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Abstract
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The dynamical evolution of the spin axis direction due to gravitational and thermal factors is
examined. It is found that the spin axis variations generally are regular and relatively small for the
bodies in the asteroid main belt. There are also reasons to believe that this is the case for minor
objects beyond the main belt. However, it is found that these regular variations are larger when the
orbital inclination of the objects is increased. This effect may explain certain features in the spin
vector distribution of the main belt asteroids, not possible to explain by collisional factors. The
spin vector evolution of the asteroids in the inner solar system, including the Earth- and Mars-
crossing objects, is often subjected to strong forces related to frequencies in the orbital evolution.
The variations in the spin vector direction are then very large and often subjected to chaos. The
larger frequency related obliquity zones of the Mars-crossers are usually regular while the zones
of the Earth-Mars-crossers often are of a chaotic nature. The spin vector evolution of asteroids
with comet-like orbits is often chaotic regardless of initial obliquity. For the inner solar system
asteroids, it is often possible for an initial prograde spin to turn into a retrograde one, or vice
versa, due to the frequency related phenomena. Though some spin vector directions seem to be
more probable than other ones over time, there are no indications for an evolution towards a more
prograde or a more retrograde spin vector distribution.
      The effects on the spin vector evolution from the thermal Yarkovsky force are examined for
objects with radii larger than 50 m. This force will affect the orbital evolution and thus indirectly
affect the spin vector evolution. However, it is found that the studied effects are minor as
compared to the gravitationally related ones. This is true both for the diurnal and the seasonal
variants of the Yarkovsky force.
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1. Introduction

Since Giuseppe Piazzi, working on a star catalogue, found the first and largest main belt asteroid,
1 Ceres, two centuries ago, our view of the solar system have changed in an important way.
Besides the major planets and their moons, we now know of tens of thousands of bodies that are
orbiting the Sun. We also know that there in all probability exist literally millions, or even
billions, of minor objects in the solar system ranging all the way from 1000 km bodies down to
dust grains. The classification of the solar system objects into planets, asteroids, comets etc. is
also a more difficult task today. There exist active comets with asteroid-like orbits and asteroids in
cometary orbits. Some objects seem to have physical characteristics reminiscent of both comets
and asteroids. Our knowledge of the different classes of minor bodies have been largely increased.
The asteroid main belt, with a distance of ~(2.1-3.3) AU from the Sun, still contains most known
asteroid classed objects. However, there are several other classes and subclasses of minor bodies
to be found in the solar system. The asteroids in the inner solar system (inside the orbit of Mars)
can from a dynamical standpoint be divided in several ways (see Paper IV). Several distinct
groups of asteroids can be found near the inner edge of the main belt (the Hungarias) or near the
outer edge (the Cybeles and the Hildas). The known number of trojans, asteroids in 1:1 mean
motion resonance with Jupiter, is also fast increasing. The number of such objects may be very
large indeed, although since they are about twice as far away as the average main belt asteroid
they are more difficult to detect. Beyond Saturn another group of minor bodies, the first
discovered being 2060 Chiron, can be found. This group, often called the centaurs, may be of a
cometary origin or at least being related to the comets. Beyond Neptune a large number of asteroid
sized objects have been found, seemingly constituting the inner edge of the so called Edgeworth-
Kuiper belt. In some respects, Pluto, classified as a major planet, may be seen as the largest of
these bodies. These objects, presumably made primarily of icy material, may be a source of
comets. The dynamical evolution, interchanging between the asteroid classes and subclasses,
relations between certain asteroids and comets and the objects' interactions with the major planets
and each other are complex and are currently the subject of several investigations.

Of course, the asteroids can also be classified using taxonomical criteria based on material
properties rather than dynamical ones.

Despite the large number of asteroids, their total mass is quite low. It is difficult to directly
measure the masses of the single objects, and the mass distribution is still quite uncertain.
However, a total mass of the present main belt objects of ~0.05 % that of the Earth seems
reasonable. Of this mass, 1 Ceres may contain as much as about one half, while 2 Pallas and 4
Vesta together may contain approximately one quarter.
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2. Rotational motions in the solar system

The objects in the Solar System all experience rotational motions. Some are affected by resonance
phenomena involving their rotation period and the revolution around a primary body. This is the
case of Mercury and most natural satellites whose rotational states are known. The rotational
period of Mercury is 2/3 of the revolutional period while the rotational and revolutional periods of
most natural satellites are of equal lengths. Some asteroids, especially in the inner solar system,
may be binary systems (e.g. Pravec and Harris, 2000), which naturally will affect the evolution of
their spin properties. Irregular rotational motions are also known to exist, e.g. that of Hyperion,
one of the moons of Saturn, which is moving in a way that may be described as tumbling or
wobbling (e.g. Wisdom et al., 1984; Black et al., 1995). The same may be true of some asteroids
(Harris, 1994). Usually though, the asteroids have been modelled as dynamically relaxed bodies,
i.e. having stable rotations around the principal axis (the shortest axis of the object). This is not
necessarily the case for some planet crossing or very small objects however, although the internal
dissipative forces of the objects will strive for dynamical relaxation. The rotational properties of
the asteroids are affected by collisions with other objects. For a large asteroid, the impacting
object must also be large to be able to affect the properties in a noticeable way. Since large objects
can be expected to be rare as compared to smaller ones, the time between two spin affecting
collisional events can be expected to be longer the larger the target asteroid. The time of
dynamical relaxation depends on several object properties, including the shape, material density
and spin rate (Burns and Safronov, 1973). In Paper V, I estimated it to be typically ~(1-20) Myr
for small objects. It is not obvious that a majority of the asteroids with radii less than ~1 km is
dynamically relaxed. In the case of most larger objects however, the dynamically relaxed model is
probably satisfactory.

The determinations of asteroid shapes, senses of rotations and pole orientations have been
conducted with increasing reliability over the years, using several methods, most of which are
related to asteroid lightcurves and magnitudes. Methods like infrared polarimetry and radar
observations have also been very important. In some cases, occultation observations have been
possible. One of the traditional problems in determining object shapes from their lightcurves have
been to distinguish between an elongated shape and brighter and darker spots on a more spherical
object. Both the visible and the infrared light from an asteroid is proportional to the cross section
of the body. However, while the visible light of an object is reflected radiation from the Sun and is
proportional to the albedo, A, the infrared light is mostly due to reemissions of earlier absorbed
solar radiation and proportional to (1−A). By a simultanously conducted radiometry of both visual
and infrared light, it may thus be possible to determine both albedo and radius of the object. In
recent years a number of asteroids have also been subjected to fly-bys of spaceprobes, giving
direct evidence of the objects' dynamical and physical properties. However, even though our
knowledge of the rotational properties of the asteroids is increasing, there are still many things
that remain unknown. The asteroids with at least one determination of the spin rate are typically
very large and/or relatively close to the Earth. The number of objects with estimated spin vector
directions is even smaller. Some investigations have been made though (e.g. Magnusson et al.,
1989; Magnusson, 1990; Michalowski,1993; De Angelis, 1995; Erikson, 2000). Of most smaller
objects, very little is known. Other problems are the stability of the rotational properties over time
for the individual objects, the appearance and possible evolution of the spin rate and spin vector
direction distributions and whether there exist statistical differences between certain object classes
or not.
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With one exception, the spin axis directions of the major planets today seem to be comparatively
stable over time, although small regular variations may occur for most of them. The rotational
periods of Mercury and Venus are very long and at least Mercury has been strongly influenced by
tidal forces due to its vicinity to the Sun. These two planets are also almost totally spherical. The
spin properties of the Earth have been strongly influenced by the Moon. This is obviously the case
for the rotational period, since the Moon is still slowing the spin of the Earth by the tidal forces,
but the formation and capture of the satellite must also have influenced the spin vector direction.
Today, the obliquity of the Earth varies between ~22° and ~24.5° with a period of ~40000 yr. The
present obliquity, ~23.44°, is currently slowly diminishing. The Moon may prevent larger chaotic
obliquity variations (e.g. Laskar et al., 1993a). Mars seems to be the only major planet today
diverging from the regular spin vector evolution behaviour. Evidently, the spin axis direction of
this planet undergoes large and chaotic changes. The variations over short time periods (~0.1 Myr)
are approximately ±10° compared to the present value of ~24° (Ward, 1974). Over longer time
periods, the obliquity may change in a chaotic way between ~0° and almost 90° (Laskar and
Robutel, 1993; Touma and Wisdom, 1993). This was also confirmed by examinations made by me
in connection with the present study. The effects on the climate of Mars and the Earth from their
orbital and spin vector variations remains an intriguing subject. This thesis however will
concentrate on the asteroids in the solar system, and their dynamical spin vector evolution.

