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In this paper we deal with the problem of analytic calculation of the YORP effect of an asteroid in terms of its
shape. The calculations are made for spheroidal asteroids, whose shape slightly differs from a triaxial ellipsoid.
We analytically describe a real asteroid as a triaxial ellipsoid perturbed with spherical harmonics. The results can
be applied to predict the YORP torque for asteroids with specified shape, as well as to understand contribution of
roughness on different scales to the YORP effect.

SAJIE2KHICTD YORP EDQEKTY B[l ®QOPMH ACTEPOIJIA, Mupoecosa ¥.B., l'oay6os O. — ¥ yiti cmammi mu poseis-
Odaemo npobaremy anarimuyuroeo podpaxyuky YORP egpexmy acmepoida suxodauu 3 iio2o ¢opmu. Po3paxyHku 8UKOHAHI
011 cgepuunux acmepoidis, uui gopmu mpoxu 8idpiznaromoca 8i0 mpusicHoeo esincoida. Peaarvnuil acmepoid ana-
AiMU4HO onucanuti Ak mpusichuil eaincoid, 36ypenuil cgepuunumu eapmornikamu. Ompumani pesyrvmamu MOHYMo
6ymu 3acmocosani 0as npocrosdysanrs YORP momenmy acmepoidie 3 8i0omow0 Gopmoro, a makox: 04l OYiHKU BHECKY
8 YORP wopcmkocmeil piznux macuimabis.

3ABHCHMOCTH YORP 9PDPEKTA OT ©®OPMbI ACTEPOH/A, Mupocosa ¥.B., lory6os O. — B amotl cmamove mbl
paccmampusaem npobaemy anaiumuueckoeo pacuema YORP agpgexma acmepouda ucxods us eco gopmol. Pacuemot
BbLNOAHEHBL 0Nl Chepuneckux acmepoudos, 1ol GOopMbl. HEMHOSO OMAULAIOMCS OM MPexocHoeo ariuncouda. PearvHolll
acmepoud aHAAUMULECKU ONUCAH KAK MPeXOCHbLU 3AAUNCOUO, 803MYUjeHHbLl ciheputeckumu eapmonuxamu. IToryuen-
Hole peaysbmamoel moeym bvime npumerersl 045 npoeroduposanus YORP momenma acmepoudos ¢ ussecmuoil ¢popmot,
a makace oas ouenku skarada 8 YORP wepoxosamocmeti pazuoix macuimabos.
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1.INTRODUCTION

In the 20th century collisions and gravitational interactions were considered the governing mechanisms of
asteroid motion. This suggestion is called the classical theory of evolution of celestial bodies [2]. Using the
classical theory, the evolution history of the main belt and near-Earth asteroid population was reconstructed.
Unfortunately, there are lots of discrepancies of the classical theory and observational data.

For example, from the classical theory it follows that due to collisions asteroids should have Maxwellian
distribution over their angular momenta. But this suggestion holds true only for big asteroids with diameters
D >40 km [1], while for smaller asteroids distribution of angular momenta is more regularized. It is not
possible to describe this observational data just using the paradigm of collisions.

Thus, it is needed to learn more about other process acting on asteroids [2].

As Paddack showed in his work [3], emission of light from the asteroid surface can change angular
momentum of a body. It could be significant if an asteroid shape is asymmetric like a propeller or a windmill.
Paddack recognized that when the sunlight falls on the surface and is re-emitted by it, it creates some torque
on each part of the surface. If the surface is asymmetrical with respect to its main axis of rotation like a
propeller or a windmill, then the total torque can be non-zero. Thus, the spin of the asteroid could be changed
due to the asteroid asymmetry.

Paddack named this torque Windmill effect.

The amount of the torque that is given by light to the massive asteroid is tiny due to the small value
of photon impulse. But this torque acts on the asteroid perpetually, and its effect piles up for millions of
years. The less is the asteroid mass the faster it rotates due to Windmill effect [6]. Therefore, on the scale
of million years the Windmill effect dominates over collisions only for small asteroids, with typical diameters
D <10 km [1].

