise solution, which is beyond the scope of this paper.
However, we can reasonably modify the total force of the crater
in order to mimic the thermal lag effect due to nonzero thermal
inertia. We assumed that the Sun rises from the east and sets
in the west from the view of a crater on the asteroid. The west
part of the crater is illuminated in the morning and the east part
is illuminated in the evening. The YORP torque arises from the
temperature difference between the west and east parts. However,
the temperature difference in the morning should be different
from that in the evening as a result of the thermal inertia. In the
morning, the crater just experienced a dark night, while in the
evening, the crater has been sunlit for the whole day. This means
that the temperature of the crater is not symmetric in the daytime,
which will induce a nonzero y component of the total recoil force
F in Eq. (31),
Fy(1) #0. (45)
Although we are currently unable to obtain the precise solu-
tion of F»(A), we can at least examine whether it has an effect
on the CYORP torque by simply performing the transforma-
tion F1(1) = F1(1)/ V2 and F»(1) — F;(1)/ V2. Here a hidden
assumption is that F'{(1) and F,(A) are on the same order of mag-
nitude. This transformation does not give a direct estimate of the
considered thermal inertia, and it is used here only to account
for the effect of nonzero thermal inertia. In future work, we will
directly estimate the consequences of given values of thermal
inertia on CYORP.

Figure 6 shows the values obtained for W, and W, when
60 = A = 0. With nonzero thermal inertia, the spin and obliquity
components arise for some sets of (a, €), while they are always
zero without thermal inertia due to 6 = 0, which has already been
proven in Sect. 3.1.1. Therefore, we infer that the nonzero ther-
mal inertia of the asteroid can induce a nonzero spin component
of the CYORP torque for Z-axis symmetric asteroids, and should
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affect the behavior of the CYORP torque; this will be studied in
future works.

4. Discussion and implications
4.1. Order of magnitude

In order to understand the effectiveness of the CYORP torque
better, it is useful to compare it with the two torques in the cur-
rent YORP model: the normal YORP (NYORP) torque, which is
caused by the global asymmetry of the asteroid, and the tangen-
tial YORP (TYORP) torque, which results from the temperature
difference of two sides of boulders. To a first approximation, the
normal YORP torque for an asteroid can be simply expressed as

1
2 + -
[er3)

D .
<TNYORP,E> ~ Ce?Rgst sin 2e.

D
(Txyorp.) ~ Cz;RZst cos (46)

47
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Here C, and C, are dimensionless YORP coefficients of the spin
component and obliquity component, respectively. Golubov &
Scheeres (2019) computed the normal YORP torques for type I,
II, 111, and IV asteroids? from the sources of photometric obser-
vations, radar measurements, and in situ observations. For type
I and II asteroids, the number distribution of C, peaks around
0.005, while for type III and IV asteroids, the peak is located at
C, < 0.001. Here we took C, = 0.005 for the following compari-
son. It was shown that an approximate correlation between these
two coefficients is given by C./C, ~ 2/3 (Golubov & Scheeres
2019; Marzari et al. 2020).

The tangential YORP torque for one boulder, which is dom-
inated by the spin component, is (Golubov & Krugly 2012)

(Ttyorpp) = CtpS Rast;’ (48)

2 Asteroids are categorized into types I, II, III, and IV according to the
behavior of the YORP torque curve (Vokrouhlicky & Capek 2002).
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where S is the projection area of the boulder on the ground
base. The parameter Ct, measures the efficiency of the torque,
depending on the thermal parameter and the shape model
(Golubov 2017). For a spherical boulder, Ct}, ~ 0.002, while for
a wall, Ctp ~ 0.01. The numerical simulation by Sevelek et al.
(2015) on a polyhedron model of the boulder found Ctp ~ 0.001.
When all the boulders on asteroid Itokawa were considered, the
total TYORP torque was (Golubov & Scheeres 2019)

B (In® —1InByp)

]
(Tryorp) ~ Cr ?Rgst eXP( 2

)(cos2 e+1). (49

For spherical boulders, I' = 1.518 and In ®; = 0.58. The coef-
ficient Ct depends on the roughness of the surface and on the
shape of the asteroid. For asteroid (25143) Itokawa, the value
of Ct was estimated as 0.0008 + 0.0005 (geveéek et al. 2015;
Marzari et al. 2020).

The general form for the CYORP torque of one crater is
similar to Eq. (48),

(Tcyorp) = W%R%Rasl- (50)
When 6 = A = a = n/4, W, is about 0.04 and W, is about 0.025.
Comparing Egs. (50) to (48), we find that the CYORP torque is
one order of magnitude stronger than the TYORP torque for a
crater and a boulder (spherical model) of the same size.

In Figure 7 we compare the CYORP torque for a single crater
to the NYORP and TYORP torques for the whole asteroid as
functions of the obliquity €. Here parameters and the magni-
tude of the TYORP (e.g., the size distribution and the thermal
parameter of boulders) follow the research performed on aster-
oid Itokawa (Sevelek et al. 2015). The TYORP torque differs
from one asteroid to the next because the morphology of aster-
oids differs (Kanamaru et al. 2021). For the CYORP torque, other
parameters apart from the obliquity were set to be constant as
0 =A=a=n/4and Ry/R,s = 1/3. We considered three crater
depth-diameter ratios, h/Dy = 0.08, 0.13, and 0.168, as exam-
ples, which are the mean values for asteroids Itokawa, Eros, and
Vesta, respectively (Hirata et al. 2009; Robinson et al. 2002;
Vincent et al. 2014). In these cases, the values of W, are 0.04,
0.028, and 0.025, respectively, while W, is much smaller. For a
deep crater with #/Dy = 0.168, the CYORP torque for a single

crater is comparable to the NYORP torque. CYORP decreases
with decreasing depth-diameter ratio, but even for a shallow
crater with a depth-diameter ratio ~0.08, the CYORP torque is
stronger than the total TYORP torque for the whole asteroid.

Although we assumed a large crater with a size one-third of
the size of the asteroid to calculate the CYORP torque, large
craters like this exist on real asteroids (e.g., asteroids Itokawa
and Ryugu, Hirata et al. 2009; Noguchi et al. 2021). Accord-
ing to Hirata et al. (2009), the largest three craters on Itokawa
are 134 m (h/Dy ~ 0.11), 128 m (h/Dy ~ 0.12), and 117 m
(h/Dg ~ 0.15). Considering that the mean diameter of asteroid
Itokawa is ~313 m, the value of Ry/R, set to one-third is rea-
sonable for real asteroids and appropriate for asteroid Itokawa.
It might be twice the total torque or cancel the NYORP torque,
depending on whether the sign of the CYORP torque is oppo-
site to that of the TYORP torque. In Fig. 7, the CYORP torque
is positive all over the obliquity, which is not the same for all
cases, however, leading to the change in sign of the total YORP
torque in some obliquities when the CYORP torque is added to
the NYORP torque. Therefore, we show that the CYORP effect
might be the main complement to the NYORP effect in addition
to the TYORP effect. Especially when the thermal inertia of the
asteroid is extremely low, the TYORP effect vanishes, so that
the CYORP effect might be the only complement to the NYORP
effect.

The CYORP torque for a smaller crater decreases as the
CYOREP torque scales as ~R2, which, however, does not mean
that the contribution of small craters to the total CYORP torque
is negligible. On the contrary, small craters could even give rise
to a more significant CYORP torque than that produced by large
craters because there are many small craters. This is analyzed
in more detail in the next section as this section focuses on the
order of magnitude of the CYORP torque of a single crater.

4.2. Applicability

The CYORP effect, which is induced by concave structures on
an asteroid surface, is expected to have widespread applications
in the rotational dynamics of asteroids. It contributes to the accu-
rate calculation of the complete YORP torque by providing a
systematical assessment of the YORP torques from large-scale
(craters) and small-scale (roughness) concave structures over
a huge parameter space (Sect. 4.2.1). In addition, the CYORP
effect is linked to the collision history of asteroids, whose sur-
faces are modified by impact craters. The spin rate and obliquity
are expected to go through a random walk under the CYORP
effect. This has strong implications on the rotational and orbital
evolutions of asteroids (Sect. 4.2.2).

4.2.1. Calculation of the total YORP torque

Recently, in situ observations by spacecraft provided high-
resolution images of asteroids and measurements of their physi-
cal properties (e.g., Hirata et al. 2009; Daly et al. 2020a), which
enabled investigating the YORP effect with a high-resolution
shape model of the considered asteroid (Kanamaru et al. 2021;
Roberts et al. 2021). With high-resolution images, the thermally
induced torque of craters whose sizes are above the image res-
olutions can be well represented by the NYORP torque, but we
still miss the consideration of small craters or concave structures
that are below the image resolution.

As we highlight in Sect. 4.1, the CYORP torque produced by
small craters and not by large craters might be the main contrib-
utor to the total CYORP effect. The cumulative size distribution
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of craters is typically represented by a power law of the form

NR 2 Ro) « Ry (51)

(e.g., p ~ 3 for asteroid Itokawa; Hirata et al. 2009). The total
CYORP torque of craters is simply the sum of torques due to all
the craters (see Eq. (3)), which reads

o b ,_
Teyorp o = N(R > Ry) - W;RSRM o W;Ré ”Ragt- (52)

In the case of p > 2, the total CYORP torque is dominated by

small craters because it scales as R(Z)f'7 . Some of the CYORP
torques may cancel out due to the opposite signs of the torques
over different latitudes. However, because the torque curve is not
antisymmetric over the latitude (see Fig. 4), it is still possible
that there are enough torques of one sign to keep the net value
of the torque from all craters on the same order of magnitude
as the equivalent torque from a single large crater. Essentially,
the CYORP torque depends on the total area of the craters on
the surface. For example, 100 craters, each covering an area of
1 m?, are equivalent for the CYORP torque to one single crater
covering an area of 100 m?.

