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Abstract

Dust emissions from asteroids are commonly attributed to the sublimation of exposed ice, which
can lead to comet-like activity in main-belt comets, or to disruptions from impacts or rapid ro-
tation, which may expose sub-surface ice for sublimation. This thesis investigates the physical
and dynamical characteristics of two main-belt comets, 324P/La Sagra and 2010 LH15, as well
as the disrupted asteroid 62412 (2000 SY178).
For 324P/La Sagra, my research examines the temporal evolution of its activity during the 2010,
2015, and 2021 perihelion passages. A significant decline in activity was observed, potentially
due to surface mantling or the depletion of volatile materials. An analysis of the A f� profile
of the coma revealed a transition near perihelion from a lower-activity pre-perihelion phase to a
higher-activity steady state in the post-perihelion period. Additionally, I calculated the dust ge-
ometric albedo to range from 2% to 45%, which complicates e�orts to accurately constrain the
spectral type of 324P/La Sagra. Nevertheless, observations indicate evidence of dust superheat-
ing at a wavelength of 4.5 µm. A distinctive feature of 324P/La Sagra is the formation of a gap
between the nucleus and its tail following the cessation of activity. The size of this gap helps con-
strain the dimensions of the largest ejected particles. Using the syndyne-synchrone modeling,
I analyzed a faint dust trail of 324P/La Sagra captured during inactivity in 2011. This analysis
indicated that the sizes of the large dust particles ranged from 0.2 mm to 0.8 mm, ejected over
three months. The gas production rates were consistent with values observed for other main-belt
comets, such as 238P/Read.
The study of 2010 LH15 focused on its inactive nucleus, which was observed in July 2023.
Photometric measurements yielded an absolute R-band magnitude of (18.4� 0.2) mag, corre-
sponding to a nucleus radius of (0.5� 0.1) km, assuming a C-type geometric albedo. Analysis
of its lightcurve revealed no evidence of a rotational period shorter than two hours, highlighting
the need for further investigation into its rotational dynamics.
Lastly, this thesis explores the disrupted asteroid 62412 during its 2024 perihelion passage to
determine whether it reactivated close to perihelion. Following its 2013 perihelion, 62412 dis-
played dust emission, likely due to rotational destabilization as a result of its fast rotation. My
analysis of archival data and pre-2024 perihelion observations showed significant changes in its
lightcurve amplitude and brightness post-2013, suggesting modifications in its shape and size.
If confirmed, the absence of reactivation during subsequent perihelion passages may be due to
a lack of exposed ice or low surface temperatures resulting from its high perihelion distance of
2.9 AU.
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Zusammenfassung