The present spin vector distribution of the solar system objects may also be used when attempting
to deduce certain conditions during the accretion phase, i.e the early time period when the
planetary system was formed. The planets were obviously formed by colliding and accreting
minor bodies, planetesimals. There are many unresolved questions about this process, the spin of
the main planets could well be determined by the largest and/or latest of the accreting objects. The
asteroid main belt is apparently a region in the solar system where a planet failed to form, due to
disturbing effects from the major planets, especially from Jupiter. The number of main belt
asteroids is obviously much larger than that of the known major planets, and the minor objects are
also in a more primordial state. The spin vector distribution and evolution of the asteroids are thus
of interest not only when the properties of the objects themselves are investigated but may also
give important clues as to the creation and evolution of the solar system.
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3. The collisional evolution

All objects in the solar system have in all probability been subjected to collisions with other
bodies. Indeed, during the accretion phase ~4.5 Gyr ago when the solar system was formed,
collisions between objects were responsible for creating larger bodies from smaller planetesimals.
However, a collision between two equal sized small solar system bodies may yield a totally
different result today than during the accretion phase. Often, the relative velocity between the two
objects is so high that the collision will cause shattering. The collisional result can be expected to
be very varying. The largest objects can be expected to survive all normal impacts more or less
intact and may have survived in approximately the present shapes since an early phase in the solar
system formation. This is probably true for bodies like 1 Ceres and 4 Vesta. Note however that 4
Vesta has a large crater due to a very large impact, which by ejection may have caused the number
of small asteroids of V classed basaltic material which have been observed, even among the near-
Earth asteroids (Thomas et al., 1997). At least 4 Vesta also seems to be stratified with different
material layers (e.g. Ghosh and McSween, Jr., 1998). Many intermediate sized asteroids may have
been gravitationally reassembled after a shattering collision, perhaps as ''rubble piles" (Davis et
al., 1989). For even smaller bodies, the gravitational forces may be too weak to allow the
fragments to reaccumulate. Such bodies may also be ejected fragments from earlier collisions.

The collisional events influencing the spin evolution must of necessity be more common than
asteroid shattering ones. Since small objects are much more numerous than large ones, the average
asteroid is much more likely to suffer a collision with a comparatively small object, that will only
influence the rotational properties, than with a larger object that will destroy the target. Of the
same reason, the larger the target body, the more insensitive the asteroid is to changes in the spin
properties due to collisional events. If the impacting body is much smaller than the target, it is
highly unlikely that it will collide in such a way that it will influence the rotational period or the
direction of the spin vector. It is also probable that possible minor influences from such objects
will even out. Thus, the spin vector evolution of the major planets and the largest asteroids may
today be comparatively insensitive to collisions. Besides the radius, a number of other factors may
influence the importance of the collisions on the spin evolution for the single object. An object
with a faster rotation will be more insensitive than a slowly rotating one. The number of objects
crossing the target orbit is of course important. Compared with a body in a region with a lower
number density of objects, a main belt asteroid may be more likely to collide with another body
during a given time period. Of similar reasons are the average and largest sizes and densities of
the potential impactors of importance. Also important is the material strength and density of the
target object. A high density object, e.g. an iron-rich M asteroid with a density ρ ≈ 8000 kg m−3,
will be less likely to suffer a spin perturbing collision during a certain time than is a stony object
with ρ = (1500-3500) kg m−3.

There is also another kind of event, in a way related to the collisions, that may influence the
orbital and spin properties of an asteroid. An object may, without actually colliding, pass near
another body and be seriously influenced by its gravitational field. Bodies crossing the orbit of a
major planet are naturally more likely to have their orbital and rotational properties changed due
to the large gravitational forces of the planet but even main belt asteroids may pass one another
close enough to influence each other by their weaker gravitational forces.
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4. The dynamical spin vector evolution

Both collisions and near passages are time-restricted events that may influence the asteroids in a
major way over a short time. However, this thesis will concentrate on another class of
perturbations, influences due to distant objects acting over long periods of time. In the solar
system, the objects perturbing the asteroids in this way include the Sun and the major planets,
acting through thermal and gravitational forces. In the main belt, most planetary related
perturbations are due to Jupiter and Saturn, while Jupiter, Saturn and the terrestrial planets are
important for the orbital and rotational evolutions of the inner solar system asteroids.

Contrary to the effects on the spin vector evolution from collisional events, the perturbations due
to the non-thermal dynamical effects are almost independent of the asteroid densities, sizes and
masses. As long as the objects are relatively homogeneous, the obliquity evolution is only
depending on the body shape, spin rate and orbital evolution. Since the time between two
collisions important enough to change the spin properties is increasing with the body radius, these
dynamical effects may be more important when the asteroid radius is increased. The spin vector
perturbations due to the thermal Yarkovsky effect are depending on the object radius and material,
but I found in Paper V that the importance of the studied effects on the examined objects was
minor as compared to the gravitationally related effects.

Generally, the Yarkovsky force is most important for bodies with radii between ~(0.1-100) m (see
also Vokrouhlický 1998a, 1998b; Rubincam 1995, 1998).

The present spin vector distribution seems to be somewhat dominated by prograde rotating
objects. It also seems to be a deficiency of asteroids whose spin vectors are directed parallel to or
close to the ecliptic plane (e.g. Zappalà and Knezević´̀ , 1984; Barucci et al., 1986; Erikson, 2000).
Several explanations have been proposed for this observed anisotropy. It may be due to collisional
effects, be originating directly from the accretion process or be an artifact due to observation
selection effects. There also seems to exist a significant difference in the spin vector distribution
between asteroids with low and high orbital inclinations (Erikson, 2000). It was found in Paper IV
that effects due to the dynamical spin vector evolution may explain at least part of the observed
anisotropy.

There may also be differences in the spin vector distribution between objects with different sizes
and taxonomical types (Erikson, 2000).