The concept of a “crater” in this paper can be extended to any
concave structure as we do not use other properties of craters
than the shape. It is hard to confine a characteristic size range
of the CYORP effect because it works for all sizes in principle.
Therefore, even though the resolution of the shape model might
seem high from in situ observations (e.g., 80 cm in the shape
model of Bennu; Barnouin et al. 2019), it may still not be high
enough to resolve the small surface structures that could never-
theless induce a considerably strong CYORP torque. This poses
challenges to the precise measurement of the total YORP torque.
The definition of a very small crater is vague, and to compute
YORP torques, the term “roughness” may be more appropri-
ate. In this sense, the CYORP effect resulting from small-scale
concave structures serves the same purpose as the YORP effect
from surface roughness (Rozitis & Green 2012). Rozitis &
Green (2012) showed with numerical simulations that the sur-
face roughness mainly dampens the total YORP effect, while our
result based on a semi-analytical method shows that the CYORP
effect may either enhance or weaken the YORP torque, depend-
ing on many factors (see Figs. 3, 4, and 6). Furthermore, by
using a semi-analytical method, which is much faster to run over
the whole parameter space, we performed a systematic inves-
tigation of how the CYORP effect depends on the properties
of the craters and the asteroid. The CYORP effect resulting
from the roughness on a surface provides a potential explana-
tion for the inconsistency of the YORP model that have been
encountered so far with the measurement in the case of asteroid
Itokawa, even though high-resolution shape models were used
(Vokrouhlicky et al. 2004; Scheeres et al. 2007; Lowry et al.
2014; Breiter et al. 2009; Seve&ek et al. 2015). Therefore, apply-
ing the CYORP effect to the measurement of the YORP torque
caused by the surface roughness, together with the TYORP
effect (Golubov & Lipatova 2022), would be an effective way to
improve the estimated accuracy of the YORP effect. In addition,
the CYORP effect can also be applied to estimating the YORP
torque when it is too expensive to compute the total YORP torque
on a precise shape model or when detailed information of an
asteroid is unavailable.

The resolution of the OSIRIS-REx mission is ~80 cm
(see Daly et al. 2020a). This leads to a shape model with
more than three million facets, which makes it computation-
ally demanding and time-consuming to calculate the complete
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YORP torque, however. It is impractical to apply such a com-
plicated shape model to an analysis of the YORP effect under
different rotational and orbital conditions (e.g., for building a
statistical database of the YORP torques). The computational
expense increases the difficulty of fully investigating the rota-
tional evolution of a particular asteroid or of an asteroid family.
Moreover, precise shape models are not available for most
asteroids, of which high-resolution images are lacking. There-
fore, a simplified but still accurate YORP model is needed, to
which the CYORP effect might contribute. The CYORP torque,
together with the TYORP torque, might be interpreted as esti-
mation errors to the NYORP torque through a lack of necessary
information on the asteroid,

Tyorp = TNYORP + OTYORP + OCYORP- (53)

Here oryorp and ocyorp are the uncertainties caused by all
boulders and craters, respectively. Although we do not fully
understand the precise magnitude of oryorp and ocyorp at
the current stage, with more information on asteroid surfaces
(e.g., the size distribution of boulders and craters) and fur-
ther explorations of TYORP and CYORP effects, we would
be able to estimate the YORP torque from limited information
(e.g., a low-resolution shape model derived from photometric
observations).

The existence of o-cyorp might explain the different distribu-
tions of the YORP torques from photometric shape models and
from radar shape models that were found by previous simula-
tions (Marzari et al. 2020). Because shape models derived from
the photometry are usually convex, which means that the infor-
mation on craters is lost, while those from radar data could be
concave, the different distribution of the YORP torques in these
two groups might be caused by the CYORP effect in the sec-
ond group. In addition, to simulate the YORP effect on synthetic
pseudo-asteroid shape models, shape models including concave
structures (e.g., Devogele et al. 2015) would be more appropriate
to account for the CYORP effect.

4.2.2. Influence on spin evolution

The CYORP torque measures the torque difference of a crater
and the ground before the occurrence of the crater (see Eq. (4)).
As the crater is produced by a collision event, the CYORP torque
naturally computes the change in YORP torque before and after
a collision by its definition. Each collision event produces a
CYORP torque, resulting in a random walk of the YORP torque
over the collisional history, which affects the spin evolution of
the asteroid. Therefore, by applying the CYORP effect to an
asteroid, we might be able to trace back its spin evolution assum-
ing the crater age is known, although other factors (e.g., the
boulder distribution) should be considered together. In this way,
the CYORP effect builds a bridge between spin evolution and
collisional history.

We consider a crater with a radius Ry on an asteroid with a
radius R,s. The size of the impactor has a relation to the crater
size

Rimp = RO/fC,

where the factor f¢ is determined by a crater scaling law
(Holsapple 1993; Bottke et al. 2020). The timescale of such an
impact is

(54)

1
~ PiR2,N(R > Rimp)’

ast

(55)

Timp
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Here P; = 2.85 x 1078 km~2 yr™! is the intrinsic collision prob-
ability. The number of impactors that are larger than R;n,, can be
calculated by a simple power law (Holsapple 2022),

Rimp bk
N(R > Rimp) = Cr (1 km) (56)

with Cg = 6 x 10° and bg = 2.2. When the total area of craters
reaches one-tenth of the asteroid surface area (equivalent to a
crater with the size one-third of the asteroid radius), the YORP
torque is reset by the CYORP torque, as shown in Sect. 4.1.
Therefore, the critical number of impacts that can reset the
YORP torque is

No =~ RZ,/10R}. (57)

Now we are able to derive the timescale for a reset of the YORP
torque,

TYORP,reset = NOTimp
R%; (Ro/fcl km)’®
10R}  CrPnR%
br—2
1 R
107CgP; 2 (1 km)Px

(58)

The dependence of the Tyogrpeset ON the crater size Ry is weak,
and the YORP reset effect does not depend on the asteroid size
R.st. When we substitute f- ~ 100 as was found from the small
carry-on impactor (SCI) experiment of the mission Hayabusa2
on asteroid Ryugu (Arakawa et al. 2020), we obtain

RO br-2
R
100 m

fe

—bg
TYORP,reset ~ 0.4 (_) ( (59)

100

Equation (59) is a rough estimate because the factor f- and the
power index by should be functions of the asteroid size. The
timescale (~0.4 Myr) for reorientation caused by the CYORP
effect is much shorter than the typical timescale of spin axis
reorientation by collisions (~1 Gyr for a 1 km radius object;
see Athanasopoulos et al. 2022). This indicates that the CYORP
effect may play an important role in the spin evolution of a sin-
gle asteroid or asteroid families, while in current models, the
change of the YORP torque caused by a collision event, as well as
other resurfacing activities (e.g., regolith movement Miyamoto
et al. 2007; Cheng et al. 2021), is lacking (Marzari et al. 2011;
Holsapple et al. 2020; Holsapple 2022).

In addition, the CYORP effect could be applied to rotational
disruption models (Jacobson et al. 2014) to determine the life-
time of an asteroid; here a more comprehensive knowledge of the
outcomes of rotational failure is also needed (Zhang et al. 2018).
Furthermore, the Yarkovsky effect, which is a radiative force
that slowly changes the orbits of asteroids (Vokrouhlicky 1998;
Vokrouhlicky et al. 2000; Bottke Jr et al. 2001), highly depends
on the spin obliquity, which can be altered by the CYORP torque.
Thus, the CYORP effect could play an important role in the
long-term orbital dynamics of asteroid families, and it might,
for example, modify the V-shape evolution of asteroid families
(Vokrouhlicky et al. 2006; Nesvorny et al. 2015; Delbo’ et al.
2017; Bolin et al. 2018).

Therefore, the CYORP effect is a mechanism that is crucial
for understanding the spin evolution and even the orbital evolu-
tion of asteroids. To include the CYORP effect in a Monte Carlo

simulation of the spin evolution and the orbital evolution of aster-
oids, we need a complete sample of all possible outcomes of the
CYORP torque, which depends on the properties of craters and
asteroids. At the current stage, this would not be possible because
we ignored the effects of thermal inertia and of secondary illu-
mination of the crater here, which may also be important and
will be investigated in the next work.

5. Conclusions

We first proposed and examined the significance of the crater-
induced YORP (CYORP) torque by developing a semi-analytical
method. This method speeds up the computation and allows us to
study the functional dependence of the CYORP on the properties
of the crater and the asteroid.

CYOREP arises from the torque difference produced by a
crater and the ground without the crater. The assumption of zero
thermal conductivity (Rubincam’s approximation) and a simple
semi-sphere model of craters were implemented. We find that the
CYORP torque includes the spin and obliquity components, the
values of which depend on the diameter-depth ratio, latitude and
normal vector of the crater, and the obliquity and thermal inertia
of the asteroid.

We gave a general form of the CYORP torque as Tcyorp ~
WCDRgRaS[/c (see Egs. (41) and (42)) and estimated the typi-
cal value of the dimensionless CYORP coefficient W, ~ 0.04,
W, ~ 0.01 for a deep crater and W, ~ 0.025, W, ~ 0.005 for a
shallow crater. We showed that the CYORP torque is one order
of magnitude stronger than the TYORP torque for a crater and a
boulder of the same size. A crater with a radius of one-third of
the asteroid radius (as found on asteroid Itokawa) will produce
a CYORP torque that is comparable to the NYORP torque and
stronger than the TYORP torque for the whole asteroid. Craters
or roughness that cover one-thenth of the asteroid surface have
the same effect. Unlike the necessary presence of thermal inertia
for a nonzero value of the TYORP torque, CYORP exists without
thermal inertia, which implies that for fast-spinning asteroids or
asteroids with low thermal conductivity, the YORP effect will be
dominated by NYORP and CYORP effects.

Although CYORP decreases with the size of the crater as R(z),
the large number of small craters may mean that the CYORP
torques that are due to all small craters are non-negligible. It is
the total area covered by concave structures that matters, which
implies that the CYORP effect caused by the surface roughness
would be crucial for the complete YORP torque (see Sect. 4.2.1).
Previous research demonstrated the YORP sensitivity to surface
roughness by a numerical method (Rozitis & Green 2012). Our
work performed a systematic investigation of the YORP torque of
the concave structure, which could be applied in surface rough-
ness, over a much larger parameter space by a semi-analytical
method. This lies the foundation for the accurate prediction of
the YORP torque on a real asteroid. The CYORP effect pro-
vides a potential reason why the modeled YORP torque so far
was unable to match the measured value in the case of asteroid
Itokawa (Breiter et al. 2009) even though high-resolution shape
models were applied. The CYORP effect might also explain
the difference of the YORP torques between photometric-shape
models, which is convex, and radar-shape models, which con-
tain concave structure (Marzari et al. 2020). However, at the
current stage, it is unclear whether the CYORP torque is dom-
inated by large concave structures (e.g., craters) or small ones
(e.g., roughness).