Staubemissionen von Asteroiden werden üblicherweise auf die Sublimation von freigelegtem
Eis zurückgeführt, was bei Hauptgürtelkometen zu kometenähnlicher Aktivität führen kann, oder
auf Störungen durch Einschläge oder schnelle Rotation, die unterirdisches Eis zur Sublimation
freilegen können. In dieser Arbeit werden die physikalischen und dynamischen Eigenschaften
von zwei Hauptgürtelkometen, 324P/La Sagra und 2010 LH15, sowie des zerbrochenen Aste-
roiden 62412 (2000 SY178) untersucht.
Bei 324P/La Sagra untersuchte ich die zeitliche Entwicklung seiner Aktivität während der Pe-
riheldurchgänge 2010, 2015 und 2021. Es wurde ein signifikanter Rückgang der Aktivität be-
obachtet, der möglicherweise auf eine Oberflächenverhüllung oder die Erschöpfung flüchtiger
Sto�e zurückzuführen ist. Eine Analyse des A f�-Profils der Koma ergab einen Übergang in der
Nähe des Perihels von einer Phase mit geringerer Aktivität vor dem Perihel zu einem stabilen
Zustand mit höherer Aktivität in der Zeit nach dem Perihel. Darüber hinaus berechnete ich eine
geometrische Staubalbedo zwischen 2% und 45%, was die genaue Bestimmung des Spektraltyps
von 324P/La Sagra erschwert. Dennoch deuten die Beobachtungen auf eine Staubüberhitzung
bei einer Wellenlänge von 4.5 µm hin. Ein charakteristisches Merkmal von 324P/La Sagra ist
die Bildung einer Lücke zwischen dem Kern und seinem Schweif nach dem Ende der Aktivität.
Die Größe dieser Lücke hilft, die Dimensionen der größten ausgestoßenen Teilchen einzugren-
zen. Mithilfe der Syndyne-Synchrone-Modellierung analysierte ich eine schwache Staubspur
von 324P/La Sagra, die während der Inaktivität im Jahr 2011 aufgenommen wurde. Diese Ana-
lyse ergab, dass die Größe der großen Staubteilchen zwischen 0.2 mm und 0.8 mm lag, die über
drei Monate hinweg ausgestoßen wurden. Die Gasproduktionsraten stimmten mit den Werten
überein, die bei anderen Kometen des Hauptgürtels, wie 238P/Read, beobachtet wurden.
Die Untersuchung von 2010 LH15 konzentrierte sich auf seinen inaktiven Kern, der im Juli 2023
beobachtet wurde. Photometrische Messungen ergaben eine absolute R-Band-Magnitude von
(18.4�0.2) mag, was einem Kernradius von (0.5�0.1) km entspricht, wobei eine geometrische
Albedo vom Typ C angenommen wird. Die Analyse seiner Lichtkurve ergab keinen Hinweis auf
eine Rotationsperiode von weniger als zwei Stunden, was die Notwendigkeit weiterer Untersu-
chungen seiner Rotationsdynamik unterstreicht.
Schließlich wird in dieser Arbeit der gestörte Asteroid 62412 während seines Periheldurchgangs
im Jahr 2024 untersucht, um festzustellen, ob er in der Nähe des Perihels reaktiviert wurde. Nach
seinem Perihel im Jahr 2013 zeigte 62412 Staubemissionen, die wahrscheinlich auf eine Desta-
bilisierung der Rotation infolge seiner schnellen Rotation zurückzuführen sind. Meine Analyse
von Archivdaten und Beobachtungen vor dem Perihel im Jahr 2024 zeigte signifikante Verän-
derungen in der Amplitude und Helligkeit seiner Lichtkurve nach 2013, was auf Veränderungen
in seiner Form und Größe schließen lässt. Sollte sich dies bestätigen, könnte das Ausbleiben der
Reaktivierung während der nachfolgenden Perihelpassagen auf einen Mangel an freiliegendem
Eis oder auf niedrige Oberflächentemperaturen zurückzuführen sein, die sich aus seinem großen
Perihelabstand von 2.9 AE ergeben.
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1 Introduction

1.1 Small bodies

According to IAU (International Astronomical Union) resolution B5 of 20061, any object that
is not classi�ed as a satellite, planet, or dwarf planet is considered a small Solar System body.
This category includes asteroids, near Earth objects (NEO), comets, and transNeptunian objects
(TNO) in the Kuiper belt, Scattered Disk, and Detached Scattered Disk (Spohn 2011; Davidsson
et al. 2021).

1.1.1 Asteroids

Asteroids are bodies made of rocks, that orbit the Sun. They do not have su� cient mass for self-
gravity to overcome the structural strength of their material. This lack of hydrostatic equilibrium
prevents them to have a round shape. The �rst asteroid discovered was 1 Ceres in 1801, which
was reclassi�ed as a dwarf planet in 2006 (Spohn 2011). In 2014, Küppers et al. (2014) detected
water vapor plumes on it.

Asteroids are remnants from the early stages of the Solar System, approximately 4.6 Gyr
ago. During this period, dust and gas in the protoplanetary disk agglomerated into planetesimals
(Pfalzner et al. 2015). Collisions among these planetesimals sometimes resulted in fragmen-
tation, forming the present-day asteroids (Bottke et al. 2005). The gravitational in�uence of
Jupiter prevented the formation of a planet from these bodies, leaving them as asteroids (Spohn
2011). These small bodies contain valuable information about the origin and evolution of the
planets, providing insights into their original composition.

Size

While there are about a thousand asteroids larger than 30 kilometers and over 200 larger than 100
kilometers, calculations suggest the existence of roughly one million smaller asteroids, many
of which have diameters around one kilometer, with some being smaller or larger. Sizes are
estimated using thermal radiation or scattered light measurements, or occultations, where an
asteroid passes in front of a star, or using radar measurements (Binzel et al. 1991).