There is a wide dispersion of observed asteroid spin rates. For comprehensive reviews, see e.g.
Binzel et al., 1989; Davis et al., 1989; Fulchignoni et al., 1995; Pravec and Harris, 2000. Most
objects with measured rotational properties seem to have periods between 6 h and 30 h. The
average is ~10 h. However, spin periods shorter than 1 h are known to exist (e.g. Ostro et al.,
1999; Pravec et al., 2000). In addition, some objects have very long spin periods, 50 h or more
(e.g. Pravec and Harris, 2000). Some of these may have non-principal axis rotations. Note also
that very short and very long rotational periods are harder to identify observationally than
intermediate ones. There are some reasons to expect very small objects to be faster rotators as
compared to larger asteroids. Very fast spinning objects may also risk rotational disruption when
the gravitational forces and the material strength no longer can balance the equatorial centrifugal
force. Naturally, an asteroid with a very high density, e.g. an iron-rich M asteroid with a density
ρ ≈ 8000 kg/m3, may spin much faster than equal sized objects of expected lower densities, e.g. C
and S asteroids with ρ = (1500-3500) kg/m3, without reaching rotation disruption velocities.
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Compared to intermediate sized asteroids, there may be some observed tendencies for the small
and the large average asteroids to have faster rotations (e.g. Lagerkvist and Claesson, 1996).
Several explanations to this are possible. There may be a higher abundance of gravitationally
reassembled ''rubble piles" among intermediate sized objects than among very small and very
large objects (e.g. Davis et al., 1989). Such objects can not rotate fast without being subjected to
rotational disruption. Smaller objects may be fragments after catastrophic collisions that have
totally or partly shattered the parent body. These fragments may then have carried away much of
the angular momentum of the original bodies. Also, the small bodies have small moments of
inertia. Thus, their angular momenta are more likely to be affected by collisions. However, the
number of very large asteroids is limited and except for near-Earth objects, which dynamically
may differ considerably from main belt asteroids, very little is known about the properties of very
small objects. It is still not clear to what extent the average spin periods are connected with the
taxonomical types of the objects or to the distance from the Sun. There may be some tendencies
for the average S type asteroid to have a faster spin as compared to the average C object, and for
the average M asteroid to be a still faster rotator (e.g. Lagerkvist and Claesson, 1996). The number
of investigated objects is still somewhat limited, but compared to outer belt asteroids, Earth- and
Mars-crossing objects and inner belt asteroids not of C or S classes may be faster rotators.

The axis of each object has a certain inclination relative the orbital plane. The angle between the
normal to the orbital plane and the spin axis can be designated the obliquity (ε). It is often
convenient to use the parameter X = cos ε. Other useful parameters when the spin vector evolution
is investigated are the precession angle in longitude (ψ) and the mean precession frequency (p),
where the precession frequency is (dψ/dt). Ordinarily, the obliquity changes slowly with time as
compared to the orbital motion.

The changes in obliquity can be regular or chaotic. The dynamical spin vector evolution may be
affected by various orbital frequencies. Some of these are due to the major planets. I found in the
study resulting in Paper I that Jupiter and Saturn are the most important planets that may perturb
the spin vector evolution of main belt objects. For the minor bodies in the inner solar system, the
terrestial planets, not surprisingly, are also important influences, something I discovered and
examined in Papers II and III. Other orbital frequencies were due to the individual asteroids
themselves. As I found in Papers I and II, all these frequencies are usually too high to seriously
affect the spin vector evolution of the main belt objects while the opposite is true for the near-
Earth asteroids.
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5. The connection between the orbital and spin vector evolutions

The dynamical spin vector evolution can be connected to the orbital evolution. Several alternative
and equivalent expressions of the spin vector evolution equations are possible. Earlier studies have
concentrated on the major planets, especially Mars and/or the Earth, usually simulating the future
and/or past spin vector evolution of the planet or planets with as genuine initial values as possible.
As for the derivation and earlier applications of the spin vector evolution equations, see e.g. Ward
(1974, 1982), Kinoshita, (1975, 1977), Berger (1976), Reasenberg and King (1979), Laskar,
(1986), Hilton (1991), Ward and Rudy (1991) and Laskar et al., (1993b). Laskar and Robutel
(1993) and Laskar et al., (1993a) studied the situation for eight major planets (i.e. Pluto was
excluded) for all possible initial obliquities and a broad range of spin rates.

The papers on which this thesis is based are the first ones to examine the dynamical obliquity
evolution of different asteroids and asteroid classes for 1 Myr or more. The study of the obliquity
evolution of the asteroids present difficulties not present for the major planets and vice versa.
Compared to the asteroids, the shapes of the major planets are well known. Only a few minor
objects have been observed with a precision approaching that of the major planets. The spin vector
evolution of at least the smaller asteroids is still subjected to changes due to collisions with other
objects. On the other hand, the planets are geologically differentiated while most, but not all,
asteroids probably are homogeneous. Note though that many asteroids may be ''rubble piles" (e.g.
Davis et al., 1989). The major planets are also in general geologically active (e.g. the Earth)
and/or have thick atmospheres (e.g. Jupiter) which may complicate the examinations. The moons
of the planets are complicating the matter further. This is especially the case when the obliquity
evolution of the Earth is examined (e.g. Laskar et al., 1993a). Since the knowledge of the planets,
especially regarding the shapes and present spin vector directions, is so much wider than that of
the asteroids, it is not possible to obtain the same precision in the spin vector evolution integration
for the normal asteroid as it is for a major planet. However, the very fact that collisions may
change the spin vector direction makes an examination of the spin vector evolution for all possible
initial spin parameters the more interesting. During its existence, a single asteroid may have
experienced several sudden collisionally related changes in spin vector direction, followed first by
dynamical relaxation and then by long periods, millions or even billions of years, of dynamically
related changes of the type examined in this thesis.
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The background is more closely described in Paper I, but the most essential relations can be
represented as:

(X,ψ,t) = (α/2) (1−e(t)2)−3/2 X2 + (1−X2)1/2 (A(t)sin ψ + B(t) cos ψ) − 2C(t) X                  (1)

with

A(t) = 2 (q. + p(qp. − pq. )) / (1−p2−q2)1/2 = (dI/dt) cos Ω − (dΩ/dt) sin I sin Ω (2)

B(t) = 2 (p. − q(qp. − pq. )) / (1−p2−q2)1/2 = (dI/dt) sin Ω + (dΩ/dt) sin I cos Ω              (3)

C(t) = (qp. − pq. ) = (dΩ/dt) sin2(I/2)                               (4)

p = sin (I/2) sin (Ω)                                                                                                              (5)
q = sin (I/2) cos (Ω)                                                                                                             (6)

p. = ∂p / ∂t (7)

q. = ∂q / ∂t (8)

(dψ/dt) =  (∂ /∂X)                                                                                                                           (9)
(dX/dt) = −(∂ /∂ψ)                                                                                                                       (10)

(dψ/d) = α(1−e(t)2)−3/2 X − X(1−X2)−1/2 [(A(t)sin ψ + B(t) cos ψ)] − 2 C(t)                                   (11)

(dX/dt) = −(1−X2)1/2 [(A(t)cos ψ − B(t) sin ψ)]                                                                              (12)

and where t is the time, I is the orbital inclination, e is the orbital eccentricity, Ω is the longitude
of the ascending node, ψ is the precession angle in longitude and X = cos ε. The obliquity
parameter (ε) is measuring the tilt of the spin-axis from the normal to the orbital plane. is the
Hamiltonian associated with the spin angular momentum of the object.

Often, the term containing C(t) is small and may be omitted when examining the spin vector
evolution of asteroids, in particular when comparing with the uncertainties in the α-parameter.
However, during the integrations performed, I found that it may be of some importance when the
orbital inclination is very high and especially, as in Paper V, small model dependent differences
are examined.

