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"| speak to the star sometimes.

They don't talk back, but they listen.”






Abstract

Near-Earth Objects (NEOs) are asteroids and comets whose trajectory can pass within 1.3
AU of the Sun. (65803) Didymos is a binary asteroid, whose moon (Dimorphos) was struck
by the Double Asteroid Redirection Test (DART) spacecraft. The DART is a planetary
defense demonstration mission by NASA's Planetary Defense Coordination Office (PDCO)
to prove the effectiveness of the kinetic impactor technique in the event of a small asteroid
approaching Earth. Following the impact, the revolution period of Dimorphos is 11.372 +
0.017 (30) hours, with a period variation of -33.0 £ 1.0 (30) minutes. In this study, |
conducted spectroscopic analysis of the Didymos system after the DART impact between
18" October 2022 and 27" December 2022, using spectra obtained by the Copernico and
Galileo Telescopes located at the Astronomical Observatory of Asiago. The Didymos system
is classified as S-type according to the Bus and DeMeo taxonomy. No variation in the spectral
slope of the spectra was found during a full rotation of Didymos system approximately 19 days
after the impact of DART. Additionally, | present the analysis of 49 NEOs collected by the
Asiago telescope between December 2019 and March 2024 for the NEOROCKSs project. The
NEOs were taxonomically classified according to the Bus and DeMeo and Mahkle taxonomies.
My results were compared with various works in the literature.
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Introduction

Asteroids are relatively small objects, ranging from a few meters to hundreds of kilometers in
diameter, and comets are celestial bodies mainly composed of ice, dust, and rocks, exhibiting
long tails when they approach the Sun. Unlike comets, asteroids do not exhibit activities
such as the release of dust, gases, or small particles. Asteroids are residuals from the primor-
dial material and planetesimals that did not build planets during the formation of the Solar
System. This thesis work focuses on the study of near-Earth objects (NEOs), which include
asteroids and comets whose trajectory can pass within 1.3 AU of the Sun. Specifically, my
study is concentrated on near-Earth asteroids (NEAs). It is important to note that this
does not mean that NEOs are continuously close to the Earth, but rather that their motion
occasionally brings them close to the Sun and potentially close to the Earth. Studying NEOs
is crucial due to the potential danger they represent to the Earth’s population. Therefore,
studying their orbits and sizes is crucial in order to calculate the probability of a collision with
our planet. Some of them are remnants of planetesimals that led to the formation of planets,
making them crucial for the study of the origin and evolution of the Solar System. Another
important reason to study NEOs is their proximity to Earth, which helps us understand the
possibility that they brought the water and organic-rich material to early Earth. This allows
for a description of the formation of life on Earth from a dynamic and physical point of view,
studying NEOs is also fundamental in assessing the orbital evolution of small bodies in the
context of gravitational perturbations from major planets and YORP, Yarkovsky, and space
weathering effects. Potentially hazardous asteroids (PHAs) are NEAs that cross a minimum
distance of 0.05 AU (which constitutes about 7.5 million km) from Earth and have an abso-
lute magnitude H not exceeding 22 mag.

Spectroscopy is an important tool for studying the surface composition of NEAs, in fact,
the mineral grains on the surface of the asteroid absorb or scatter sunlight. The spectrum
can have different slopes/features depending on the physical and optical properties of these
grains. From the early years of studying NEOs, several surveys have been conducted to
collect various spectro-photometric data. Some of the most important surveys include the
Eight-Colour Asteroid Survey, developed in the mid-1980s, which is based on spectrophoto-
metric imaging of 600 asteroids; the Small Main-Belt Asteroid Spectroscopic Survey Phase |l
(SMASSII), which consists of 1447 observed asteroids; and the Small Solar System Objects
Spectroscopic Survey (S30S2), which consists of 800 observed asteroids. Thanks to these
surveys, the largest taxonomic classifications of asteroids have been developed: Tholen's
classification, Bus and Binzel's, Bus and DeMeo's, and Mahkle's.