Shape and rotation

Asteroids exhibit variability in brightness and rotational period. This variability can be caused
by their irregular shapes and di� erent surface features, which re�ect sunlight unevenly as the
asteroid rotates. Most asteroids are irregularly shaped due to insu� cient gravity to pull them
into a spherical shape. However, some larger bodies, such as the asteroid 4 Vesta, have su� cient
mass to approximate a round shape (Lupishko & Mohamed 2009). Similarly, 1 Ceres, which
was formerly classi�ed as an asteroid, was designated a dwarf planet in 2006 due to its large
size, nearly spherical shape, and its state of hydrostatic equilibrium.

1https://www.iau.org/news/pressreleases/detail/iau0603/ .
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Lightcurves, which plot magnitude versus time, are crucial to determine the shape and spin
rates of asteroids, satellites, comets, and TNOs. Typically displaying a sinusoidal periodic be-
havior with two maxima and two minima due to the rotation of an object, the amplitude of the
lightcurve (di� erence between maximum and minimum brightness) indicates the elongation of
a body, or can be due to bright and dark areas on its surface. Analyzing these lightcurves, often
through methods like Fourier analysis, helps determine the rotational period of the object. Over
years or even decades, careful monitoring can reveal changes in the rotational period of the ob-
ject. Adequate lightcurve data can also provide insights into the shape and spin axis orientation
(Spohn 2011).

Asteroids smaller than 125 kilometers in diameter can be shattered by major collisions. In
contrast, asteroids larger than 200 meters possess su� cient mass for their gravity to either hold
them together or cause the fragmented pieces to reassemble into a mass that spins more rapidly
than before the impact. Many of these large, rapidly rotating, and elongated asteroids are thought
to be gravitationally bound rubble piles, formed by collisions, held together by gravity, and with
thoroughly shattered interiors (Binzel et al. 1991).

Location

The majority of asteroids in our Solar System are found within the main asteroid belt, located
between Mars and Jupiter at a mean inclination of approximately 10� relative to the solar ecliptic
plane. These asteroids have semimajor axes ranging from 2.1 to 3.3 AU from the Sun. The three
largest asteroids (Ceres, Pallas, and Vesta) comprise nearly half of the total mass of the belt
(Binzel et al. 1991).

Some asteroids are located in regions de�ned by orbital resonances, which occur when the
orbital period of an asteroid forms a simple ratio with that of a planet, creating either stable
or unstable con�gurations. Stable resonances include the 1:1 resonance, where objects like the
Trojans share the same heliocentric distance and orbital period as Jupiter (Fig. 1.1). These Tro-
jans orbit within two stable regions, known as Lagrange points, located 60� ahead of and behind
Jupiter in its orbit. Similarly, Hilda asteroids reside in the 3:2 resonance with Jupiter, completing
three orbits around the Sun for every two of the orbit of Jupiter. These resonances create stable
regions where asteroids can remain for long timescales. In contrast, unstable resonances can lead
to the removal or redirection of asteroids, contributing to the formation of gaps in the asteroid
belt, such as the Kirkwood gaps. For instance, the 3:1 resonance, where an asteroid completes
three orbits around the Sun for each orbit of Jupiter, produces chaotic motions that can redirect
asteroids from the main belt into Earth-crossing orbits (see Sect. 1.1.2) (Binzel et al. 1991).

Kirkwood gaps and asteroids families

The gravitational in�uence of Jupiter signi�cantly shapes the structure of the asteroid belt. Kirk-
wood (1867) recognized patterns in the asteroid distribution, the Kirkwood gaps, which corre-
spond to speci�c orbital resonances with Jupiter. These resonances not only create gaps but also
lead to the formation of distinct asteroid groupings or families within the belt (Fig. 1.1). The
same gravitational resonances are believed to have prevented the formation of a planet in the re-
gion between Mars and Jupiter by increasing the orbital eccentricities of planetesimals. This led
to high-speed collisions, that made accretion impossible. Consequently, the asteroid belt is char-
acterized by high-velocity collisions, resulting in the fragmentation and dispersion of asteroids
(Binzel et al. 1991).
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Some asteroid family clusters, such as Themis, Eos and Koronis (Hirayama 1918), or Flora
(Tedesco 1979), are believed to be remnants of larger parent bodies that were disrupted by colli-
sions. The study of these families provides information on the interiors of the precursor asteroids
(Binzel et al. 1991).