Nowadays, the described Windmill effect is called the YORP effect, or Yarkovsky—O’Keefe—-Radzievskii—
Paddack effect [4], the name composed by Rubincam [6] from the first letters of names of the people who
pioneered the study of non-gravitational forces acting on celestial bodies.
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Statler was the first to notice that the YORP effect is sensitive to small scale roughness of an asteroid [5].
He showed that the YORP torque experienced by an asteroid significantly changes when a crater or a bounder
appears on its surface, even if the crater or the boulder is an order of magnitude less than asteroid size. The
main result of Statler’s work was the demonstration of the importance of small scale structures. Still, no
sophisticated study of relative importance of structures at all scales has been performed. And in this work
we are aiming to do the next step in this direction.

2.CALCULATION OF THE YORP TORQUE

To calculate YORP from an asteroid shape let us calculate the YORP torque of each asteroid irregularity,
and summarize them. Let us make a mathematical model describing the shape of a real asteroid.
2.1. Mathematical description of a real asteroid

As most asteroids have substantial elongations, from afar it appears like a triaxial ellipsoid. When we
look at the asteroid closer, it could be treated as a distorted triaxial ellipsoid. According to the notion that
every shape could be defined as a certain set of spherical harmonics, let us consider each asteroid as a triaxial
ellipsoid perturbed with a certain set of spherical harmonics.

Let us imagine a triaxial ellipsoid as an elongated sphere. Then in reference frame of an asteroid mass
center, the radius-vector of some point on the asteroid has the following length,

' =p(afsingsing, Bceosepsing, cosv), (1)
with « and § being coefficients that show the asteroid’s elongation on two main axes, and ¢ and ¥ being two
free parameters. Let the axis z be the rotation axis of the asteroid, i.e. the shortest one. And let the axis x
be no longer than the axis y, i.e. af>=p.

Let us perturb the surface, p=po+p, where p describes a slight distortion pg > p of the elongated sphere
with a set of spherical harmonics.

Spherical harmonics that do not change the the ellipsoid shape should be excluded from the set. The
spherical harmonics Yyo only changes po; harmonics Y, shift the asteroid’s center of mass; harmonics Y9
elongate the asteroid into a thiaxial ellipsoid, but we include the elongation into the parameters a and g.
Thus, we only include harmonics with /> 3 into the decomposition. Then we have

oo m=l
P=po+5=po< Zzamlyml) 2)
=3 m=0
am are coefficients specific for each body; Y, are spher1ca1 functions.

Physical sense of indices [ and m is the following:the difference (/ —m) is equal to the number of nodes
in the latitudinal direction along the asteroid, while m is equal to the number of nodes in the longitudinal
direction.
2.2.The method of calculations

As most asteroids are very dark, we assume the asteroid to be a black body.

It is known that in depth of regolith the thermal conductivity of the order of 1073 mZ{Q' The effect of

nonzero thermal conductivity in boulders with radius less or of the order of one meter produces a significant
contribution to the YORP torque. But thermal conductivity is non-essential for surface irregularities on
bigger scales. Therefore, we assume the conductivity of the regolith equal to zero.

We assume the perturbation of the shape to be slight, so that the asteroid stays convex.

Assume asteroid obliquity is equal to zero, i.e. the its rotation axis is perpendicular to its equatorial plane.
We also assume that the asteroid does not precess.

Let €, be the ort of the rotation axis of the asteroid, and 7 the total YORP toque averaged over the
rotation period. As we assume obliquity to be equal to zero, vector of the YORP torque is coaxial with the
rotation axis 7||'€, and 7 =(0,0, 7). Let us now compute the YORP torque 7, of a slightly curved triaxial
ellipsoid. The total torque averaged over the rotation period is

Tzz/dez/(?xd?)‘e;, (3)

where dF is the force acting on an element of the asteroid surface with the radius-vector .
Light scattered accordmg to Lambert’s law pushes the surface in perpendicular direction. Correspondmgly,

the force vector dF is aimed at the surface, i.e. dF has the direction opposite to the surface normal ds.