When X = ±1, (dψ/dt) is undefined. Therefore, when |X| > 0.995, in the numerical integrations I
transformed the system (X,ψ) to the system (u,v) presented in Paper I and defined as:

u = (1 − X2)1/2 cos ψ                                                                    (13a)

v = (1 − X2)1/2 sin ψ                                                                 (13b)

This system in turn cannot be used close to X = 0.
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Laskar and Robutel (1993) and Laskar et al., (1993a) used already developed frequency solutions
in their studies (from Laskar, 1990). However, this was not done in the present study. The Radau
integrator (Everhart, 1985), in Papers I and II, and the SWIFT integrator (Levison and Duncan,
1994), in Papers III and IV, were used to perform the orbital integrations. The values of the orbital
elements at suitable time intervals were used as input in the subsequent spin vector evolution
integrations. In all cases, I integrated the spin vector evolution numerically using computer
software developed by myself. I found during the integrations that the time interval sufficient and
necessary for the spin vector integration of the asteroids was much shorter than for the major
planets, ~(3-12) yr as compared to ~(100-200) yr. In addition to the asteroids, I examined the spin
vector evolution of the major planets (excluding Pluto), confirming the general results obtained by
Laskar and Robutel (1993) and Laskar et al., (1993a) using other integration methods.

Since only artificial objects were studied in Paper V and the orbital evolution there depended on
the spin vector evolution, I integrated both the orbital and spin vector evolutions of these objects
using computer software created by myself.

The first representation of eqs. (2), (3) and (4), i.e. the one based on p and q, is the one used e.g.
by Laskar and Robutel (1993) and Laskar et al., (1993a), the other version, based directly on the
orbital elements, is the result of a transformation from the first representation performed during
the present study. I found during the integrations that the same results were obtained regardless of
the version used, barring of course minor numerical differences due to rounding. Note though that
the spin vector evolution of many planet crossing asteroids is subjected to chaos and that very
small differences in the initial spin axis direction may cause entirely different outcomes after a
given time. This is the case even when the chaos in the orbital evolution is disregarded. All this
was discovered by me and is discussed in Paper II. However, the sizes and locations of the zones
of initial X within which the spin vector evolution is chaotic will remain the same.

In Paper III, I found that there were connections between certain orbital classes among the planet
crossers and the sizes and natures of the frequency related zones of initial X.

The precession parameter α is described by:

                                             3GMγ         3πγ Pspin
 α  = _______ =  _________                                                                       (14)

                                             2νa3 P2
orb

where G is the gravitational constant, M is the solar mass, ν is the angular spin velocity, a is the
semi-major axis of the orbit, γ is the dynamical ellipticity (a parameter that describes the shape
and internal mass distribution of the object), Pspin is the spin period and Porb is the orbital period.
The version of eq. (14) used in this thesis differs somewhat from the one used e.g. by Laskar and
Robutel (1993). First of all, the definition of γ is different. In earlier studies, e.g. Laskar and
Robutel (1993) and Laskar et al. (1993a), the spin vector evolution of the major planets were
examined, and usually spheroidal shapes were assumed. This assumption is quite legitimate for
the planets but is not suitable for the asteroids. Instead, another model was used.
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When the spin frequency is much higher than the precession frequency, which is the case for all
asteroids considered here, and the body can be approximated as a homogeneous ellipsoidal object
with semi-axes a, b and c, c ≤ b ≤ a, in stable rotation around the principal axis, i.e. the c-axis, the
following relations are obtained (see also Paper I):

C − (A + B) / 2 1      c2    
 γ  = _____________ = __ − _______                                                        (15)

C 2 a2 + b2

A = (b2 + c2) m / 5                                                                                                                         (16a)
B = (c2 + a2) m / 5                                                                                                                         (16b)
C = (a2 + b2) m / 5                                                                                                                        (16c)

where A, B and C are the three principal moments of inertia, A ≤ B ≤ C, and m is the asteroid mass.
Obviously, C is measured along the principal axis.

In e.g. Laskar and Robutel (1993) α is designated ''the precession constant". During this study I
found that the variations in α were small enough to treat it as a constant for the major planets and
most main belt objects. However, as pointed out in Paper II, this is inappropriate for many
asteroids, especially the planet crossing ones. Often, the semi-major axis of the orbit (a) changes
considerably over time and α may experience large variations, even assuming that the shape and
spin rate of the object is constant. Thus, α is usually treated as a variable in the present thesis.

The second representation of eq. (14), i.e. the one involving Pspin and Porb, is a direct
transformation of the first representation (see also Paper I).

Often, the spin vector coordinates of an asteroid are measured in the ecliptic system, using the
parameters β, the ecliptic latitude, and λ, the ecliptic longitude.
In Paper I, these parameters were transformed into the orbital (X,ψ)-system:

X = sin β cos I −  cos β sin λ sin I                                   (17)

                                              tan β sin I
tan (ψ + Ω) = tan λ cos I  +  _________                                                                           (18)
                                                  cos λ

where I is the inclination and Ω is the longitude of the ascending node of the orbit. In Paper IV, I
denoted the action parameter in the ecliptic system corresponding to X in the (X,ψ)-system Y,
where Y = sin β. When integrating the spin vector evolution of the objects examined in Paper IV, I
found that the variations in Y for the individual object were qualitatively similar but approximately
half as large as corresponding variations in X (see Paper IV and the discussion below).

The semi-major axis of the orbit (a) is well determined for all numbered main belt asteroids. For
most main belt objects, the time related variations in semi-major axis are very small and not
subjected to large scale chaos, the exceptions are often close to secular or mean-motion
resonances. Planet-crossing asteroids may experience large variations in a. Reliable information of
the rotation rates is available for a large number of main belt asteroids. The uncertainties in
determining a realistic value of the precession parameter α lie primarily in determining the
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dynamical ellipticity (γ). As compared to the major planets, the asteroids can be expected to
diverge from the perfect spherical form to a much higher degree. Generally, the largest asteroids
are also the most spherical known. The smallest asteroids known, many of which are Earth- and/or
Mars-crossers, are generally thought to be very elongated and/or irregularily shaped.
Comparatively good approximations of the object shape can be found by modelling an ellipsoidal
shape to various types of observations (see Magnusson et al., 1989). Note that, using this model,
according to eq. (15), 0 ≤ γ ≤ 0.5. Very little is known about the internal structures and mass
distributions of the asteroids. Often, the objects have been assumed to be homogeneous. On the
other hand, at least some large asteroids (e.g. 4 Vesta) are expected to be structured with different
compositional layers after an early thermal differentiation (e.g. Ghosh and McSween, Jr., 1998).
In addition, propositions have been made that certain objects may be loosely assembled ''rubble
piles" (e.g. Davis et al., 1989), especially in the case of medium sized and small objects, i.e. those
with diameters below 150 km. The compositional structures can obviously influence the moments
of inertia associated with the objects. The estimated densities of the three largest main belt
asteroids, 1 Ceres, 2 Pallas and 4 Vesta, are between (2000-3000) kg m−3 (e.g. Millis and Dunham
1989). This is compatible with the densities of the surface materials of the objects and seems to
exclude cavity dominated structures on them.

Thus, when determining α, the shape and internal composition of the objects are the least known
factors. Assuming homogeneity, an oblong or highly flattened form tends to increase α while a
more spherical shape decreases it. The influences of inhomogeneities are naturally more complex.
The mass density of a structured body in the main belt can be expected to be higher closer to the
center, maybe even with a small iron-containing core present in some cases. This central layer is
probably more spherical than the outer layers, due to gravitational forces. Thus, for such objects,
α will be slightly lower than what can be deduced from the asteroid shapes alone. Also, having
otherwise identical properties, a slowly rotating asteroid, i.e. an object with a smaller spin
velocity, will experience a higher α-value than a fast rotating one. The rotational states of the
large asteroids seem to be stable and the homogeneous model is probably satisfactory in most
cases when the moments of inertia are determined for these objects.