Moreover, because an asteroid experiences numerous
impacts that lead to the production of craters during its evolution
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(Bottke et al. 2020), the resulting CYORP torques may cause
a random walk of the spin rate and obliquity of the asteroid,
which may either slow down or even prevent the YORP spin-
up from occuring, deferring the formation of top shapes and
binary systems based on this process (Walsh & Jacobson 2015).
Our estimation showed that the timescale for reorientation of
an asteroid caused by the CYORP effect is ~0.4 Myr with a
weak dependence on the asteroid size (see Sect. 4.2.2), which
is much shorter than the timescale caused by collisions. This
is a rough estimate, and a more complete CYORP model with
nonzero thermal inertia and the secondary illumination effect
is needed to build a statistic sample pool covering all possible
outcomes of the CYORP torque under different conditions. The
CYORP effect can have strong implications on the spin evolution
and also on the orbital evolution (through the Yarkovsky effect),
which will be assessed in a future work. Overall, we suggest that
the CYORP effect should be incorporated into future research of
the YORP effect.
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Appendix A: Integration domain for three
illumination modes

There are three illumination modes for a crater according to dif-
ferent solutions of inequality: (1) full illumination; (2) two-side
illumination; and (3) one-side illumination. These three illumi-
nation modes have different illuminated domains, which are all
equivalent to inequality (18), however. Categorizing them is just
for the sake of integration of the total recoil force (see Eq. (31)).
To obtain the illuminated area, we need to solve the inequal-

ity
cos 24 cos 6 + siny

A.l
sin 24 sin 6 (A1

cos¢ <

One obvious solution is when the right-hand side of the above
inequality is larger than 1,

cos24dcos 8 + siny 1 (A2)

sin21sin @

we have

cos(21 + 6) > cos(g + Y0). (A.3)
Noting that 24+ 6 € 21,21+ 7/2—vy), 1/2 +y € (0, ), and the
cosine function decreases in this domain, we can easily obtain
the condition that inequality (A.2) always holds for all ¢ and 6,
which is given by

T T

~+ 21+ = — o, A4
;P> RRL (A4)
which gives

A <%o. (A.5)

Therefore, when A < 7y, inequality (18) holds for all 6 and ¢,
which means that the crater is illuminated everywhere. This is
illumination mode (1). In this case,

W=2Z. (A.6)

When 4 > v, the inequality can hold for all ¢ when 8 fulfills

the requirement according to inequality (A.3)

0<% +0-21 (A7)

A hidden condition of the above inequality is /2 + yg — 24 > 0.
Therefore

T Y

yo< A<=+ 22

) (A.8)

This is illumination mode (2). In this mode, when 6 > 7 + yo —
24, the solution of inequality (A.l) is ¢; < ¢ < ¢». Therefore,
illumination mode (2) can be described as

W ={(x,y,2) € Z|6 € (0, T_ 24+ v0),¢ € (0,2m)
2
) . (A.9)
or e (5 —2/1"'70,5 = %0),$ € (¢1, $2)}.

For A > /4 + y,/2, the solution of inequality (A.1) is ¢; <
¢ < ¢, but we have to ensure that the right-hand side is larger
than -1,

cos 21 cos 6 + sinyy

-1, A.10
sin 24 sin 8 ( )

which yields

0 < 7—2r +yo =24 (A.11)

Therefore, illumination mode (3) is equivalent to

W ={(x,y,2) € ZI0 € QA —yo —7/2,7/2 = y0), $ € (¢1,$2)}.
(A.12)

Appendix B: § of Z-axis symmetric asteroids

The variable ¢ is the longitude difference between the position
vector ry and the normal vector ny. We show below that when
the shape of the asteroid is Z-axis symmetric, 6 = 0 is valid
everywhere on the surface of the asteroid.

For an arbitrary Z-axis symmetric asteroid, the unit posi-
tion vector of a point on the surface can be expressed by two
independent variables  and k as

ro = (kcos ¢, ksin(, p(k)), (B.1)

where p(k) is a function of k, depending on the specific shape
of the asteroid. If the asteroid is an unit sphere, for example, we

have p(k) = = V1 — k2. The unit normal vector is

_ 6"0 61‘0

= * ok

= ___dp/dk (cos¢,sind,
V1 + (dp/dk)?

By comparing Equation (B.1) and (B.2), we see that ry and ny
share the same azimuth angle . Therefore, for any point on a
Z-axis symmetric asteroid, the difference between the azimuth
angles of the position vector and the normal vector is zero, which
means 6 = 0 in Equation (37).

ny
(B.2)

1
_dp/dk)'
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CRATER-INDUCED YORP EFFECT WITH FINITE
THERMAL INERTIA

Following Chapter 5, this chapter develops a semi-analytical method
to calculate the temperature field of a crater and its CYORP torque,
assuming non-zero thermal inertia. We confirm the uniformly dis-
tributed roughness will decrease the total YORP torque by a factor
of 2-3. We found that non-zero thermal inertia will decrease the CY-
ORP torque by a typical factor of 4, leading to a YORP-reset timescale
close to 1 Myr. This work and the work in Chapter 5 complete the ba-
sic theory for CYORP in different thermal inertia limits. This paper
was published in the peer-reviewed journal Astronomy & Astrophysics.

Author Contributions: W.H. Zhou led the project. W.H. Zhou pro-
posed the model, derived the formula, carried out the numerical sim-
ulations, analyzed the results, and led the writing of the paper. P.
Michel collaborated on the interpretation of the results.
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ABSTRACT

Context. The YORP effect is the thermal torque generated by radiation from the surface of an asteroid. The effect is sensitive to surface
topology, including small-scale roughness, boulders, and craters.

Aims. The aim of this paper is to develop a computationally efficient semi-analytical model for the crater-induced YORP (CYORP)
effect that can be used to investigate the functional dependence of this effect.

Methods. This study linearizes the thermal radiation term as a function of the temperature in the boundary condition of the heat con-
ductivity, and obtains the temperature field in a crater over a rotational period in the form of a Fourier series, accounting for the effects
of self-sheltering, self-radiation, and self-scattering. By comparison with a numerical model, we find that this semi-analytical model
for the CYORP effect works well for K > 0.1 Wm™ K~'. This semi-analytical model is computationally three-orders-of-magnitude
more efficient than the numerical approach.

Results. We obtain the temperature field of a crater, accounting for the thermal inertia, crater shape, and crater location. We then find
that the CYORP effect is negligible when the depth-to-diameter ratio is smaller than 0.05. In this case, it is reasonable to assume a
convex shape for YORP calculations. Varying the thermal conductivity yields a consistent value of approximately 0.01 for the spin
component of the CYORP coefficient, while the obliquity component is inversely related to thermal inertia, declining from 0.004 in
basalt to 0.001 in metal. The CYORP spin component peaks at an obliquity of 0°, 90°, or 180°, while the obliquity component peaks
at an obliquity of around 45° or 135°. For a z-axis symmetric shape, the CYORP spin component vanishes, while the obliquity compo-
nent persists. Our model confirms that the total YORP torque is damped by a few tens of percent by uniformly distributed small-scale
surface roughness. Furthermore, for the first time, we calculate the change in the YORP torque at each impact on the surface of an
asteroid explicitly and compute the resulting stochastic spin evolution more precisely.

Conclusions. This study shows that the CYORP effect due to small-scale surface roughness and impact craters is significant during
the history of asteroids. The semi-analytical method that we developed, which benefits from fast computation, offers new perspectives
for future investigations of the YORP modeling of real asteroids and for the complete rotational and orbital evolution of asteroids
accounting for collisions. Future research employing our CYORP model may explore the implications of space-varying roughness

distribution, roughness in binary systems, and the development of a comprehensive rotational evolution model for asteroid groups.

Key words. minor planets, asteroids: general

1. Introduction

The Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect is
a thermal torque that can alter the spin state of an aster-
oid over time (Rubincam 2000; Vokrouhlicky & Capek 2002;
Vokrouhlicky et al. 2015), and is caused by the asymmetric
re-emission of solar radiation by the irregular surface of the
asteroid, resulting in a net torque that can spin up or spin down
the asteroid’s rotation. The absorption of solar radiation makes
no contributions to the YORP torque as it is averaged out over
the spin and orbital periods for any asteroid shapes (Nesvorny &
Vokrouhlicky 2008). So far, 11 asteroids showing time-varying
rotational periods have been detected (Lowry et al. 2007; Taylor
et al. 2007; Durech et al. 2022; Tian et al. 2022).

The YORP effect has important implications for an asteroid’s
long-term rotational evolution. This effect can either spin down
the asteroid to an extremely slow rotation, triggering a tumbling
motion (Pravec et al. 2005), or spin up the asteroid to its rotation
limit (e.g. rotational period of 2.2h for rubble pile asteroids),
leading to resurfacing (Sdnchez & Scheeres 2020) and rotation

disruption (Scheeres 2007; Fatka et al. 2020; Veras & Scheeres
2020). YORP-induced rotational disruption is supported by
the observed asteroid pairs (Vokrouhlicky & Nesvorny 2008;
Polishook 2014) and binary asteroids (Jacobson & Scheeres
2011; Delbo et al. 2011; Jacobson et al. 2013, 2016), including
contact-binary asteroids (Rozek et al. 2019; Zegmott et al. 2021)
and binary comets (Agarwal et al. 2020), which evolve under
tidal effects and the binary YORP (BYORP) effect after the
binary system is formed (Cuk & Burns 2005; Steinberg & Sari
2011). Further potential observational evidence is the abnormal
spin distribution and the obliquity distribution of near-Earth
asteroids (Vokrouhlicky et al. 2003; Pravec et al. 2008; Rozitis
& Green 2013b; Lupishko & Tielieusova 2014) and main belt
asteroids (Lupishko et al. 2019), although a recent study points
out that collisions might reproduce the observed distribution
without the involvement of the YORP effect (Holsapple 2022).
The YORP effect can influence the orbital evolution through
the Yarkovsky effect, which is a thermal force that depends on
the rotational state of the asteroid (Vokrouhlicky et al. 2000;
Bottke et al. 2006). Therefore, understanding the YORP effect
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is important for correctly estimating the ages of asteroid families
based on how much time is needed for the Yarkovsky effect to
cause the observed orbital dispersion of their members from
the original orbit following the disruption of their parent bodies
(Vokrouhlicky et al. 2006; Cuk et al. 2015; Carruba et al. 2014,
2015, 2016; Lowry et al. 2020; Marzari et al. 2020).