This thesis work is divided into four main chapters. The first chapter provides general infor-
mation on the characteristics of asteroids, NEOs, and the importance of resonances as the
main causes of NEO formation (3:1 mean motion and vg resonances with Jupiter are the
main resonances that give rise to NEOs from the Main Belt). It also covers the significance
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of the Yarkovsky and YORP effects. The second chapter provides an overview of asteroid
spectroscopy, including taxonomic classifications and the importance of asteroid families and
their relationship to NEOs.

The main objective of this thesis is described in chapters 3 and 4. During my research, |
observed several NEAs using the Copernico and Galileo telescopes at the Asiago Astrophys-
ical Observatory. A specific observational strategy was followed, with a preference for PHAs
due to their higher risk of impact on Earth. The observation of NEAs was followed by data
reduction and analysis. Collecting data is important for adding information about NEAs in
various existing surveys. Specifically, taxonomic classification is essential for understanding
the surface composition of NEAs and, together with their dimensions, the potential damage
they could cause in the event of impact on our planet.

In my thesis study, | had the opportunity to investigate the Didymos binary system, whose
satellite was struck by the Double Asteroid Redirection Test (DART) spacecraft. DART is
a planetary defense demonstration mission managed by NASA's Planetary Defense Coordi-
nation Office (PDCO). The main goal of the mission is the impact of DART on Dimorphos,
the satellite of (65803) Didymos. The launch took place on 24 November 2021 and the
impact on Dimorphos occurred on 26 September 2022 at 23.14 UT. The aim of the DART
mission is to demonstrate that the kinetic impactor is a successful technique to deviate for
planetary defence in the case of a small asteroid approaching Earth. In addition, the ltalian
Space Agency (ASI) integrated DART with a 6U CubeSat named the Light Italian CubeSat
for Imaging of Asteroids (LICIACube). LICIACube provided documentation of the impact of
DART and its immediate consequences.

On 26 September 2022 at 23:14 UT, DART impacted Dimorphos at a velocity of 6.6 km/s,
giving it a large momentum in a range of 2.2 and 4.9. On 11 October 2022, NASA announced
that the DART impact had reduced Dimorphos’ orbital period by 32 minutes, according to
ground observations. In conclusion, they determined a post-impact period of 11.372 & 0.017
(30) hours with a period variation of —33.0 + 1.0 (30) minutes.

In chapter 3, | described the study and analysis of data from the Didymos-Dimorphos binary
system after the DART space mission. My analysis is based on the spectroscopic study of the
Didymos binary system in the days and months following the impact of DART. Observations
were made between October 18", 2022 and December 27t 2022 using two telescopes:
the Copernico 1.82 m telescope (INAF Astronomical Observatory of Padova, situated atop
Mount Ekar) and the Galileo 1.22 m telescope, both located in Asiago, Italy. My stud-
ies have been compared with other observations performed before and after the impact of
DART. Didymos has various taxonomic classifications in the literature. The impact of DART
on Dimorphos has allowed to study the internal composition of an asteroid and the spectral
evolution of the ejecta. My goal was to taxonomically classify the Didymos system after the
impact of DART and spectroscopically study an entire rotation of Didymos to determine if
there were any variations in the spectral slope due to the dust ejected from the impact with
Dimorphos. The third chapter includes also a study on the importance of the orientation of
the spectrograph slit along the atmospheric refraction of the target studied at different an-
gular positions from the observatory’s zenith. My conclusions and those of other researchers
will be compared/confirmed of the future HERA space mission, developed as part of the
European Space Agency’'s (ESA) Space Security Programme. The Hera mission will arrive
at the end of January or early February 2027, at the Didymos system to study its subsurface,
interior properties and the study of the possible crater formed by DART. In addition, the
result of the kinetic impactor test will be measured, providing valuable information for the