By studying the present distribution of spin vector directions, it may be possible to find clues as to
the original distribution and thereby to say something about the conditions during the accretion
phase of the solar system and the subsequent collisional evolution. Large changes in obliquity
over time, especially fast occuring chaotic ones, would strongly limit the possibilities of
determining the effects from other forces on the spin vector distribution of asteroids or the specific
spin vector evolution history for the single objects. However, the dynamical spin vector evolution
of main belt asteroids seems to be dominated by regular forces with chaos usually playing a small
or even insignificant role (Papers I and IV; Figs. 1 and 2). For most main belt objects with known
shapes and spin periods, I found that the α-value is less than 35" yr−1, while their frequency
spectra are dominated by power at higher frequencies.

Naturally, e.g. a slow rotator with an elongated shape in the inner part of the main belt may have
an α-value large enough to display frequency related phenomena in the spin vector evolution. I
found that the objects in the inner solar system usually are strongly affected by chaos or other
frequency related phenomena, not only in their orbital evolutions but in their spin vector
evolutions as well (Papers II and III; Fig. 3). Furthermore, I found in Paper III that the spin vector
evolution of these planet crossing objects often is chaotic even when the orbital evolution can be
regarded as fixed.
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The frequency spectra of the objects in Papers I, II and III were obtained by using a Fast Fourier
Transform (FFT). In order to test the accuracy of this, I also used a modified Fourier transform,
much like the one found in Laskar (1990) but without the Hanning filter, on the central frequency
intervals of a number of the objects. I found that the relations between the power at different
frequencies were similar regardless of the Fourier transform used and that the large-scale
structures that are connected to the frequency related zones of initial X were the same. Naturally,
to determine the main frequencies of the spectra with a high precision, a more thorough, but
slower, Fourier transform than the FFT must be used. However, the orbital evolutions of many
asteroids, especially planet crossing ones, are subjected to chaos and an exact determination of the
frequencies in the spectra is thus very difficult.
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Figure 1
The X-values attained for the main belt object 9 Metis during the time period [0,1] Myr. Initial α
= 21"/yr, initial X = 0.22, initial ψ = 292º.

Figure 2
The mean precession frequency p and the maximum and minimum X-values attained for the main
belt object 9 Metis during the time period [0,1] Myr for 65 equidistant values of initial X in the
full range [–1,+1]. Initial α = 21"/yr, initial ψ = 292º. No significant frequency related
phenomena can be found.
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6. Resonances

Resonance related phenomena are very important for the orbital and spin vector evolutions of
many asteroids, especially inner solar system objects.

Both in the inner solar system and in the asteroid main belt, there are several mean motion
resonances involving a major planet and an asteroid, such that the asteroid in a p:q resonance
orbits the Sun p times while the major planet orbits q times. The planet and the asteroid are said to
be commensurable. The perturbations from the planet on the resonance affected asteroid are
repeated in a periodic way. This may cause large changes, usually increases, in certain orbital
elements. The most important mean motion resonances in the asteroid main belt involves Jupiter
(e.g. Froeschlé and Greenberg, 1989). The behaviour of mean motion resonance affected objects
have been the subject of several studies (e.g. Morbidelli et al., 1994; Morbidelli and Moons, 1995;
Gladman et al., 1997).

There is also another important class of resonances. When certain orbital frequencies involving
two or more bodies are related, a secular resonance occurs. Secular resonances, usually involving
Jupiter and Saturn, are often responsible for eccentricity increasing effects for certain main belt
objects and are also important factors in determining the zones of chaotic orbital evolutions in
mean motion commensurabilities (e.g. Froeschlé and Morbidelli, 1994). The most important
secular resonances in the asteroid main belt are the ν5, ν6 and ν16 resonances (e.g. Morbidelli and
Moons, 1993).

Resonances that are likely to destabilize the orbits of the objects injected into them are generally
very different from one another and the likely future dynamical evolution of the asteroids may be
very varying. A very probable ultimate fate for objects injected into several of the main belt mean
motion resonances is a collision with the Sun (e.g. Farinella et al., 1994, Gladman et al., 1997).
Note also that Jupiter-crossers are likely to be ejected from the solar system on a time-scale of 1
Myr (e.g. Greenberg and Nolan, 1989). Collisions with the major planets or their moons are of
course also possible for the resonance affected objects.

The spin vector evolution of an asteroid in an orbital resonance will be influenced indirectly by
the resonance affecting the orbital evolution. However, resonance phenomena may also affect the
spin vector evolution more directly.

Together with the time evolution of the orbital eccentricity, the time-dependent complex function
A(t) + iB(t) encapsulates the influence of the orbital orientation changes on the spin vector
evolution (Laskar, 1990; Laskar and Robutel, 1993; and Laskar et al., 1993a). By conducting a
Fourier transformation of this function, it is possible to study and identify certain frequency
related phenomena in the spin vector evolution.

For expressions of A(t) and B(t), see eqs. (2) and (3) above.

Except when the orbital eccentricity is very high, resonances occur when a frequency is
approximately equal to (−αX). Thus, the interesting frequency range when the spin vector
evolution is examined is [−α, +α]. In case of resonance with a well defined isolated frequency, the
mean precession frequency obtained during a longer time period will be approximately equal to
the negative value of the resonance frequency in the whole interval of resonance influenced initial
X. The variations in X will be larger than in a non-frequency affected zone, but regular. When the
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frequency situation is more complex, e.g. when there is a large number of close or overlapping
resonance frequencies, the precession and obliquity evolutions will show irregularities and be
subjected to chaos.

In all resonance frequency influenced zones of initial X, the maximum and minimum X-values
obtained during a longer time period will tend to be approximately constant regardless of initial X,
see also Papers I, II, III and Fig. 3.

In Papers II and III, I found that the probability was high for the spin vector evolution of most
near-Earth asteroids to being subjected to various resonance related phenomena. However,
according to the studies and integrations I performed in connection with Papers I and IV, the
obliquity and precession evolutions of most main belt objects seem to be regular and not affected
by resonance frequencies.
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Figure 3
The mean precession frequency p and the maximum and minimum X-values attained for the Earth-
and Mars-crossing object 3200 Phaeton during the time period [0,1] Myr for 65 equidistant
values of initial X in the full range [–1,+1]. Initial α = 176"/yr, initial ψ = 0º. The initial orbital
eccentricity is 0.89. A zone where the spin vector direction changes in a chaotic way can be seen,
centred around X = 0. Note also that the high orbital eccentricity of this object will significantly
affect the size of p.
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7. Asteroids and comets

A large percentage of the inner solar system asteroids may be extinct or dormant comets. The
physical and/or orbital properties of a number of near-Earth asteroids are reminiscent of short
periodic comets. Two of the best candidates are 3200 Phaeton, which is associated with the very
strong Geminid meteor stream, and the object formerly known as 1979 VA, which have been
found to be identical with the comet Wilson-Harrington 1949 III and duely named 4015 Wilson-
Harrington (e.g. Weissman et al., 1989; Festou et al., 1993).

A slow rotation of the object may be a sign of a cometary background, since a gasous outflow may
have slowed down the spin. In addition, compared to asteroids, comets may have lower densities
and internal strengths, and a rapid rotation would thus break up the fragile comet nucleus. Many
near-Earth asteroids with a main belt background can be expected to be fragments after collisional
events in the main belt. They may also later have been subjected to spin period influencing
collisions. However, the rotation rate distribution of the near-Earth asteroids seems to be bimodal
(e.g McFadden et al., 1989), indicating that the population is not collisionally evolved. In Paper
III, I found that the obliquity variations of the inner solar system asteroids often are very large and
fast occuring and in addition in many cases subjected to chaos. Thus, any attempt to distinguish
between objects with a main belt background and former comets by studying the direction of the
spin axes would be very difficult or even impossible.
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Introduction to the papers

In Paper I it was found that the spin vector evolution of the studied main belt asteroids was regular
and that the variations generally were comparatively small. It was also discovered that there were
tendencies for these regular variations to increase with increasing orbital inclination, something
that was examined in Paper IV, where it was found that this may explain some differences in the
spin vector distribution between high and low inclination objects not explainable by the collisional
factors or by an anisotropy originating from the accretion phase.