However, accurately calculating the YORP effect on a real
asteroid remains a challenge, as it has been demonstrated to be
highly sensitive to surface topology (Statler 2009; Breiter et al.
2009), such as uniform small-scale roughness (Rozitis & Green
2012), boulders (Golubov & Krugly 2012; Golubov et al. 2014,
2021; Sevetek et al. 2015; Golubov 2017; Golubov & Scheeres
2019; Golubov & Lipatova 2022), and craters (Zhou et al. 2022).
Although the YORP torque caused by boulders and the tan-
gential radiative force has been well studied, the YORP effect
caused by concave structures has not yet been fully explored.
More specifically, there are two kinds of concave structures on
asteroid surfaces. The first one corresponds to craters, which
result from impacts that an asteroid’s surface undergoes dur-
ing its history and which can cover a large size range and be
distributed in various ways. The second corresponds to surface
roughness, which corresponds to uniformly distributed small-
scale concave features that originate from the continuous effect
of various processes that take place at the surface, such as ther-
mal fatigue and space weathering. In our study, we consider
both craters and surface roughness. While a pioneering study by
Rozitis & Green (2012) used numerical simulations to investigate
the effect of roughness, the high computational expense of such
simulations prevents a comprehensive exploration of the func-
tional dependence of this effect and its application to the global
spin evolution of asteroid populations.

In addition to the precise calculation of the complete YORP
effect, the long-term evolution of asteroids needs to account for
stochastic collisions that affect this evolution, because each colli-
sion introduces a YORP torque due to the resulting crater. Bottke
et al. (2015) performed a first study of the YORP effect account-
ing for craters caused by collisions, finding strong implications in
the age estimate of asteroid families. However, their introduction
of the concept of the stochastic YORP effect due to collisions
assumed an arbitrary reset timescale for the YORP cycle. In real-
ity, this reset timescale depends on the actual occurrence of each
impact causing a crater on the asteroid’s surface and the result-
ing change in the YORP effect. In summary, collisions and the
YORP and Yarkovsky effects are all coupled with each other in
a way that is so far not well understood.

To account explicitly for the YORP torque caused by rough-
ness and craters, Zhou et al. (2022) developed a semi-analytical
model that is computationally efficient for the crater-induced
YORP (CYORP) torque. The CYORP torque is defined as the
torque difference between the crater and the flat ground:

Tcyore = Terater — ground (D

In general, it takes the form of the following scaling rule with
the radius of the crater Ry and of the asteroid radius Ry:

(0]
Tcyore = W?R(%Rast’ ()

where @ is the flux of solar radiation at the asteroid’s semimajor
axis, and W is the CYORP coefficient, which in turn depends on
the obliquity and irregularity of the asteroid, and the depth-to-
diameter ratio, location, thermal inertia, and albedo of the crater.
As a first step, this model assumed a zero thermal conductivity.
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Zhou et al. (2022) found that roughness or craters that cover 10%
of the asteroid’s surface area could produce a CYORP torque
comparable to the normal YORP (NYORP) torque, which arises
from the macroscopic shape, with ignorance of the fine surface
structure. Based on this number, which assumes that all craters
have a depth-to-diameter ratio of 0.16, the reset of the YORP
torque by the CYORP torque could be as short as 0.4 Myr.

However, the effects of finite thermal conductivity, self-
radiation, and self-scattering were not considered in Zhou et al.
(2022). In the present paper, we propose a semi-analytical model
that accounts for the effects of self-sheltering, self-radiation,
self-scattering, and non-zero thermal conductivity. This new
model allows a more general exploration of the functional depen-
dence of the CYORP effect. Moreover, as this semi-analytical
model is much more efficient than a purely numerical one, it can
be used to study the combined influence of the YORP effect, col-
lisions, and the Yarkovsky effect by incorporating the CYORP
effect into the standard evolution model of asteroid families. We
assume that the craters considered in this work are on a con-
vex asteroid. It is possible to apply the model derived in this
work to a moderately concave asteroid by approximating con-
cave structures as craters, but this is beyond the scope of this
paper.

In this paper, we describe our analytical model for the tem-
perature field in a crater in Sect. 2. In Sect. 3, we introduce the
numerical model that we developed to validate the analytical
model. The main results are shown in Sects. 4 and 5. In Sect. 4,
we analyse the effects of self-sheltering, self-radiation, and self-
scattering of the crater, and in Sect. 5 we show the results of the
calculation of the CYORP torque as a function of different vari-
ables. For the purpose of illustration, in Sect. 6 we provide an
example of the analysis of CYORP considering a specific real
asteroid shape and its surface roughness as well as the conse-
quential rotational evolution. In Sect. 7, we summarise our main
findings and draw conclusions.

2. Analytical model
2.1. Calculation of temperature distribution in a crater
2.1.1. Linearized analytical solution

The temperature u for the surface and the layer beneath is
governed by

ou K 0u
== 3)
ot  Cpoz
with two boundary conditions,
ou
K== |0 = F(0) = eoui’l =0, @)
Z
ou
K— |50 =0, 5
72 l- &)
and a periodic condition,
Uli=2rj0 = utls=0, (6)

where ¢ is the time, z is the depth of the crater, w is the angu-
lar velocity, K is the thermal conductivity, C is the specific heat
capacity, p is the bulk density of the asteroid, e is the emissivity,
and o is the Stefan-Boltzmann constant. In the following, we use
the spin angle 8 = wt to replace time for simplicity. The effect of
the seasonal wave is marginal and is ignored in this work.
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Fig. 1. Three coordinate systems in this paper: coordinate system oxyz for calculating the illuminated domain in the crater, PABC for calculating
the effective radiative force of an arbitrary surface element, and OXYZ for averaging the YORP torque over the spin and orbital motion.

While the one-dimensional heat diffusion equation with the
boundary condition of radiation has no complete analytical solu-
tion, it could be solved by linearizing the fourth power of the
temperature, with the assumption that the temperature does not
change significantly during a rotational period. For an arbitrary
point in the hemispherical crater surface, the location of which
is described by the polar angle 6 and the azimuthal angle ¢, the
solution of the temperature is the real part of the expression

(9, ¢.8) = uo(6,9) + i 16, $)e™, (7
=

with
(6. ) = (@)1/4, ®)
(0,0) = O \/z@giﬂnm’ ©)
where

b= \[330 (10)
tanJ, = g 2. (12)

with M = K/pC. The function F), is the nth-order of the Fourier
series of the absorbed radiation flux F, which is expressed as

F(0,9) = )" F,(6,9)e™. (13)

n=0

We see that the only unknown variable is the absorbed radiation
flux F. The absorbed radiation on a surface element contains

three parts: solar radiation E(6, ¢,[3), radiation from the crater
itself H(@, ¢, 5), and the scattering flux from the crater G(6, ¢, 3),
which leads us to

F(6.0) = (1~ AXE®. ) + H(6.9) + G(6.9)
- . 14
= (1= 1) D E0.8) + Hi0. )+ Gy, 997, P

n=0

where E,(6,$,5) and H,(6,¢,5) denote the nth-order Fourier
modes of E(0,¢,t) and H(6, ¢, t), respectively. Here the albedo
A is assumed to be 0.1 for these three flux components for the
sake of simplicity, although the albedo at the thermal-infrared
wavelengths is almost zero. Following Egs. (8), (9), and (14), we
obtain

B 1/4
o6, ) = ((1 A)(Eo(0, $) +el;lo(9, ) + Go(6, ¢))) ’ (15)
(1 = A)E (0, ¢) + Hy(6, $) + G(6, $)) et

un(6, ¢) =

deouy(6, ¢)?

V202420, +1

16)

Therefore, to solve the temperature u(6, ¢, 8), we need to obtain
the Fourier series of E(6, ¢, 8), H(6, ¢,3), and G(6, ¢, 5).

2.1.2. Coordinate systems

We use three coordinate systems to calculate the radiation and
the force received by the crater, as shown in Fig. 1. The coor-
dinate system OXYZ is an inertial frame used to calculate the
averaged YORP torque over the spin and orbital motion. Based
on the axis OZ, we define the coordinate system oxyz fixed with
the crater to calculate the instant solar flux. Finally, based on the
axis oz, we define the coordinate system PABC to calculate the
self-sheltering effect of the crater. The self-sheltering effect for
a point in the crater refers to the non-working moment of the
photons reabsorbed by the shelter (i.e. the crater itself), which
leads to the effective radiation force of the surface being tilted
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relative to the surface normal with a modified magnitude. This
self-sheltering effect on the point P depends on the geometry of
the surrounding shelter. We adopt a simple sphere with a radius
of R; to depict the crater shape.

In the coordinate system OXYZ, OZ points along the rotation
axis and OXY is the equatorial plane. The axis OY is chosen such
that the normal vector of the orbit plane lies in the plane OYZ.
The axis OX follows the right-hand rule. There are three crucial
vectors determining the CYORP torque expressed in polar coor-
dinates in the coordinate system OXYZ: the crater position vector
ro (denoted by @ and f3), the crater normal vector n, (described
by @, 8, 0, and A), and the solar position s (described bye and
1), as shown in the right panel of Fig. 1. As the polar angle is
between 0° and 180° by definition, we limit 0° < o < 180° and
0° < @—A < 180° in our results.

The coordinate system oxyz with the origin o located at the
sphere centre is fixed with the crater in order to simplify the cal-
culation of the solar flux on the crater. The axis oz points in the
opposite direction to the surface normal vector ny, which is also
the symmetry axis of the spherical crater. The direction of axis
oy is along epz X e,, and ox follows the right-hand rule. In this
coordinate system, a crater with a depth of /& can be defined as

a7

Z={(xy,2) eRI*+y*+2> =Ri,z> R cos b},

with cos 6y = (R; — h)/R;.

The coordinate system PABC with the origin P at a cho-
sen point on the crater is used to calculate the self-sheltering
effect. The axis PC is along the direction of Po, PA points in
the direction of e,,; X epc, and PB follows the right-hand rule. In
our code, the effective force felt by the point P is calculated first
in the coordinate system PABC for simplicity and this is then
transformed to the coordinate system oxyz by a rotation matrix.