Figure 1.1: Asteroids locations, Kirkwood gaps and asteroids families. Credit: Binzel et al. (1991).

Yarkovsky and YORP effect

The Yarkovsky and Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) e� ects are thermal radi-
ation forces and torques that impact the behavior of small celestial bodies, especially asteroids.
The Yarkovsky e� ect in�uences the orbits of asteroids by producing a net force due to the dif-
ferential heating and cooling of their surfaces as they rotate. Over time, this can alter their
paths. The YORP e� ect a� ects the spin rates and orientations of asteroids by generating torques
through similar thermal processes. This can lead to changes in spin rates, orientations, and in
some cases, even causing the asteroid to split apart (Bottke et al. 2006).

Diurnal component of the Yarkovsky e� ect When the asteroid rotates, the side facing the
Sun absorbs solar insolation and heats up, with the absorbed heat later being re-radiated into
space. This process generates a net thermal force acting in the direction opposite to the heat ab-
sorption, inducing a change in the orbit of the asteroid. Thermal re-radiation produces a radiation
recoil force that in�uences the trajectory of the asteroid. If the asteroid has prograde rotation,
this e� ect causes it to gradually spiral outward, whereas retrograde rotation would result in an
inward spiral (Fig. 1.2). The magnitude of the diurnal e� ect depends on several factors, includ-
ing the proximity of the body to the Sun, the tilt of its spin axis2, and its physical characteristics
such as size, shape, thermal properties, and rotation speed (Bottke et al. 2006).

2Obliquity, also known as axial tilt, is the angle between the rotational axis of an object and its orbital axis.



4 CHAPTER 1. INTRODUCTION

Figure 1.2: Yarkovsky diurnal e� ect depending on the rotation direction of the asteroid. Credit: Hyland
et al. (2013), Figure 1.

Seasonal component of the Yarkovsky e� ect The seasonal component of the Yarkovsky
e� ect results from the seasonal heating and cooling of the hemispheres of the body as it orbits,
which creates a net thermal force acting along the spin axis. It operates regardless of the rotation
direction of the body, consistently acting to shrink the orbit whether the body rotates prograde
or retrograde (Fig. 1.3). Due to thermal inertia, there is a delay in the heating of the body, so the
hottest part is not in the direction of the Sun anymore but at a di� erent point in the orbit. This
delay generates an average along-track force that opposes the motion of the asteroid, leading to
orbital decay (Bottke et al. 2006), which is why the e� ect was originally called "thermal drag"
(Rubincam 1987). The strength of the seasonal Yarkovsky e� ect is in�uenced by the proximity
of the body to the Sun and the tilt of its spin axis. It vanishes when the spin axis is perpendicular
to the orbital plane (Bottke et al. 2006). The e� ect is most pronounced in basaltic bodies in the
inner main belt with size of around 10 meters (Farinella et al. 1998; Rubincam 1998). For small
eccentricities it tends to circularize the orbit (Rubincam 1995, 1998; Vokrouhlický & Farinella
1998, 1999).

Figure 1.3: Yarkovsky seasonal e� ect. Credit: Bottke et al. (2006), Figure 1.
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YORP e� ectThe YORP e� ect is a thermal radiation torque on asteroids with irregular shapes
that a� ects the spin rates and obliquities of small bodies. This e� ect arises from changes in the
rotation of the asteroid due to the uneven distribution of heat on its surface, caused by solar
radiation. The YORP e� ect can result in various evolutionary paths for asteroids. Some may
consistently spin down, while others spin up, according to the direction of the rotation (Fig. 1.4).
Some may even switch between these states over time, as the YORP torques can alter asteroid
obliquities, creating the YORP cycle. Initially, the YORP e� ect increases the spin rate of the
asteroid and its obliquity as well. However, at high obliquity, the e� ect reverses and slows
down the spin, potentially causing the asteroid to enter an irregular tumbling state, where it no
longer rotates smoothly around a single axis but instead spins irregularly around multiple axes.
During this period, the rotational axis of the asteroid can re-orient itself randomly. Eventually,
the asteroid might settle into a new principal axis of rotation. Once the asteroid stabilizes its
rotation, the YORP e� ect can start in�uencing its spin and obliquity again, potentially initiating
the cycle anew (Bottke et al. 2006). Energy reradiated from a symmetrical body produces no net
YORP torque (Rubincam 2000; Bottke et al. 2002; Vokrouhlický &�Capek 2002).