In Paper II, the integrations of the spin vector evolution of near-Earth objects revealed that these
were highly likely to experience large frequency related, often chaotic, variations in their
obliquities. In Paper III, a larger study showed that there were differences in the spin vector
evolution between various classes of near-Earth asteroids. I discovered that there was a connection
between the orbital evolution class of the object and the size and/or nature of the most important
frequency affected zone of initial X. I also found that a previously prograde rotating object due to
the studied effects often could turn into a retrograde rotating one or vice versa. However, in a
statististical study I found no evolutionary tendencies toward a more prograde or retrograde spin
distribution, although some spin vector directions seemed more probable than other ones.
Generally, highly retrograde and prograde spin vectors were more common than slightly prograde
and retrograde ones. These tendencies are in all probability due to the inclination related effects
suspected from the results in Paper I and examined closely in Paper IV. Note that since the
absolute value of (dX/dt) is smaller when the absolute X is large, a high inclination object with its
large obliquity variations will statistically spend proportionally more time with high than with low
absolute X.

In addition to the gravitational forces, the obliquity evolution may also be influenced by thermal
effects. However, when the effects from the Yarkovsky force were examined (Paper V), the
studied thermal influences on the objects were found to be comparatively small. For all objects
larger than 50 m, the effects on the amplitude of the obliquity variations were negligible for a time
longer than the expected time between two obliquity changing collisional events. For objects with
radii larger than ~10 km, the studied thermal effects could be neglected for time periods in order
of the present age of the solar system.

From the results presented in the Papers, I was able to draw some general conclusions.

The spin vector evolution of main belt objects:

1. The main belt asteroids usually have no or very small obliquity zones within which the spin
vector direction experiences frequency related changes.

2. These zones, if present, are usually regular.

3.  In the frequency spectra, the s6-frequency at −26.3" yr−1 is often the strongest feature in the
whole range [−35, +35]" yr−1.

4. For main belt asteroids with known shapes and spin rates, the normal α-value is typically (10-
20)" yr−1. Only a few objects have α-values larger than 35" yr−1.
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5. The regular, non-frequency related, spin vector variations increase approximately in a linear
way when the orbital inclination is increased.

6. The size of the orbital inclination is the most important factor for the size of these variations,
while the object shape, spin period and the behaviour of the other orbital elements are of less
importance as long as frequency related phenomena can be neglected.

7. The inclination related effects may explain certain features in the spin vector distribution of the
main belt objects. In particular, the apparent deficiency of high inclination objects with  spin axes
parallel or close to the ecliptic plane may be explained.

The spin vector evolution of Near-Earth Objects:

1. The asteroids in the inner solar system usually display large obliquity zones within which the
spin vector directions experience large frequency related changes.

2. These changes are usually regular for the Mars-crossers and chaotic for the Earth-Mars-crossers
and the Earth-crossers.

3. The high-eccentricity objects, e.g. the sun grazers, often experience chaotic obliquity changes
between 0° and 180° regardless of initial obliquity.

4. The asteroids in the inner solar system may often temporarily or permanently change from an
initial prograde rotation to a retrograde one or vice versa due to the dynamical forces.

Paper I

In this paper, the spin vector evolution of ten asteroids was studied. The objects were selected
primarily for their well known spin properties. The study includes the four largest main belt
asteroids known, 1 Ceres, 2 Pallas, 4 Vesta and 10 Hygiea. In addition to nine main belt asteroids,
one of the largest trojans, 624 Hektor, was included. I found during the integrations that the spin
vector evolution generally was regular regardless of initial spin vector direction. None of these
objects displayed any large zones of chaotic obliquity variations, although some had small zones
associated with isolated frequencies of the secular system, resulting in somewhat larger regular
obliquity variations. There was a tendency for the regular, non-frequency related, changes in
obliquity to be larger when the orbital inclination was higher. This was most apparent for 2 Pallas.
This object, with a present orbital inclination of 34.8° and an inclination varying between ~26.5°
and ~38.7° during the time period examined, had very large non-frequency related obliquity
variations. In contrast, these variations were very small for the low-inclination object 16 Psyche
and it seemed reasonable to suspect a connection between the size of the regular changes in
obliquity and the orbital inclination. These effects were later studied in Paper IV.

Some fundamental frequencies from the planetary secular system (e.g. Laskar, 1988, 1990) were
identified in the Fourier spectra of A(t) + iB(t) of the studied asteroids, the most important of these



21

being s5, s6 and s7. Of the three frequencies, the s6-frequency at −26.3" yr−1 was generally by far the
strongest for the single object, and also often the strongest frequency in the whole range [−35,
+35]" yr−1.

However, the spectra of the main belt asteroids were found to be dominated by power at higher
frequencies, typically in the range [−100, −35]" yr−1. Generally, for main belt asteroids, the
dominating power was found in higher frequency intervals the larger the semi-major axis of the
object's orbit. This was true for both the objects studied in this paper and for the main belt objects
studied in Paper IV. The trojan 624 Hektor is different in this respect, with more power at lower
frequencies and a main frequency of approximately −13" yr−1. Using eqs. (14) and (15) above, I
found that most main belt asteroids with known shapes and rotational periods have α-values
smaller than 35" yr−1. For eight of the nine main belt objects studied in Paper I, α could be found
in the range [1.9, 23]" yr−1, the normal value was ~10" yr−1. The exception, the comparatively
slow rotator 10 Hygiea, had an α-value of 39" yr−1 and a small zone with larger frequency related
regular obliquity variations connected with the s6-frequency. Since the trojan objects are almost
twice as far from the Sun as is the typical main belt asteroid, their solar torques are considerably
smaller, something that will diminish α. The trojan 624 Hektor had an α-value of 4.8" yr−1, and
was not subjected to any strong frequency influences for any initial X.

Paper II

For a number of reasons, e.g. orbital chaos, expected elongated shapes and larger solar torques,
compared to main belt asteroids, the spin vector evolutions of the near-Earth objects are more
likely to be subjected to frequency related phenomena.

I intentionally chose the nine objects in this study to have a wide spread in orbital elements among
them. In addition, an object where the spin properties are better known was more likely to be
chosen than an object with unknown spin properties. The study includes one of the largest Mars
crossers, 433 Eros, and the first discovered Earth-crossing asteroid, 1862 Apollo.

An object, presently only Mars-crossing, can in many cases due to the dynamical evolution turn
into an Earth-crosser. The opposite is also possible. Maybe 1915 Quetzalcoatl is the most drastic
example among the nine. This asteroid is presently not an Earth-crosser, but was found to collide
with the Sun within the time period examined (1 Myr) for the orbital evolution used, which
naturally, due to orbital chaos, only is a  possible evolution.

The semi-major axis of the orbit, a, experienced large changes during the time period for all the
objects examined. Since inner solar system asteroids are much more prone to be subjected to
resonance phenomena and near passages with the major planets than are main belt objects, this
was not surprising. However, this makes it necessary to treat the precession parameter α as a
variable and also complicates any frequency analysis. In addition, the orbital eccentricity is often
very high for the inner solar system objects and will influence the obliquity and precession
frequency evolutions significantly. Due to the vicinity to the Sun, the objects are subjected to
large solar torques which in combination with elongated shapes tend to cause very large α-values.
Thus, α-values larger than 100" yr−1 are not uncommon and none of the objects had an initial α-
value smaller than 33" yr−1. In the case of 1685 Toro, α is as large as ~400" yr−1. The time-related
variations in α were also very large for several of the asteroids. Compared to the main belt objects
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in Paper I, I found that the nine inner solar system asteroids generally display much more power
over large frequency intervals, even though the main frequency of the objects, with 1627 Ivar as
the only exception, can be found in the interval [−70, −20]" yr−1.