2.1.3. Solar radiation E

In this section, we show how we derive the solar radiation
received by an arbitrary point P in the crater, whose coordinates
in oxyz system are rp = (sin 6 cos ¢, sin 6 sin ¢, cos #). The unit
position vector of the Sun in the coordinate system OXYZ is
described by

Soxyz = (cosn,cos e sinn, sin € sin7), (18)

where € is the obliquity and 7 is the angle of orbital motion.
The transform matrix between the coordinate systems oxyz and
OXYZ is set to

cosacosf  cosasinf —sina
R = sinf —cospf 0 (19)
—cos@sin@ —sinasinf -—cosa

Therefore, the coordinates of the vector s in the coordinate
system oxyz is

sinfcosn — cos B cos esiny
—sinacosBcosn — sinasinBcos esiny — cos a sin esinn
(20

—sina sin esinn + cos a cos Bcos i + cos @ sin B cos € siny
Soxyz =

On the other hand, we can use the angle A and ¢’ to represent

Soxyz:

Soxyz = (sinAcos¢’,sinAsing’, — cos A), (21)
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such that

cos A = sin @ cos 8 cos 17+ sin @ sin 8 cos € sin 17+ cos @ Sin € sin 7,

(22)
and
tand’ sin @ sin € siny — cos @ cos B cosn — cos & sin B cos € sin 7

an¢’ = .
¢ sinfBcosn + cosScos esiny

(23)
The absorbed radiation flux is
E@,¢) =1 —A)DH(cos )H(w)(—rp - ) 24)

= (1 -A)PH(cos YH(w) - [m; cos(B — B1) + my]

where
w = cos 2A¢os @ + sin Gy — sin 22 sinf cos(¢ — ¢’), (25)

(sin @ cos 8 — cos a sin 8 cos @) cos € sinn — sin @ sin ¢ cos n

tanfB) = — - - - —
(sin @ cos 8 — cos @ sin @ cos @) cos ) + cos € sin 7 sin 6 sin ¢
(26)
my = (cos> 1 + cos® e sin® n)!/2
. cos ¢ sin 2« sin 260
- (cos? @sin’ a — ¢l+ 27
+ (cos? acos’ ¢ + sin® ¢) sin” 6)'/2,
my = cos @ cos fsin € sinn + cos ¢ sin @ sin € sin 7y sin 6. (28)
Here, H is the Heaviside function defined by
1, x>0
H(x) = (29)
0, else.

Using the substitution 8/ = 8 — 1, the absorbed radiation flux
has the form

1 -A)O(mcosf +my),B. . <B<p
E(Q, ¢) _ ( ) ( 1 ﬂ 2) ﬁmm :B ﬂmax (30)
0, else.
Expanding Eq. (30) in Fourier series, we obtain
1-A)D <
E(6.4) = Eo + % > [Cucosnp) + S, sin(@p)]. (1)
n=1
with
1-A) . ,
Eo = S o sin 4 mop [ (32)
JT min
Broin
C, = f (my cos B, + ma) cos(nB)dp’
y
(—’/nI sin 2B, * ZmIﬁ, + my sinﬁ) ﬁi‘m ,n= 1
4 1Bruin
- (mln cos B’ sinnB’ — my cosnB’ sin B’ L m sin(nﬁ’)) ﬁi"m s L
n?-1 n fnin
(33)
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and
Broin
S, = f (m cos B + o) sin(nB")dp’
P
72 ,
_(Wl] C;Sﬁ +m2COSﬁ,) ?TAK n=1
) (mn cos B’ cosnf’ + my sinf’ sinnf’ _ mycos ng’ Iﬁ;m o1
1-n? n AN
(34
The nth coefficient of the Fourier series of E(6, ¢) is
E, = /C2+52.¢®, (35)
with
S
tan @, = —C—:. (36)

2.1.4. Self-heating effect

Due to the concave structure of the crater, the surface element in
the crater also receives photons emitted by the crater itself, which
is a process referred to as ‘self-heating’. In this section, we derive
the self-radiation H and the self-scattering G as a function of the
position in the crater.

Let us consider a surface element dS ; receiving the radiation
from another surface element dS,. In the reference frame oxyz,
the positions of dS; and dS, are

r1 = Ry(sin 6y cos ¢1, sin O sin ¢, cos 6), (37)
r> = Ry(sin 6, cos ¢, sin B, sin ¢,, cos 6,). (38)
The displacement from dS ;| to dS is

rp=r;—r. (39)
The incident angle {; and the emission angle ¢, are defined as
cos{| = —ry-ria/Rir, (40)
cos{r =ry-rip/Rira, 41)

respectively. The radiation flux at the location of dS; produced
by the thermal radiation of dS is

60'143 cosjcos s

H, = > ds,. (42)
LA
Substituting Eqs. (37)—(41) into Eq. (42), we obtain
Hy, = eot ds (43)
b2 4nR? >

For an arbitrary point, the radiation flux caused by the whole
crater is

0/’ "4 ]
H(O,¢) = f @, ) Gnededs, (44)
z 47T
where Z is the crater surface, and is defined as
Z={(xy. 0 €R’Ir=R1,0 € (0,7/2 - 6p). ¢ € (0.2m)}.  (45)
Similarly, we obtain the self-scattering term:
AE@,¢") .
G, ) = f M sin#'dg’d¢’. (46)
z 4

Therefore, both H(6, ¢) and G(0, ¢) can be expressed in terms
of u(6,¢) and E(6, ¢). As E(6, ¢) is derived in Sect. 2.1.3, the
only unknown variable is the temperature u(6, ¢), the solution
for which is discussed in the following section.

2.2. Solution for temperature

We obtained the Fourier series of the solar radiation flux
(Sect. 2.1.3) and the radiation flux produced by the crater
(Sect. 2.1.4), which allows us to return to Eq. (14) to solve the
temperature distribution u(6, ¢). We note that the self-radiation
term H contains the unknown temperature distribution that is to
be solved.

The Fourier coefficients of the temperature of the crater
follow

0ig(6,6) = (1 = A)Eo(6, 6) + Go(6, §) + Ho(6, $))

V202 +20, + 1

2
T, (6, p)uy (6, §) = E,(0,9) + G,(0,¢) + H,(6, ¢),

(1= Aol
(47)
with
Gu(6,9) = f AENO. ) g doag,
z 471'
/ "N\4
Ho(6, 6) = f T ) inerdgag, (48)
z 47T
/ N\3 , ’
H,(6,¢) = f e, ¢ n) @9 Gngraorag.
Z

Here, terms G and H are the scattering flux and self-radiation
flux, respectively.

2.2.1. Solution of a general form

Equation (47) have a general form:

f(6,9)=96,¢)+C f f(@,¢)sing’dg’dg’. (49)
Z
By setting
k = f f(@,¢)sing’dg’dg’, (50)
Z
we have
f6,9)=9(0,¢)+C -k (51)
Substituting Eq. (51) into Eq. (50), we obtain
k = f(g(@’, ¢+ C-k)sing'dg’de’. (52)
Z
Rearranging Eq. (52), we find k is
fZ g(0',¢') sin 0 d@’ dg’
k = : ’ ’ , (53)
1- szsmﬁ do’d¢
with which f(6, ¢) is solved out by Eq. (51).
2.2.2. Solution for temperature
In the case of u,
16, ¢) = eaug/(1 - A), (54)
9(6, ¢) = Eo(6,¢) + Go(6, ¢), (55)
1
C=—, 56
4r (56)
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and in the case of u,,

2202 +20, + 1

f(6,¢) = erugu, Ao (57)

9(6,9) = E(6,9) + G,(6, ), (58)
iJ,

o (59)

C= .
214202+ 20, + 1

2.3. The CYORP torque

The CYORP torque is defined as the YORP torque difference
between the crater and the flat ground:

Tcyorp = Terater — ground (60)

2.3.1. The YORP torque of the crater

The average radiative torque produced by the crater should be
calculated in the inertial frame OXYZ:

Teraier = 10,0xv2 X foxvz. (61)
Here, foxyz is the radiative force, and
eaT (6, p)*
SJoxyz = f %”f 6, $)dS, (62)
w

where n; is the corrected force direction vector for each surface
element. If there is no shelter around the surface element, n; is
equal to the surface unit normal vector ny. However, the surface
element in a crater has a sky sheltered by other elements, result-
ing in the reabsorption of the emitted photons along the direction
of the shelter.

For the surface element dS(6, ¢), the radiative force is

sin®’ cos ¢’

@ . / . / / /
— cos @ | sin@ sing’ |sin@'dd'de’.
H TC

(63)
cosd’

Without sheltering (e.g. for convex asteroids), H is replaced by
the hemisphere (i.e. 6 € (0,7/2), ¢ € (0,2n)). In this case, the
force is reduced to 2dng/3c.

2.3.2. The YORP torque of the flat portion of the surface

The absorbed radiation flux for a flat ground with the normal
vector ny is

Eground = (1 - A)(DH(COS /l) cosAd

[ = A)Dm, cosfB +myp), B <B < PBrax (64)
10, else.
Here, 8’ = 8 — 1, with
tan, = Smacosesiny 65)
sinacosn
my = (sin® a(cos’ i + cos® e sin® n))'/?, (66)
my = cos & sin € sin 7, (67)

and Bmin and Bnax are the negative and positive values of
arccos(—my/my), respectively.
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3. Numerical model for examination

In the above analytical method, we adopted the assumption of
a “small” temperature variation during a rotation period, which
allows us to linearize the biquadrate of the temperature (i.e. u* ~
u3 ¥, u,e™). This assumption is equivalent to a high value of the
thermal parameter, which is defined as

I VCpwk
- (60')1/4(1 _A)3/4(I)3/4'

(68)

In the case of a low thermal parameter, the analytical model
should be used with caution. To examine the appropriate range
of the thermal inertia for which our analytical model is valid,
we built a one-dimensional thermophysical numerical model to
perform cross-validation.

3.1. Numerical model

We used a finite difference numerical method to solve Eq. (3)
with the second-order Crank-Nicholson scheme:

Colti jet et — (2en + Dt jre1 + Colt j—1 ke1 = 69)
—Cnlj je1k + (2cq — Dy jr — colti j—1.k-

Here, u; ;i represents the temperature at the depth of (j — 1)dz

below the ith facet at the kth time step, where i, j, and k are inte-

grals starting from 1 t0 iy, jmax, and kmax. The coefficient ¢, is

o = 9 (70)
2(6x)?
The value of ¢, should be smaller than 0.5 for the convergence
of the iteration.
The surface temperature is determined by the first boundary
condition (Eq. (4)):

Uil hk+1 — Uik

(1= A)Eig + Hyj + Sig) = oify 1 = K = ,

(71)

which can be solved by a Newtonian-Raphson iterative method.
The solar flux E;; on the ith facet at the kth time step is

Eix = (72)

Oyn; - s H(n; - s;), unsheltered
0, sheltered,

where @ is 1364 W m~2 at the distance of 1 au to the Sun. Here,
n; is the normal vector of the ith facet and s; is the unit solar
position vector at the kth time step. Whether or not the facet is
sheltered is judged according to the projections of other facets on
the plane of the ith facet along the solar position vector s;. The
self-radiation term H; is the sum of radiation from other facets:

Hiy = Z

i'#i

—(n; - rip)(ny - rig)

7'(7‘2

(R4

4
eouy | 1

S, (73)

where r; is the vector from the centre of the ith facet to the cen-
tre of i'th facet, and S ; is the area of the ith facet. The scattering
term S is given by

Yy i)

—(n: -1
Si,k:ZAEi’ ( i ii :

#i iy

Sy (74)
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Fig. 2. Radiative force of the total crater averaged over a rotational period (8 h by default) obtained from the analytical method (solid lines) and the
numerical method (dashed lines), as a function of the crater colatitude o for K = 2.65 Wm™" K~! (left panel) and K = 0.1 Wm™' K~! (right panel).
The x, y, and z components of the radiative force are shown in blue, red, and green, respectively. The distance of the crater here is 1 au from the

Sun.