Figure 1.4: Spin up of an asteroid due to the YORP e� ect. Credit: Bottke et al. (2006), Figure 5.

Differentiated and undifferentiated asteroids

Di� erentiated asteroids originate through processes that cause the separation of their materials
based on density, primarily due to heating and melting. Initially, they form from the aggregation
of dust and small rocky fragments in the early Solar System, a process known as accretion,
resulting in the creation of an early-stage, asteroid-sized object called a planetesimal. As the
planetesimal grows, various heat sources can trigger it to warm-up: a strong solar wind during
an early phase in the formation of the Sun; the radioactive decay of Aluminum-26, possibly
injected into the nascent Solar System by a nearby supernova; impacts (Binzel et al. 1991). This
heat can cause the interior to melt partially or completely. Once melting occurs, di� erentiation,
or the sorting into layers, begins. In the molten state, materials can move more freely, allowing
denser materials, mainly metals like iron and nickel, to sink towards the center, forming a core,
while lighter silicate materials rise to the surface, forming a mantle and crust. Over time, the
asteroid cools and solidi�es, preserving the di� erentiated structure of core, mantle, and crust.

Undi� erentiated asteroids, also referred to as primitive or homogeneous asteroids, have not
experienced signi�cant internal heating and melting, and thus have not undergone di� erentia-
tion. They formed through the accretion of dust and small rocky fragments in the early Solar
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System. These bodies did not accumulate su� cient heat to cause melting, so they consist mainly
of a homogeneous mixture of various minerals and materials. Their composition closely resem-
bles that of the primordial solar nebula from which they originated.

Following is a more detailed description of undi� erentiated and di� erentiated asteroids (Coun-
cil 1998):

Undi� erentiated, primitive (C-type) asteroids According to meteoritic evidence, C-type
asteroids formed from dust with a chemical composition similar to that of average protosolar
system material for non-volatile elements, plus volatile substances like water ice, possibly other
ices, and organic matter (Bunch & Chang 1980). Studies of carbonaceous chondrites indicate
that some C-type asteroids experienced heating beyond the melting point of water ice shortly
after their formation (Zolensky & McSween 1988). Although the resultant liquid water might
have eventually vaporized into space, it persisted long enough in larger asteroids to generate a
secondary, hydrated lithology from an initially anhydrous mixture of silicates, oxides, sul�des,
and metals (Zolensky & McSween 1988). This liquid water also reacted with the initial organic
matter, resulting in the secondary organic compounds found in carbonaceous chondrites today
(Kerridge 1993).

Undi� erentiated, metamorphosed asteroidsUndi� erentiated, metamorphosed asteroids were
heated to temperatures below 1000 K, preventing di� erentiation but also leading to dehydration
(if they were ever hydrated) and creating conditions unsuitable for biological materials. The most
prevalent meteorites on Earth, known as ordinary chondrites, are fragments from such asteroids.
These meteorites are identi�ed as undi� erentiated because their bulk elemental compositions3

are similar to the non-volatile elements of the Solar System (e.g. Wasson 1985).
Di� erentiated asteroidsDi� erentiated asteroids, or fragments of them, were heated enough

to undergo partial melting and di� erentiation. Vesta is an example of a mostly intact di� erenti-
ated body. Its surface is covered with basalts (McCord et al. 1970). It is presumed (and partially
con�rmed by observations Binzel et al. (1997)) that a basaltic crust lies on top of an olivine
mantle on Vesta, which likely also has an iron core. The various types of metallic, stony-iron,
and achondritic stony meteorites are generally believed to originate from these di� erentiated as-
teroids or analogous ones, typically located in the inner to middle asteroid belt. These materials
have been exposed to long-term heating well above 1000 K, in the absence of water.

Bell (1986) divided the asteroids into three superclasses based on their compositions and
locations within the asteroid belt (Fig. 1.5):

1. Primitive asteroids include classes C, D, P, and are located in the outer asteroid belt;

2. Metamorphic asteroids include classes F, G, B, T, and are located in the central asteroid
belt;

3. Igneous asteroids include classes S, M, E, and are located in the inner asteroid belt.

3Bulk composition refers to the overall composition of object, averaged over its entire mass.
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Figure 1.5: Distribution of the three superclasses of asteroids. Credit: Binzel et al. (1991).