All the nine objects displayed large zones of frequency related obliquity changes. Often, the spin
vector evolution was frequency affected regardless of initial spin vector direction. The sizes and
natures of these zones differed considerably between the asteroids. All objects displayed zones in
initial X with a chaotic obliquity evolution. However, four of the nine asteroids also displayed
zones with a frequency related regular obliquity evolution with large but non-chaotic obliquity
variations. I also repeated the integrations with a set of initial X-values shifted 0.00001 from the
first set and confirmed the natures of the frequency related zones.

Paper III

I found in Paper II that inner solar system asteroids were likely to display frequency related zones
for large intervals of initial obliquities. However, the natures and sizes of these zones were
different for the various objects and there were indications of relations between these properties
and different subclasses of near-Earth asteroids. In order to examine this, I selected 30 inner solar
system asteroids. Since the orbital evolutions of the objects are subjected to chaos, ten orbital
evolutions with small differences between the initial parameters were examined for each of the
objects.

The minor bodies in the inner solar system may be classified with considerations taken to the
dynamical evolution. The classification criteria are discussed more closely in Paper III, but
regarding the spin vector evolution I found that they fall into three main categories.

I: The Mars-crossers (MC-objects). These asteroids cross the orbit of Mars but not that of the
Earth. I found that the main frequency related zones were large, but non-chaotic. However, there
were often smaller chaotic zones present for these objects, usually between the large regular
frequency related zone and the surrounding regular non-frequency related areas. Often, the regular
frequency related zone was centred around X = 0, i.e. the zone included both prograde and
retrograde rotational states.

II: This group consists mainly of EM-objects, i.e. of asteroids that cross the orbits of both Mars
and the Earth. Those that only cross the orbit of the Earth and not that of Mars (E-objects) can
probably also be included in this group. The frequency related zones were usually large and
chaotic, but not encompassing all possible initial obliquities. As for the MC-objects, the main
frequency related zone was often centred around X = 0. Note that some EM-objects had small
regular frequency related zones in addition to the larger non-regular ones.

III: The asteroids in the third group, consisting primarily of Cometary Ejections Sun grazers
(CES-objects), have generally very eccentric comet-like orbits and are often colliding with the
Sun or are ejected from the inner solar system during the time period examined (1 Myr). I found
that these objects had very large chaotic frequency related zones, often with the obliquity
changing chaotically between 0° and 180° over short time periods regardless of initial obliquity.
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Some objects can not be properly classified in one of the orbital categories due to chaos leading to
ambiguous orbital evolutions, e.g. for some orbital integrations the object may be a pure Mars-
crosser, for other ones an EM-object. This was reflected in the spin vector evolution.

The frequency analysis of the objects in Paper III showed similar tendencies as in Paper II. There
was a large variation of initial α-values between the asteroids, ranging from 4.4" yr−1 for the CES-
object 3552 Don Quixote to 3049" yr−1 for the Earth-crosser 2100 Ra-Shalom. For most objects,
the main frequencies found were in the range [−60, −20]" yr−1, which is the same condition found
for the inner solar system objects in Paper II. Also, as for those objects, the power spectra often
contained much power at high frequencies. This is most prominent for the CES-asteroids, where
the main frequencies often were found in very high frequency intervals.

A statistical investigation I performed showed no significant drift over the time period towards a
more prograde or retrograde spin vector distribution. However, there were clear tendencies for
some spin vector directions to be more probable than other ones. In particular, it seemed that
highly retrograde spin vectors, −1 < X < −0.85, were more probable than slightly retrograde ones.
On the prograde side, it seemed to be a somewhat higher probability of spin vector directions
between X = 0.85 and X = 0.9 than would be the case for a totally uniform distribution. This
anisotropy may be explained by the effects investigated in Paper IV (see also the discussion
below).

Paper IV

In Paper I, the results indicated a connection between the size of the orbital inclination and the
size of the non-frequency related regular obliquity variations, which seemed to increase with the
inclination. In order to examine this further, 25 main belt asteroids with a wide spread in orbital
inclinations were selected and subsequently studied. In addition, based on these objects, I created
125 objects with artificial orbital inclination evolutions. In connection with this study I also
integrated the spin vector evolution for a number of objects with constant orbital inclinations and
objects subjected to artificially induced perturbations. Thus, it was also possible to examine the
effects for artificial objects that only differed in the orbital inclination.

It was found that the size of the orbital inclination is the major factor for the magnitude of the
dynamically induced non-frequency related spin vector changes and also that these variations
generally are larger for asteroids with their initial spin vectors located close to the orbital plane.
The difference between maximum and minimum obliquity obtained during a certain time (∆X)
was found to increase approximately linearly with increasing orbital inclination, both in the orbital
and in the ecliptical system. The relative increase in ∆X with increasing orbital inclination is also
larger close to an initial X = 0 than near X = ±1. For each object, the size of ∆X (i.e. using the
orbital system) was approximately twice as large as corresponding ∆Y (i.e. using the ecliptical
system).

During the integrations, I found that the size of the non-frequency related obliquity variations
were comparatively insensitive to differences in asteroid shape, composition and rotation rate.
Thus, when the size of the obliquity variations are determined, the uncertainties in α are of minor
importance, as is the size of this parameter as long as α is small enough to exclude possible
influences from resonance frequencies on the spin vector evolution.
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The result was finally compared with the properties of the known spin vector distribution of 73
main belt asteroids. The spin vector distribution of the main belt asteroids depends on several
factors in their collisional as well as in their dynamical evolution. There are some features in the
present distribution that are hard to explain by collisional factors. This is especially the case for an
apparent difference in the spin vector distribution between objects with high and low orbital
inclinations. There seems to be a deficiency of high-inclination objects whose spin vectors are
close to the ecliptic plane (Erikson, 1999, 2000). The orbital inclination related difference in spin
vector evolution found in Paper IV may account, at least partly, for the observed differences.

Paper V

The dynamics of the objects in the solar system are also affected by non-gravitational forces,
primarily of a thermal nature. For asteroid sized objects, the Yarkovsky effect is probably the most
important of these forces. For a more detailed background than given in this summary, see e.g.
Vokrouhlický (1998a, 1998b), Rubincam (1995, 1998), Farinella et al., (1998), Bottke et al.
(2000), Paper V and the references given in these papers.

The Yarkovsky force is essentially a recoil force due to thermally reemitted radiation from object
regions of different temperatures. For a normal asteroid, this effect can be considered to have a
seasonal part related to the revolution around the Sun and a diurnal part related to the rotation of
the object. Depending on the shape, size, rotational, orbital and thermal properties one of the
variants may be dominating over the other, regarding the effects on the orbital evolution of the
single object (e.g. Farinella et al., 1998). The Yarkovsky force may also be important for the
transport of material into orbits subjected to resonance phenomena (e.g. Vokrouhlický and
Farinella 1998; Bottke et al. 2000). Even though both variants of the force seem to be important
for the orbital evolution mainly for objects where the radius is in the range (0.1-100) m, the
influences on the spin vector evolution may be of interest also for larger bodies. The Yarkovsky-
O'Keefe-Radzievskii-Paddack (YORP) effect may be important for the spin rate and spin axis
evolutions of some assymetrically shaped bodies. However, spherical and spheroidal asteroids or
triaxial ellipsoids will not be affected by the YORP effect (Rubincam, 2000). In Paper V, I
investigated the role of another Yarkovsky force related effect on the spin vector evolution. The
Yarkovsky force will perturb the orbital evolution and thereby also affect the spin axis evolution. I
studied the effects on the spin vector evolution with the Yarkovsky force as the only perturbing
force and also by combining the effects from this force with the effects due to an induced
periodical perturbation of the orbital elements.