Introduction

development of techniques for planetary defense, mining extraction, and scientific purposes.
The planetary defence programme has boosted the study of NEOs, in particular their phys-
ical and dynamical properties. Therefore, it is crucial to determine the orbit of a NEO to
assess the probability of impact on our planet, its chemical composition and its physical
properties in order to predict the impact on Earth and the possible crater it could form.
For this reason, several projects have developed to survey NEOs. Due to new ground-based
telescopes, a large amount of data on NEOs is being collected, leading to the need for differ-
ent follow-upprograms/projects to study the physical properties of NEOs. These programs
must ensure access to their long-term archiving for everyone, as well as maintain and evolve
the corresponding data products. The NEO Rapid Observation, Characterization and Key
Simulations (NEOROCKS) Collaborative Research Project is an EU-funded project started
in January 2020 to address the topic " Improvement of our knowledge of the physical char-
acteristics of the NEO population”. NEOROCKSs aims to improve our understanding of the
physical characteristics, origin, and evolution of NEOs for planetary defense.

Chapter 4 introduces the NEOROCKS project and its objectives. The second part of the
chapter describes my contribution to this project. My data collection is based on the acqui-
sition and analysis of five years of observations made with the Asiago telescopes mentioned
above. The observational campaign began in December 2019 and is still ongoing as of 12
March 2024. My work is based on analysing data from 49 NEOs and classifying them taxo-
nomically according to the Bus and DeMeo and Mahkle taxonomy. | also conducted a data
analysis by comparing our results with various works in the literature. The observational
campaign will continue for another two years with the aim of classifying and studying as
many NEOs as possible to contribute to the planetary defence programme of our planet.
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Chapter 1

The Asteroids

The first 200 million years (m.y.) after the formation of the Solar System were not preserved
on any planet due to geological processes such as erosion, metamorphism, and remelting.
The study of asteroids and meteorites enables us to reconstruct what happened in the earlier
phases of the formation of the Solar System. The Solar System was formed approximately
4.56 m.y. ago from a protoplanetary disk made up of dust and gas surrounding our star.
Small objects were formed from material and planetesimals that did not form planets: these
objects became the asteroid population.

Asteroids are crucial components of the Solar System’s and Earth's history; however, they
also represent a danger to our planet because they occasionally come close to Earth and their
fall can cause destruction or mass extinctions such as the one that happened to the dinosaurs
65 m.y. ago (Chixchulub impact 65 Myr ago, responsible for the K-T mass extinction [27],
see fig. 1.1). Following the initial bombardments during the early Solar System formation,
the frequency of asteroid impacts on Earth has decreased. Asteroids of a few tens of meters
in size fall once a century and cause little damage. For instance, the impacts with asteroids
that occurred in Chelyabinsk in 2013 led to the destruction of an entire city, while the impact
in Tunguska in 1908 caused destruction to the forest. The impacts of asteroids hundreds of
meters in size occur once every thousand years, whereas the impacts of larger asteroids of
several kilometers or more are extremely rare, occurring only once every 80 m.y. Given the
number of asteroids that cross the Earth’s orbit, their study is of vital importance to better
understand their physical properties, their role in the formation of the Solar System and last
but not least, to avoid future impacts with our planet [9] (see fig. 1.2).

1.1 General Characteristics of Asteroids

The Solar System's small body population includes asteroids, comets, and meteoroids formed
by the destruction of these objects [28]. Asteroids are relatively small, ranging from a few
meters to hundreds of kilometers in diameter. They lack an atmosphere and are made up of
metals and rocks. Otherwise comets, asteroids do not exhibit the release of dust, gases, or
meteoroids, among other activities [29]. The Solar System has two primary asteroid belts:
the Main Belt located between 2 and 4 Astronomical Units (AU), and the Kuiper belt sit-
uated beyond Neptune's orbit between 30 and 50 AU. The Kuiper belt contains a variety
of small objects, such as comets, asteroids, and remnants from the formation of the solar
system. The Main Belt consists of asteroids ranging in size from 1 meter to 1000 km (like
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Figure 1.1: around 66 m.y. ago, a massive asteroid, with a diameter of fourteen kilometers,
crashed into the Caribbean region, causing a catastrophic incident that severely affected life
on our planet and resulted in the extinction of the dinosaurs. Presently, the impact location,
which is a crater spanning 200 kilometers, is concealed under 600 meters of sediment beneath
the Caribbean Sea. Figure taken from https://craterexplorer.ca
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Figure 1.2: cumulative NEO population estimate from various surveys. The numbers in
brackets correspond to the following references: [1] Brown et al. [4]; [2] Boslough et al. [5];
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Ceres). They complete one orbit around the Sun in 3 to 10 years on a slightly elliptical
orbit with a small inclination to the ecliptic plane and in the same direction as Earth [28]. In
1801, Giuseppe Piazzi discovered the first asteroid: Ceres (now classified as a dwarf planet).
Pallas, located around the same orbital distance, was the second asteroid discovered.