The distribution pattern indicates that the primordial warm-up process likely created a steep
temperature gradient, that altered the composition of the asteroids. Primitive asteroids, situ-
ated farthest from the Sun, are predominantly rich in carbon and water, representing unaltered
remnants from the formation of the Solar System. Metamorphic asteroids, which are similar to
primitive asteroids but contain fewer volatile compounds and little water, suggest that some heat-
ing process transformed certain primitive asteroids into metamorphic ones. Igneous asteroids,
located closest to the Sun, appear to have undergone signi�cant heating (Binzel et al. 1991).

Meteorites

When fragments of asteroids enter the atmosphere of the Earth and survive the passage to reach
the surface, they are known as meteorites. Studying meteorites allows scientists to analyze the
composition of asteroids without having to leave Earth, providing valuable information about
the early Solar System.

Meteorites are categorized into three types (Spohn 2011; Burbine 2016):
Stony meteoritesare composed mainly of silicates. They are divided into chondrites and

achondrites (Krot et al. 2003). Chondrites contain chondrules, spherical bodies formed in the
early Solar System, that together with small mineral grains aggregated to form asteroids. Achon-
drites lack chondrules and have undergone processes such as melting and di� erentiation. Some
formed on asteroids, others on Mars (SNC meteorites (Makishima 2017): shergottites, nakhlites,
and chassignites) and the Moon.

Stony-iron meteoritesare composed of roughly equal parts metal and silicate. They have
undergone di� erentiation.

Iron meteorites are composed mainly of iron. They represent core fragments of asteroids.
Iron meteorites exhibit a distinctive Widmanstätten pattern, a series of geometric bands that arise
from the slow cooling of iron-nickel minerals in the core of the asteroid (Burbine et al. 2002;
Yang et al. 2007).

Chondrites, the more primitive type, are generally believed to contain organic materials. This
contrasts with achondrites, which originate from parent bodies that underwent signi�cant melt-
ing and di� erentiation into silicate mantles and iron cores. There is evidence suggesting that
most chondrites accreted water, likely as ice, during their formation (Alexander 2011). Chon-
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drites consist of three main components: calcium-aluminum-rich inclusions (CAIs), silicate-rich
spherical chondrules (0.1 mm - a few centimeters (Makishima 2017)), and matrix (Woitke et al.
2024). CAIs are thought to have formed in the early Solar System (Connelly et al. 2012). Both
CAIs and chondrules are high-temperature objects (1400� C - 1800� C) that formed within the
solar nebula. Due to the high formation temperatures of inclusions and chondrules, organic
matter could not have survived. Therefore, organic matter is expected to be found only in the
matrix that binds the meteorite components together (Alexander 2011). The matrix is primarily
composed of olivine, pyroxene, and Fe-Ni metals, which were formed by transient heating and
rapid cooling approximately 2 - 4 Myr after the CAIs originated (Woitke et al. 2024). Addition-
ally, sul�des, sulfates, carbonates, and various other minerals, including signi�cant amounts of
phyllosilicates in some meteorites, are also present (Brearley 1989; Buseck & Hua 1993). Based
on their compositions and mineralogies, chondrites are classi�ed into: ordinary, carbonaceous,
and enstatite (Alexander 2011). Enstatite chondrites contain plagioclase, enstatite, high-calcium
pyroxene, and sul�des (Taylor & Scott 2003). Carbonaceous chondrites are among the most
water-rich materials in the inner Solar System (Alexander et al. 2012). They can have a high
overall amount of carbon, which is mostly made up of organic matter. Additionally, they contain
di� erent types of minerals, such as carbonates, diamonds, silicon carbide, and graphite (Chan
& Zolensky 2022). Ordinary chondrites consist of metal, olivine, and pyroxene (Cloutis et al.
2018). Each of these classes is further subdivided (Scott & Krot 2003; Weisberg et al. 2006)
into several groups. Ordinary chondrites are categorized into H, L, and LL; carbonaceous chon-
drites into CI, CM, CR, CV, CO, CB, CH, and CK; and enstatite chondrites into EH and EL. The
term carbonaceous chondrite is somewhat misleading, as some ordinary and enstatite chondrites
contain more carbon than certain carbonaceous chondrites (Alexander 2011).