I found in Paper V that the effects from gravitationally induced perturbations seem to be
dominating over the Yarkovsky force for all the studied objects, i.e. spherical bodies with radii (R)
larger than 50 m. Note that very little is actually known observationally about subkilometer sized
asteroids, especially regarding their normal rotational states. The spin properties of objects in
these size classes can also be expected to be influenced by collisional events on shorter time scales
than is the case for larger asteroids. Keeping all other parameters constant, the Yarkovsky force
related effects on the orbital and spin vector evolutions of bodies with R > 50 m were halved when
the object radius was doubled. For larger objects, with R > 1 km, I found that the influences on the
spin vector evolution from Yarkovsky forces were negligible over long time intervals, 0.1 Gyr or
more. For an object with R > ~10 km, the Yarkovsky related effects on the spin vector evolution
may be neglected for time periods in the order of the present age of the solar system, ~(4.5-4.6)
Gyr.
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The diurnal effects on the spin vector evolution seemed to be more important than the seasonal
ones for regolith covered objects while the opposite was true for the bare ones. Similar relations
are true for the effects on certain orbital elements (e.g. Farinella et al., 1998). During a certain
time period, assuming equal sized bodies, the influences from the seasonal Yarkovsky force on the
spin vector evolution of bare basaltic bodies are about 2-3 times as large as those on bare iron-rich
ones while the effects are much smaller for regolith covered objects. The expected time, trot,
before the spin axis direction is changed by a collision is about half as long for a basaltic object as
for an equal sized iron-rich one. Thus, regarding the spin vector evolution, the seasonal
Yarkovsky force may be of about the same importance for both stony and iron-rich bare bodies.

The semi-major axis of the orbit is also affecting the results. Moving the object closer to the Sun
will increase the importance of the Yarkovsky force. In Paper V, I concentrated on objects where
initial a = 3 AU. However, I also repeated the numerical integrations for an initial a = 2 AU. I
found that the effects on the spin vector evolution were increased, depending on the physical,
thermal and orbital parameters, by a factor ~(1-3.5).
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Future work

Larger studies, containing more asteroids studied for a longer time period are naturally possible to
conduct in the future. An integrated spin vector evolution model for the asteroids, including both
collisional and dynamical factors, should also be possible in the future. With increasing
knowledge of the asteroid shapes, inner structures and present spin vector directions, the input
parameters used in the spin vector evolution integrations will be better. This is especially
interesting in the case of the inner solar system asteroids with their complicated frequency
affected spin axis evolutions. It may also be possible to determine the genuine spin vector
evolution of an ever increasing number of individual asteroids. Note also that the model used here,
treating the asteroids as homogeneous ellipsoids, is only a simplification, real objects can be
expected to have more or less irregular shapes and/or contain material inhomogeneities. However,
the largest uncertainties in all the parameters are connected with the precession parameter α, and
while the sizes and to some extent locations of the frequency related zones often may be affected
by this parameter will the nature of the zones, i.e. if they are regular or chaotic, not be influenced.

In Paper III, some spin vector directions seemed more probable over time than others. The same
tendencies could be seen in a much smaller, unpublished, study I performed on main belt objects.
This may be explained by the orbital inclination related effects presented and discussed in Paper
IV, i.e. high inclination objects will statistically spend comparatively more time with high than
with low absolute X. Further studies are needed in order to establish a more detailed relation
between the probabilities of different spin axis directions, possible changes in this distribution
over time and the differences in the distribution between the various asteroid classes and
subclasses.

The model used in Paper V for the Yarkovsky effect assumed circular orbits and spherical object
shapes. Studies of the thermal effects on the spin axis evolution of artificial and real non-spherical
and high-eccentricity asteroids are also possible to perform. However, the spin vector evolution of
highly eccentric planet-crossing asteroids, e.g. the CES objects, often seems to be chaotic
regardless of initial spin vector direction due to gravitationally related effects. Over very long time
periods, the YORP effect may also affect the spin vector evolution of certain objects, at least some
very small and irregularily shaped, but the importance of this force is strongly dependent on the
object shape which today is insufficiently known for most real asteroids.

In addition to the Yarkovsky effect, another thermal force, the Poynting-Robertson force, may
also be a contributing factor on the dynamical evolution of the asteroids. This effect reduces the
orbit's total energy, which tends to reduce the orbital eccentricity. However, it is most effective on
objects that are roughly centimeter sized.

Recently, a number of planets have been discovered around other stars. Following an investigation
of the orbital evolution of objects in a system containing a number of planets, it may be possible to
determine their spin vector evolution.

This thesis has focused on asteroids. In principle it should also be possible to investigate the spin
vector evolution of comets. However, active comets are subjected to strong non-gravitational
forces that may influence both the orbital and spin properties in a very complicated way. Note also
that some inner solar system asteroids may be extinct or dormant comets.
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Errata

In Paper I:

Eq. (9) should read:

                                              tan β sin i
tan (ψ + Ω) = tan λ cos i  +  _________

                                                 cos λ
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Glossary

Albedo
The part of the light that is reflected from an object. Perfect reflectance corresponds to an albedo
of 1. A totally dark object, reflecting no part of the incoming light, will have an albedo of 0. There
are different kinds of albedos, all depending on which geometry is used. Generally, the albedo is
also dependent on the various light wavelengths.

Aphelion
Aphelion is the point in the orbit where an orbiting object is farthest from the Sun.

Astronomical unit, AU
The mean distance between the Sun and the Earth is 1 AU.

Eccentricity
A circular orbit has eccentricity 0. When the ellipticity of the orbit is increased, the eccentricity is
also increased. When the eccentricity is 1, the orbit becomes parabolic. When the eccentricity is
larger than 1, the orbit is hyperbolic and the object is no longer gravitationally bound to the
primary.

Ecliptic plane
The plane containing the orbit of the Earth.

Inclination
The orbital inclination describes the angle between the ecliptic and the orbital plane of the
individual object. The inclination is between 0° and 180°. When the inclination is smaller than
90°, the orbit is prograde, otherwise retrograde.

Longitude of the ascending node
The ascending node is the orbital point in which the orbit of the object intersects the ecliptic plane
from south going north. The longitude of the ascending node is the angle along the ecliptic from
the vernal equinox point to the ascending node.

Mean motion resonance
Two bodies where the relation between their orbital periods around their primary can be expressed
as a small numbered quotient are in a mean motion resonance.

Obliquity
The angle between the normal to the orbital plane and the spin axis. The obliquity is between 0°
and 180°. When the obliquity is smaller than 90°, the spin is prograde, otherwise retrograde.

Perihelion
Perihelion is the point in the orbit where an orbiting object is closest to the Sun.

Prograde
see Inclination and Obliquity

Retrograde
see Inclination and Obliquity
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Secular resonance
Occurs when certain orbital frequencies involving two or more bodies are related. See also mean
motion resonance.

Physical constants and conversion factors

Gravitational constant                     6.672·10−11 m3 s−2 kg−1

Solar mass                                       1.989·1030 kg
Solar radius                                     6.9599·108 m
                                                        4.6524·10−3 AU
Speed of light                                  2.99792458·108 m s−1

Stefan-Boltzmann constant             5.67051·10−8 W m−2 K−4

Astronomical unit, AU                    1.4959787061·1011 m
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