On the other hand, comets are active small bodies in the Solar System. Whipple identified
comets as conglomerates of frozen gas and dust. As comets move closer to the Sun, some of
their gases evaporate to form a coma and tail. Asteroids and comets have been established
to have formed generally from different sources according to their internal composition [28]
despite there are serveral transition objecta and possibile overlapping populations.

As of 12 March 2024 there are 1350492 asteroids and 4581 comets (https://www.minorpl
anetcenter.net/mpc/summary). The regions that contain asteroids are categorized as fol-
lows:

e Near Earth Objects (NEOs) refer to small bodies that move within proximity of Earth
(see Section 1.2.3).

e Mars Crossers (MC) refer to objects that cross the orbit of Mars, i.e. bodies whose
perihelion lies between the perihelion and aphelion of Mars. In particular, the number
of MC is four times greater than the number of NEO population.

e Main Belt Asteroids (MBA) are the region between Mars and Jupiter, between 2 and
4.3 AU, where most asteroids are found in the Solar System. Kirkwood gaps are regions
created in the Main Belt as a result of Jupiter's influence through orbital resonances
(see Section 1.2.1). Consequently, this region is divided into several groups. Hungaria,
Inner Main Belt (IMB), Middle Main Belt (MMB), Outer Main Belt (OMB), Cybele
and Hilda.

m Hungaria is a dynamic region of asteroids located between 1.8 and 2 AU [30].
The asteroids exhibit high inclination values between 16 and 35 degrees with a
low eccentricity, below 0.1. It is separated by the resonance vs and the mean
motion resonance 4:1 with Jupiter [30]; the name is derived from the asteroid
(432) Hungaria. The secular resonance vg occurs when the precession frequency
of the asteroids longitude of perihelion is equal to the sixth secular frequency of
the planetary system [10]. Mean motion resonances occur when the ratio between
the orbital period of an asteroid and a planet is close to a ratio of small integers.
This happens with Jupiter in the inner Solar System and with Neptune in the
outer Solar System.

m Inner Main Belt is a region where asteroids are confined by mean motion res-
onances 4:1 and 3:1 with Jupiter; and their semimajor axis is between 2.06 and
2.50 AU. Asteroids have an eccentricity below 0.3 and an inclination of less than
15 degrees [31].

m Middle Main Belt asteroids have a semimajor axis ranging from 2.5 to 2.8 AU:
these boundaries are delineated between the 3:1 and 5:2 resonances with Jupiter.

m Outer Main Belt refers to the region where asteroids have a semimajor axis
between 2.8 and 3.3 AU, and its boundaries are established between the 5:2 and
2:1 mean motion resonances.

m Cybele region is between 3.3 and 3.7 AU and is between 2:1 and 5:3 mean
motion resonances with Jupiter [32]. It has a eccentricity of less than 0.3 and an




1.1. GENERAL CHARACTERISTICS OF ASTEROIDS

inclination of less than 25 degrees. The region takes its name from the asteroid
(65) Cybele.

m Hilda asteroids are situated between 3.7 and 4.2 AU and are located in the 3:2
resonance with Jupiter [33]. These asteroids exhibit an eccentricity greater than
0.07 and an inclination less than 20 degrees. The name of the family derived from
the asteroid (153) Hilda.