Achondrites have a diverse composition, including types like aubrites (with an unknown ori-
gin), eucrites (basaltic), diogenites (peridotitic), and howardites (a mixture of eucrites and dio-
genites). The howardites, eucrites, and diogenites are collectively referred to as HED meteorites,
named after the initials of each type. These meteorites are thought to originate from 4 Vesta, a
di� erentiated asteroid that has developed both a core and a mantle (Makishima 2017).

Tholen classi�cation

Tholen's asteroid taxonomy system categorizes asteroids into 14 classes based on their spectral
properties (Tholen 1984; Tholen & Barucci 1989). An additional class, K, was later introduced
to the taxonomy by Bell (1988, 1989) after observing the family Eos, and two other classes,
J and O, were introduced by Binzel & Xu (1993); Binzel et al. (1993); Xu et al. (1995) after
observing small asteroids in the main belt (Bus & Binzel 2002).

These classes are categorized into three groups based on their albedo4:

Low albedo classes (< 0.1)

Class C: Similar in surface composition to some types of carbonaceous chondrites (CI
and CM). Subclasses are B, F, and G.

Class D: Predominantly Trojan asteroids with a reddish color, possibly due to kerogen-
like materials. No known meteorite analogs.

4https://www.castfvg.it/Elidoro%20Claudio/Geocities/index.html .
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Class P:Common near the outer parts of the main belt, likely rich in carbon. No known
meteorite analogs.

Class T: Rare, with unknown composition, possibly highly altered carbonaceous chon-
drites.

Class K: Possible progenitors of CV and CO chondrites.

Moderate albedo classes

Class A:Rare, with very red spectra and infrared absorption features indicative of olivine,
possibly similar to brachinites.

Class M: Likely composed of Fe-Ni metal, similar to metallic meteorites.

Class Q:Includes asteroid 1862 Apollo, these asteroids might be potential progenitors of
ordinary chondrites.

Class R: The sole member is asteroid 349 Dembowska, with an olivine and pyroxene
surface and some metals, analogous to olivine-rich achondrites.

Class S: Consists of varying proportions of metals, olivine, and pyroxene. It is of-
ten associated with ordinary chondrites, and possibly related to asteroids like Itokawa
(Tsuchiyama 2014).

Class V: Includes 4 Vesta, these asteroids are characterized by strong pyroxene features,
similar to basaltic achondrites.

High albedo classes (> 0.3)

Class E:Rare, possibly similar to enstatite chondrites.

Key classes that are signi�cant due to their composition (Barucci et al. 1987) and location
within the asteroid belt include5:

class C, these asteroids are rich in carbon and are predominantly found in the outer regions
of the asteroid belt;

class S, composed primarily of metallic iron, as well as iron- and magnesium-silicates,
these asteroids are commonly located in the inner regions of the asteroid belt;

class M, with a composition largely consisting of metallic iron, these asteroids are typi-
cally found in the middle regions of the asteroid belt.

5https://nssdc.gsfc.nasa.gov/planetary/text/asteroids.txt .
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1.1.2 Near Earth Objects

NEOs are de�ned as asteroids and comets with a perihelion distanceq < 1.3 AU. Within this
category, asteroids are referred to as Near Earth Asteroids (NEAs), and comets are known as
Near Earth Comets (NECs). The majority of NEOs are asteroids. NEAs are further divided into
groups (Atira, Aten, Apollo, and Amor) based on their perihelion distance, aphelion distance
(Q), and their semimajor axes (a) (Fig. 1.6). Potentially Hazardous Asteroids (PHAs) are deter-
mined by speci�c criteria that evaluate their potential to make dangerously close approaches to
Earth. In particular, asteroids with an Earth Minimum Orbit Intersection Distance (MOID) of
0.05 AU or less, and an absolute magnitude (H) of 22.0 or less are classi�ed as PHAs (Harris
& D'Abramo 2015). NEOs have chaotic orbits, almost unpredictable over decades. For this
reason, various projects monitor them continuously (Tommei 2019, 2021).

Figure 1.6: NEA groups. Credit: NASA/JPL-Caltech.
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