The second boundary condition (Eq. (5)) translates into

Ui jookl = Ui joo—1 et 1 - (75)
Combining Egs. (69), (71), and (75), we can obtain the solu-
tion for the temperature in the next time step u; jx+1 based on
the temperature in the current time step u; ;. We adopted an ini-
tial temperature of u; ;o = 280 K. The maximum depth is set to

be a few thermal skin depths +/K/Cpw and the total number of
layers is set as jmax = 50. In order to make sure that the surface
temperature is in an equilibrium state, we set the total time as
kmax0t ~ 20 spin periods. We divided the considered crater into
about 1000 facets and solve the temperature for each facet using
the above method.

3.2. Comparison with the analytical model

The thermal parameters of asteroids can vary widely depend-
ing on their composition and structure. For example, the thermal
conductivity of a porous material is much lower than that of a
dense metal. The thermal conductivity of stony asteroids, which
are made mostly of silicates, can range from about 0.1 W mK™!
to 1 WmK™!, while the thermal conductivity of metallic aster-
oids is generally much higher, in the range of 20-50 W mK~!.
Asteroids that are composed of a mixture of rock and metal will
have thermal conductivity values between those of pure rock and
pure metal.

Here, we test three typical types of asteroid materials:
regolith, solid basalt, and metal, whose properties are shown in
Table 1. We calculate the radiative force of the total crater aver-
aged over a rotational period (8 h by default), as a function of the
colatitude of the crater. The craters in the test are placed at 1 au
from the Sun. For simplicity, we set the obliquity to € = 0. The
results computed from the analytical method and the numerical
method are shown in Fig. 2. We can see that the analytical result
is consistent with the numerical result to a high degree, while
a large discrepancy shows up when the thermal conductivity

Table 1. Thermal parameter for three typical materials on asteroids,
taken from Farinella et al. (1998).

pkgm3) KWm'K!) CJkg!'KY)
Regolith 1500 0.0015 680
Solid basalt 3500 2.65 630
Solid iron 8000 40 500

decreases to 0. Wm~! K~!. This coincides with our prerequi-
site of the application of our analytical method, which is that the
temperature variation should be small. Therefore, our method is
appropriate for solid basalt and metal materials.

Regarding regolith material, with a thermal conductivity of
as low as 0.001 Wm™" K~!, we test the model described in Zhou
et al. (2022), where zero thermal conductivity is assumed. The
result is shown in Fig. 3, which indicates that this latter model
works well for regolith materials. Therefore, for three materi-
als representing asteroid surfaces, our two methods, namely the
one in the present work and that described in Zhou et al. (2022),
behave well in modelling the YORP effect.

4. Discussion on self-modification effects

For a concave structure, there are three self-modification effects:
the self-sheltering, self-radiation, and self-scattering effect. The
first one refers to the radiative force modification on the surface
element due to the re-absorption of photons by the crater. The
second and third ones refer to the temperature increase due to the
emitted photons and scattered photons from the crater itself. Pre-
vious research shows that these self-modification effects could
be important for the YORP torque of the crater (Statler 2009;
Rozitis & Green 2012, 2013a), but a quantitative description is
still lacking. For example, it is not clear how deep the crater
needs to be so that these self-modification effects can no longer
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Fig. 3. Same as Fig. 2 but for K = 0W m~! K™! in the analytical model
and K = 0.001 Wm™" K~! in the numerical model.
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Fig. 4. Ratio of the radiative force including self-modification effects to
that without self-modification effects, as a function of crater depth-to-
diameter ratio and accounting for different self-modification effects.

be ignored. This is crucial to the validity of the commonly made
assumption that the asteroid can be considered as a moderately
convex shape with the craters being overlooked when evalu-
ating the YORP torque. An essential metric in this respect is
the depth-to-diameter ratio of the crater. We explore the radia-
tive force (leading to the YORP torque) of a crater based on
its depth-to-diameter ratio under varying conditions — one for
each self-modification effect. Figure 4 shows our findings, sit-
vating the craters at the equator (@ = 7/2) with a spin axis of
zero-degree obliquity.

Our analysis reveals that both self-radiation and self-
scattering amplify the force, raising the temperature by as much
as 50% when the crater mirrors a hemisphere. In contrast, self-
sheltering diminishes the force by up to 30%. Notably, the impact
of self-scattering remains negligible for typical asteroid sur-
face albedos ranging between 0.1 and 0.2. When integrating all
self-modification effects, the radiative force increases by 15%.
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Our result also shows that when the depth-to-diameter ratio
h/Dy < 0.05, the force increase is less than 1%. Therefore, for
those shallow concave structures with h/Dy < 0.05, no self-
modification effects are needed in the YORP model for it to
remain accurate. These can then be efficiently approximated as
flat surfaces.

5. Analysis of the CYORP torque

As shown in a previous work (Zhou et al. 2022), the CYORP
torque depends on many factors, including the depth-to-diameter
ratio and location (or the colatitude a for example) of the crater
as well as the obliquity and thermal parameter of the asteroid. In
this section, we discuss the dependence of the CYORP torque on
these factors. In the following, except for in Sect. 5.1, we assume
the depth-to-diameter ratio to be ~0.16.

5.1. Depth-to-diameter ratio

Asteroid craters exhibit a range of distinct features in size and
shape, with diameters ranging from a few centimetres to several
kilometres for large asteroids. These craters generally display
bowl-shaped structures, containing central peaks and terraced
walls when produced in the gravity regime. To simplify the mod-
elling, a semi-sphere approximation is often used to represent the
shape of craters.

According to the definition of CYORP torque, if the depth-to-
diameter ratio reaches zero, the CYORP torque is zero (Eq. (60)).
Figure 5 shows the CYORP torques generated by craters with
various depth-to-diameter ratios. The parameters 6 = A = 71/6,
K =265 Wm™'K™!, and a = n/2 are used. Higher depth-
to-diameter ratios correspond to larger spin components of the
CYORP torque. A crater with /Dy < 0.05 produces an insignif-
icant CYORP torque, which may be disregarded. Furthermore,
the depth-to-diameter ratio also impacts the obliquity compo-
nent, influencing both the torque magnitude and shape of the
torque curve. For instance, when the depth-to-diameter ratio is
low, the asymptotic obliquity is 90°, while for higher depth-to-
diameter ratios, new asymptotic obliquities arise around 0° and
180°.

5.2. Crater latitude a and asteroid obliquity e

Figure 6 displays the CYORP torque components as a func-
tion of the crater latitude and asteroid obliquity. The values
of the parameters ¢ and A are set to a representative value of
n/4. The spin component W, exhibits symmetry about the axis
€ = 90°, while the obliquity component W, is anti-symmetric.
The minimum and maximum values of the torque occur when the
obliquity is 0° or 90°, with the absolute value of these extrema
reaching up to 0.02. The coefficient of the obliquity component
of the CYORP torque is considerably smaller, with a maximum
value of 0.004.

For comparison, the typical value of the normal YORP spin
coefficient is 0.005 for type I/II and <0.001 for type ITII/IV aster-
oids'. The ratio of the CYORP torque to the normal YORP
torque scales as

Tcyorr _ WeyorpS crater

= ) (76)
Tnyorr  WyYORPS asteroid

I See the definition by Vokrouhlicky & Capek (2002).
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Fig. 6. Spin component (left panel) and the obliquity component (right panel) of the CYORP coefficient as a function of the asteroid obliquity €
and the crater colatitude a(> A), for K = 2.65W m™' K~!. Here, d/Dy = 0.16 and § = A = /4.

Setting the ratio to 1, we find that the total area of concave struc-
tures needs to be as large as 1/4 and 1/20 of the asteroid surface
area for type I/II and type III/IV asteroids, respectively.

5.3. Thermal parameter

When the asteroid rotates quickly and has high heat conductiv-
ity, a higher value of the thermal parameter arises, resulting in a
smaller variation in temperature. To explore the role of the ther-
mal parameter, we employ the same parameters as in Sect. 5.2,
but with K = 40 Wm~! K~! for metal materials, and the result-
ing CYORP torques are depicted in Fig. 7. The comparison
with Fig. 6 reveals that the spin component remains relatively
unchanged, while the obliquity component displays significant
variation. This observation aligns with the prior assertion that
the thermal parameter mainly impacts the obliquity component

(Vokrouhlicky & Capek 2002). In the regime of high thermal
conductivity, the obliquity component diminishes as the thermal
conductivity increases.

5.4. Irregularity 6 and A

The angular parameters ¢ and A are used to describe the irreg-
ularity of the asteroid, where § = 0 and A = 0 correspond to a
perfect sphere. We explore the CYORP torque as a function of 6
and A with fixed asteroid obliquity and crater colatitude of 7/4.
The results are presented in Fig. 8. We can see that for the spin
component, ¢ controls the torque magnitude while A controls the
torque direction.

Zhou et al. (2022) demonstrates that the CYORP torque van-
ishes for 6 = 0. However, in the presence of finite thermal inertia,
the obliquity component of the CYORP torque arises while

A130, page 9 of 13
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the spin component remains negligible. Figure 9 illustrates the
variation of the CYORP obliquity component with the asteroid
obliquity and the crater colatitude when ¢ and A are both zero.
The CYORP torque has a tendency to lead the asteroid oblig-
uity to 90° when the crater is near the poles, while it leads to an
asymptotic obliquity of 0° or 180° when the crater is near the
equator.