F= —pdS is pressure pressure force acting on a small element of the surface ds = g—r X E;;

with p being
the pressure. For p we use the following expression,

. p.=pcos, 0
where ¢ = g —arccos(%e_;) is the angle between the normal of the surface element dS and the equatorial

plane.
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We summarize the torques created by all surface elements and get the total torque experienced by the
asteroid. Accordingly to our way of description of an asteroid shape the asteroid total YORP torque is the
sum of YORP torques 7., of spherical harmonics that make asteroid slightly perturbed,

oo m=l
Tz:/de:%<d§X ?)e_z)pz:lzz?):mzz;)almTzlm- &)

Here a;, are coefficients that are specific for each asteroid. This equation expresses the YORP torque
experienced by the asteroid in terms of its shape. The coefficients 7,;, can be expressed analytically, although
the expressions are lengthy. It is more instructive to discuss 7., qualitatively and to study them numerically.

3.CONTRIBUTION OF DIFFERENT HARMONICS TO THE YORP TORQUE

Let us consider the torque 7, of an ellipsoid perturbed by spherical function Y.

Remember that x,y, z are coordinates in the reference frame of the asteroid mass center. It is evident
that the sign of z-component of the torque changes when the asteroid is inverted with respect to any plane
containing z axis. But if this plane is the plane of mirror symmetry of the asteroid, then the inversion trans-
forms the asteroid to itself, and the torque is not changed. To satisfy these two conditions simultaneously,
the torque should be equal to zero.

Thus all spherical harmonics with cosine vanish, as they are symmetric with respect to the plane xz, and
only the harmonics with sine survive. Among them, harmonics with odd m vanish, as they are symmetric
with respect to the plane yz. Ultimately, harmonics with odd / and even [ vanish, as they transform into
themselves after mirror reflections in planes xz and xy. (Reflection in the plane xy leaves the YORP torque
intacked.)

Therefore, only spherical harmonics Y,,; with even indexes of m and [ contribute non-zero torque 7,,;. In
Fig.1 are shown first five harmonics with non-zero YORP. In Fig.2 is shown the dependence of 7, for these
harmonics on elongation of the asteroid. As [ and m increase the asymmetric property of perturbed with Y,
ellipsoid decreases. Correspondingly, its YORP torque 7, also deceases. The dependence of YORP effect on
elongation « is much stronger than on g.

m=2 m=4 m=6

ca
LSS

Fig. 1. Even harmonics Y,; with (I, m) = (4,2), (4,4), (6,2), (6,4), (6,6), contributing non-zero YORP torque 7,m #0

T

=07

p=1 p=1.5
Fig. 2. The dependence of the YORP eifect on elongation « for different harmonics. The left panel corresponds to f=1,
the right panel to f=1.5. Cases of /=4 are shown with solid curves, and / =4 with dashed curves. Harmonics with
m =2 are colored in red, m =4 — green, and m=6 — blue.
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4. CONCLUSION

In this paper was investigated the YORP effect acting on an asteroid, which shape is represented as a
series of spherical harmonics. The resultant moment of forces of light pressure was also expressed in a series
of individual spherical harmonics.

It was assumed that the average pressure of reinsolated light acting on an asteroid surface element is
proportional to the cosine of the latitude. And the expression of the torque generated by the individual
harmonics was obtained in quadratures.

The results can be used to calculate the YORP effect acting on asteroids with specified shape. But more
essential application of the obtained decomposition of the torque in spherical functions is analyzing of the
contribution of different scaled surface roughnesses in the YORP effect. It is also needed for evaluation of an
error, which could appear in a value of YORP torque when the higher harmonics are discarded in simplified
shape models that are derived from observational data.
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