6. Application of the CYORP effect on a real
asteroid

6.1. Roughness

The surface roughness of asteroids is produced by several
processes, including micrometeorite impacts, thermal fatigue,
ejecta, or outgassing. It was found that the YORP torque
is extremely sensitive to the small-scale surface structures

A130, page 10 of 13

(Statler 2009; Breiter et al. 2009). The microscopic beaming
effect of regolith grain-size-scale roughness (<1 mm) was shown
— using the Hapke reflectance and emissivity model (Breiter &
Vokrouhlicky 2011) — to have a marginal influence on the YORP
effect. The transverse heat conduction across thermal skin depth
(~1 cm) causes an asymmetric thermal emission of the east
and west sides of a boulder, giving rise to a systematic positive
YORP torque (Golubov & Krugly 2012; Golubov & Lipatova
2022). The importance of the various self-modification effects
of a concave feature on the surface was considered gradually
and numerical approaches were taken to study it (Statler 2009;
Rozitis & Green 2012, 2013a). It was found that the concave fea-
ture of surface roughness could dampen the YORP torque by
tens of percent. While the pioneering studies by Rozitis & Green
(2012) shed light on the effects of roughness, the computational
expense and difficulty in studying the functional dependence
means that there are severe limitations to the numerical method.
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Fig. 9. Obliquity component (right panel) of the CYORP coefficient
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K =265 Wm™'K!.Here,d/Dy =0.16and § = A = 0.

In contrast, the analytical method that we introduce in the present
study, and its computational efficiency, simplify the application
of roughness-induced YORP effects to real asteroids or binary
systems. Given the objective of our semi-analytical method to
provide a rapid assessment of the impact of surface roughness,
it is particularly well-suited for models of asteroids with rough
convex shapes derived from light-curve observations. However,
when dealing with high-resolution shape models, especially
those that possess a resolution of a few centimetres (the scale
of the thermal skin), a 3D thermal model becomes essential for
accurate calculations, owing to the presence of the tangential
YORP (TYORP) effect, which accounts for the transverse heat
conduction inside a boulder.

For illustrative purposes, to demonstrate the application
of our method, we randomly selected the main belt asteroid
(272) Antonia as an example. This choice is representative of
the majority of asteroids lacking detailed information obtained
through in situ observations. We used the shape model obtained
from Hanus et al. (2013). To optimise the performance of our
model, we assume a relatively high thermal conductivity of
1 Wm™!' K~!. We uniformly distributed the roughness across
the asteroid’s surface and investigated the total YORP torque
(NYORP + CYORP). To do so, we input the normal vector and
position vector of surface elements in the shape model to our
CYORP model to obtain the CYORP torque coefficient of each
surface element. We then used the area of each surface ele-
ment to calculate the CYORP torque and sum up all CYORP
torques generated by all surface elements. The depth-to-diameter
is assumed to be 0.5, following the assumption made by Rozitis
& Green (2012). This has been compared with the sole NYORP
torque. The result is depicted in Fig. 10. Our findings confirm
that the roughness-induced CYORP torque damps the normal
YORP torque. Specifically, for the asteroid (272) Antonia, the
spin component of the torque experiences a damping effect of
approximately 35%, while the obliquity component is damped
by approximately 64%.

6.2. Rotational evolution

The rotational dynamics of asteroids are primarily governed
by two key processes: collisions and the YORP effect. The
timescale for reorientation of the spin axis resulting from angular

momentum transfer during a collision can be expressed as
(Farinella et al. 1998)

R 413 w
Timpre-ori = 746 ( 1 km) (3 % 10451

5/6
) Myr.

On the other hand, the typical timescale associated with the
YORP effect is approximately given by:

=4 (s
YORP 1km/ \3x 10-4s!

(77)

My (78)
Clearly, the YORP timescale is shorter than Timp re—ori, although
its specific value exhibits considerable variation across differ-
ent asteroids. Consequently, it is widely accepted that the YORP
effect primarily governs the rotational evolution of small objects,
while collisions play a dominant role in larger objects. The clas-
sic static YORP model — which assumes an invariable YORP
torque until the asteroid spins up to disruption or spins down to
a quasi-static rotation — has been used to study the long-term
rotational evolution of asteroids (Rubincam 2000; Pravec et al.
2005; Bottke et al. 2015). A more intricate model, referred to
as the ‘stochastic YORP model’ (Bottke et al. 2015), takes into
account the resetting of the YORP torque caused by collisions,
which arises from the high sensitivity of the YORP effect to sur-
face morphology. Although a suggested timescale of 1 Myr has
been proposed for YORP reset (Bottke et al. 2015), a quantita-
tive assessment of the torque changes resulting from craters is
yet to be explored. The CYORP effect offers a powerful tool for
investigating the stochastic YORP effect. While a comprehensive
examination of the stochastic YORP effect is beyond the scope
of this paper, we present an example of integrating the CYORP
effect into the static YORP model.

In our simulation, a random YORP coefficient is assigned
within the range of —0.005 to 0.005, with the coefficient’s sign
matching that of the torque. The CYORP torque is introduced
specifically when a collision event takes place. The timescale for
the impact by an asteroid with the size Rjp,, is

1
Timp = > , (79)
PiﬂRAmoniaAN(R > Rimp)
where
Rimp \ ™
N(R > Rimp) = C | — . 80
(R > Rimp) R(lkm) (80)

Here, P; = 2.85 x 10""® km~2 yr~! is the intrinsic collision prob-
ability, Cg = 6 X 10°, and bg = 2.2 (Holsapple 2022). In the
strength regime formulation, the crater produced by an impactor
with the size of Ry, has a size of

-0.205
p~ 0.4 Y
Rerater = 1-306Rimp (ﬂ ) ( ) >
Past Plimp

81

with ¥ = 100 Pa and vjpp = 5.3 km s~!. In the gravity regime,

0 -1/3 0 0.00138 JuR 017

é ‘t as aQ " ,t

Rerater = 0.59($) (ﬁ) ( astfas ) ’
Mimp Pimp Uimp

(82)

where g,y is the surface gravity of the asteroid. In each time
step (~103 yr), we calculate the numbers of impact craters of
different sizes, according to Egs. (79) and (81). We then assign
each crater with a random surface element of the polyhedron
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Fig. 10. YORP torque damped by the CYORP effect in the case of asteroid (272) Antonia. The spin component and the obliquity component are
shown in the left and middle panels, respectively. The right panel shows the CYORP coefficient distribution over the asteroid’s surface.

0.00035 1
0.00030
0.00025 1
0.000201

0.00015+

spin rate (rad/s)

0.00010+1

0.000057 —— YORP

—— YORP+CYORP
0.00000 1

0 1 2 3
time (yr)

1e8

1751 e
150+
§125<
5100<
F 751

e

50+
251

0 I~

0 i 2 3

time (yr) le8

Fig. 11. Evolution of the spin rate (left panel) and the obliquity (right panel) of a 10 km synthetic asteroid. In the presence of the static YORP
torque (blue line), the asteroid gradually decelerates until it reaches a quasi-non-rotational state. Subsequently, we impose a new rotational state
on the asteroid by assigning random values of rotational speed and obliquity. Conversely, when incorporating the CYORP torque (red line), the
asteroid follows a different path, exhibiting random fluctuations in its spin rate due to the occurrence of impacts, creating new craters that lead to
changes in the CYORP torque. As a result, the asteroid experiences intermittent transitions between spin up and spin down.

model of the asteroid Antonia, after which we can calculate
the CYORP torque. Finally, we add the CYORP torque to
the normal YORP torque directly calculated from the shape
model in order to obtain the total YORP torque. The spin rate
evolves following

(83)

with / being the maximum moment of inertia and 7, being

the torque component that is along a spin vector. The obliquity

evolves according to

€= 2 (84)
lw

where T is the torque component that changes the obliquity.
There exist two possible end states in a YORP cycle: either

the asteroid’s rotation slows down until it reaches a quasi-

non-rotational state, or it accelerates to the spin threshold for

shape change or disruption with a period of approximately 2.2 h.
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Upon completing a YORP cycle, the asteroid’s rotational state
is updated by assigning a new random rotational speed and
obliquity. The impact of introducing CYORP torques can be
observed in the evolution of a 10 km asteroid, as depicted in
Fig. 11. Notably, significant differences arise when considering
the inclusion of CYORP torques.

Nonetheless, the rotational evolution of asteroids currently
lacks a standardised model. Some models propose that after spin-
ning down to a non-rotational state, the asteroid’s spin rate is
assigned a new random value within a specified range (Hanus
et al. 2011; Bottke et al. 2015), while some assume it con-
tinues to spin up under the YORP effect (Pravec et al. 2008;
Marzari et al. 2020). By selecting an initial spin rate for a new
rotational state, Holsapple (2022) reproduces the spin evolu-
tion without the YORP effect. Hence, rather than attempting to
address the entire complexity of the problem, our objective in
this study is to present an illustrative example of the interaction
between CYORP and the conventional YORP effect. Further-
more, we underscore the significance of the CYORP effect in
the long-term rotational evolution of asteroids. A comprehensive
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investigation of the rotational evolution of asteroid groups is left
for future research.

7. Summary and conclusions

The YORP effect is a thermal torque produced by radiation
from the irregular surface of the asteroid. It has been demon-
strated that this effect is highly sensitive to surface topology
(Statler 2009; Breiter et al. 2009), including small-scale rough-
ness (Rozitis & Green 2012), boulders (Golubov & Krugly 2012),
and craters (Zhou et al. 2022). In this study, we developed
a semi-analytical model for calculating the temperature field
of a crater, which accounts for the effects of self-sheltering,
self-radiation, self-scattering, and non-zero thermal conduc-
tivity. Using this model, we investigated the crater-induced
YORP (CYORP) effect in a computationally efficient man-
ner (about three orders of magnitude faster than the numeri-
cal method), allowing for a comprehensive exploration of the
functional dependence of the CYORP effect and its incorpora-
tion into the rotational and orbital evolution of asteroids. The
main results and conclusions of this study can be summarised
as follows.

Our semi-analytical model for the CYORP effect is valid
in the high-thermal-conductivity regime (K > 0.1 Wm™' K™).
This suggests that the model is suitable for application to materi-
als such as solid basalt and metal, which are usually beneath the
regolith on asteroid surfaces but may be exposed to sunlight due
to the formation of deep craters.

The CYORP effect is significant when the crater depth-to-
diameter ratio is greater than 0.05. The self-modification effects
of a concave structure, including the self-sheltering effect, self-
radiation effect, and self-scattering effect, are stronger with a
higher depth-to-diameter ratio. For concave structures with a
depth-to-diameter ratio of smaller than 0.05, the surface can be
treated as a convex shape without introducing significant inaccu-
racies. The typical value of the CYORP coefficient for the spin
component is 0.01, which is insensitive to the thermal param-
eter, while the obliquity component decreases from 0.004 for
basalt to 0.001 for metal. For a z-axis symmetric shape (e.g. a
spinning top shape), the spin component of the CYORP torque
vanishes while the obliquity component survives, which implies
that the spin acceleration of such symmetric shapes does not
change significantly under the effect of crater formation.

Using our semi-analytical method, we confirm that the
YORP torque can be damped by the surface roughness, which
was first discovered by Rozitis & Green (2012). The fast compu-
tation of our semi-analytical model allows us to consider more
flexible configurations of surface roughness, such as a space-
varying roughness distribution, roughness on components of
binary asteroids, and so on.

The magnitude and directional change of the YORP coef-
ficient at each impact are assessed for the first time using our
CYORP model. While a complete investigation of the spin evo-
lution of asteroids is left for future work, we show that rotational
evolution can be severely affected by collisions.

Acknowledgements. We acknowledge support from the Université Cote d’Azur.
We thank Yun Zhang, Xiaoran Yan, and Marco Delbo for the useful discus-
sion. Wen-Han Zhou would like to acknowledge the funding support from the
Chinese Scholarship Council (No. 202110320014). Patrick Michel acknowledges
funding support from the French space agency CNES and from the European

Union’s Horizon 2020 research and innovation program under grant agreement
no. 870377 (project NEO-MAPP).

References

Agarwal, J., Kim, Y., Jewitt, D., et al. 2020, A&A, 643, A152

Bottke, Jr, W. F., Vokrouhlicky, D., Rubincam, D. P., & Nesvorny, D. 2006,
Annu. Rev. Earth Planet. Sci., 34, 157

Bottke, Jr, W. F., Vokrouhlicky, D., Walsh, K. J., et al. 2015, Icarus, 247, 191

Breiter, S., & Vokrouhlicky, D. 2011, MNRAS, 410, 2807

Breiter, S., Bartczak, P., Czekaj, M., Oczujda, B., & Vokrouhlicky, D. 2009,
A&A, 507, 1073

Carruba, V., Domingos, R., Huaman, M., Santos, C. d., & Souami, D. 2014,
MNRAS, 437, 2279

Carruba, V., Nesvorny, D., Aljbaae, S., & Huaman, M. E. 2015, MNRAS, 451,
244

Carruba, V., Nesvorny, D., & Vokrouhlicky, D. 2016, AJ, 151, 164

Cuk, M., & Burns, J. A. 2005, Icarus, 176, 418

Cuk, M., Christou, A. A., & Hamilton, D. P. 2015, Icarus, 252, 339

Delbo, M., Walsh, K., Mueller, M., Harris, A. W., & Howell, E. S. 2011, Icarus,
212, 138

Durech, J., Vokrouhlicky, D., Pravec, P., et al. 2022, A&A, 657, AS

Farinella, P., Vokrouhlicky, D., & Hartmann, W. K. 1998, Icarus, 132, 378

Fatka, P., Pravec, P., & Vokrouhlicky, D. 2020, Icarus, 338, 113554

Golubov, O. 2017, AJ, 154, 238

Golubov, O., & Krugly, Y. N. 2012, ApJ, 752, L11

Golubov, O., & Lipatova, V. 2022, A&A, 666, A146

Golubov, O., & Scheeres, D. J. 2019, ApJ, 157, 105

Golubov, O., Scheeres, D., & Krugly, Y. N. 2014, ApJ, 794, 22

Golubov, O., Unukovych, V., & Scheeres, D. J. 2021, AJ, 162, 8

Hanus, J., Durech, J., Broz, M., et al. 2011, A&A, 530, A134

Hanus, J., Durech, J., Broz, M., et al. 2013, A&A, 551, A67

Holsapple, K. A. 2022, Planet. Space Sci., 219, 105529

Jacobson, S. A., & Scheeres, D. J. 2011, Icarus, 214, 161

Jacobson, S. A., Scheeres, D. J., & McMabhon, J. 2013, ApJ, 780, 60

Jacobson, S. A., Marzari, F., Rossi, A., & Scheeres, D. J. 2016, Icarus, 277,
381

Lowry, S. C., Fitzsimmons, A., Pravec, P, et al. 2007, Science, 316, 272

Lowry, V. C., Vokrouhlicky, D., Nesvorny, D., & Campins, H. 2020, ApJ, 160,
127

Lupishko, D., & Tielieusova, I. 2014, Meteor. Planet. Sci., 49, 80

Lupishko, D., Mikhalchenko, O., & Chiorny, V. 2019, Solar Syst. Res., 53, 208

Marzari, F., Rossi, A., Golubov, O., & Scheeres, D. J. 2020, AJ, 160, 128

Nesvorny, D., & Vokrouhlicky, D. 2008, A&A, 480, 1

Polishook, D. 2014, Icarus, 241, 79

Pravec, P., Harris, A. W., Scheirich, P., et al. 2005, Icarus, 173, 108

Pravec, P., Harris, A., Vokrouhlicky, D., et al. 2008, Icarus, 197, 497

Rozitis, B., & Green, S. F. 2012, MNRAS, 423, 367

Rozitis, B., & Green, S. F. 2013a, MNRAS, 433, 603

Rozitis, B., & Green, S. F. 2013b, MNRAS, 430, 1376

Rozek, A., Lowry, S., Nolan, M., et al. 2019, A&A, 631, A149

Rubincam, D. P. 2000, Icarus, 148, 2

Sanchez, P., & Scheeres, D. J. 2020, Icarus, 338, 113443

Scheeres, D. J. 2007, Icarus, 189, 370

Sevetek, P., Broz, M., Capek, D., & Durech, J. 2015, MNRAS, 450, 2104

Statler, T. S. 2009, Icarus, 202, 502

Steinberg, E. & Sari, R. 2011, AJ, 141, 55

Taylor, P. A., Margot, J.-L., Vokrouhlicky, D., et al. 2007, Science, 316, 274

Tian, J., Zhao, H.-B., & Li, B. 2022, Res. Astron. Astrophys., 22, 125004

Veras, D., & Scheeres, D. J. 2020, MNRAS, 492, 2437

Vokrouhlicky, D., & Capek, D. 2002, Icarus, 159, 449

Vokrouhlicky, D. & Nesvorny, D. 2008, AJ, 136, 280

Vokrouhlicky, D., Milani, A., & Chesley, S. 2000, Icarus, 148, 118

Vokrouhlicky, D., Nesvorny, D., & Bottke, W. F. 2003, Nature, 425, 147

Vokrouhlicky, D., Broz, M., Bottke, W., Nesvorny, D., & Morbidelli, A. 2006,
Icarus, 182, 118

Vokrouhlicky, D., Bottke, W. F., Chesley, S. R., Scheeres, D. J., & Statler, T. S.
2015, Asteroids IV, eds. P. Michel, F. E. DeMeo, & W. F. Bottke (Tucson:
University of Arizona Press), 509

Zegmott, T. J., Lowry, S., Rozek, A., et al. 2021, MNRAS, 507, 4914

Zhou, W.-H., Zhang, Y., Yan, X., & Michel, P. 2022, A&A, 668, A70

A130, page 13 of 13



Part IV

CONCLUSION AND PROSPECTS






CONCLUSIONS AND PROSPECTS

coNcLUsioNs The Yarkovsky and YORP effects play a crucial role
in the long-term evolution of asteroids. Studying how these forces
shape the asteroid belt provides valuable insights into the history of
the Solar System.

This thesis focuses on the long-term orbital and rotational evolution
of main belt asteroids by addressing key challenges in Yarkovsky and
YORP research, while integrating the latest observational data.

* Yarkovsky effect and orbital evolution. I present the first com-
prehensive study of the Yarkovsky effect on binary asteroids,
introducing the concept of the “Binary Yarkovsky effect” and
establishing its theoretical framework. I identify its principles,
derive analytical formulas, and explore its implications for the
long-term orbital evolution of binary asteroids.

* YORP effect and rotational evolution. I provide the first expla-
nation for the spin rate distribution of slow rotators using a
modified YORP theory. Additionally, I develop semi-analytical
and numerical methods to study the crater-induced YORP ef-
fect, offering a potential solution to the stochastic behavior of
asteroid rotation and orbital evolution.

PROSPECTS A thorough understanding of orbital and rotational
evolution requires a combination of observational data and theoret-
ical models.

Upcoming missions, including Gaia and the LSST, will usher in a
golden age for asteroid and Solar System studies (Prusti et al., 2016;
Ivezi¢ et al., 2019). Gaia’s precise astrometric measurements will re-
fine orbital parameters and reveal the rotational states of known aster-
oids. Gaia Data Release 4 (DR4) in 2026 will include detailed astrome-
try for over 150,000 objects, vastly expanding our knowledge of aster-
oid rotation (compared to 10,000 currently). Approximately 200,000
asteroids will have highly accurate orbital determinations, with pre-
cisions in the range of 10-100 meters, providing unparalleled oppor-
tunities to measure the Yarkovsky and YORP effects. Notably, Gaia
has already obtained visible-wavelength spectra for 60,000 asteroids
(compared to 3,000 before Gaia), greatly enhancing the study of as-
teroid compositions. The Legacy Survey of Space and Time (LSST),
beginning in late 2025, will capture over 6 million main belt aster-
oids during its decade-long operation, increasing data collection by
an order of magnitude.
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Regarding Yarkovsky and YORP theory, while their mechanisms
for single objects are largely understood, their effects on binary aster-
oids and collisional families remain largely unexplored.

The theory for binary asteroids is still developing, and several key
questions remain, such as: (1) How can we derive a more general
analytical solution that accounts for non-zero eccentricity and inclina-
tion? (2) What impact do different shapes have on the effect? (3) How
does non-principal axis rotation influence the binary Yarkovsky ef-
fect? In terms of practical applications, further investigation is needed
into: (1) How does the binary Yarkovsky effect interact with tides and
BYORP in binary systems? (2) Could this theory be extended to ar-
tificial satellites, space debris, or planetary rings? Addressing these
questions will require both analytical and numerical approaches.

In asteroid families, the YORP and Yarkovsky effects are compli-
cated by their interaction with collisions. How do these effects influ-
ence the orbital evolution of asteroid families, which extends to the
identification of asteroid families using the "V"-shape method, and
how do they affect the age estimation of families? A comprehensive
rotational evolution model, integrating the frameworks developed in
Chapters 5 and 6, is needed to explore these complex interactions.

The YORP effect on tumbling asteroids remains challenging to an-
alyze using both numerical and analytical methods. However, it may
become more understandable through the framework presented in
Chapter 4, especially as more slow rotators are identified as tum-
blers based on additional lightcurve data. The current inconsistency
between the observed and theoretically predicted sign of the YORP
torque could also be clarified by deriving the angular acceleration of
slow rotators from long-term, high-quality observational data.
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