e Trojan Asteroids (TA) orbit near the Lagrangian equilibrium points L4 and L5 of the
planet and are approximately 60 degrees ahead of and behind the planet on its orbit
[34]. The first Trojan asteroid was discovered by Max Wolf around Jupiter and was
named (588) Achilles [34]. In 1990, the first Trojan Mars asteroid, named (5261)
Eureka, was discovered. The first Neptunian Trojan, identified in 2001, is known as
2001 QR322.

e Centaurs are objects that pass through the orbit of the Giant Planets and come from
the Kuiper Belt and Scattered Disk (a circumstellar disk populated by small icy objects
in the solar system; it is located at a distance of 30-35 AU and can extend beyond 100
AU). Their main gravitational influence is from the gas giants and their satellites [35].
Their location is approximately between 5.4 and 30 (AU), although this distance has
not yet been precisely determined.

e Trans-Neptunian Objects (TNOs) refer to all celestial bodies located in the Solar
System beyond Neptune's orbit, and they are divided into multiple regions. The Kuiper
Belt is important for the formation of the Solar System: it is the farthest point where
planetesimals can be found [36]. This belt is classified into several components:

m Cold component: is located between 42 and 47 AU. The cold component of the
Kuiper belt formed locally and never had a large mass, never exceeding one-tenth
of Earth's mass. In the cold component exists objects with almost circular orbits
and low inclination. The average diameter of the objects studied is 100 km and
most of them are binary [36].

m Hot component: is located between 30 and 35 AU. In the hot component,
the planetary disk had a mass of 20-30 Earth masses, able to form a hot belt
and a sufficiently populated scattered disk. Objects in the hot population have
more eccentric and inclined orbits. These celestial bodies are believed to originate
in the inner portion of the planetesimal disk, situated between 15 and 30 AU.
Due to the gravitational influence of Neptune, they were forced outward during
the migration of Neptune, leading to their instability. The size of the objects
observed is generally around 3000 km and they contain less ice compared to the
cold population.

m Scattered Disk: extend even further, possibly up to 1000 AU and it is what
remains today of the objects that have been scattered by Neptune since the
beginning of the Solar System and have not found a stable orbit. Many objects
in this population are in mean motion resonance with Neptune and therefore can
live on non-encountering orbits for a long time, before going back to scattered
dynamics. This disk contains 0.5-1% of the original planetesimals of the trans-
Neptunian disk, making this zone very massive compared to other zones around
Neptune. However, it is an unstable disk, creating a flow of objects towards the
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region of the giant planets such as the Centaurs and towards the interior of the
solar system such as the comets of the Jupiter family. Objects in the scattered
disk have highly eccentric and inclined orbits, with a perihelion distance of 30-40
AU and aphelion distances reaching several hundred AU [36].

m Fossilized Scattered Disk: extend even further, possibly up to 1000 AU and
it is a region of the Kuiper Belt that has a similar orbital distribution (a,e) to
the scattered disk, but with greater distances from the perihelion, so they are
beyond the reach of Neptune's scattering action. These are bodies that were
once part of the scattered disk and were then transported to larger semimajor
axes by encounters with Neptune. In the fossilized disk they are objects with
orbits similar to those of the scattered disk, but formed in the outer part of the
planetesimal disk, over 50 AU. They have perihelion distances of 40 AU, and some,
like Sedna, have very elongated orbits that take them to distances of thousands
of AU. The size distribution closely follows that of the cold population, but with
a greater presence of small objects [36].

m Resonance Objects: refer to those that were entrapped in mean-motion res-
onances with Neptune during its migration [36]. The resonances 3:2 (Plutini
~ 39.5 AU), 2:1 (Twotini ~ 47.8 AU) and 5:2 (Cubitini ~ 55.4 AU) are the most
populated [36]. Resonance objects have eccentric and inclined orbits, but they
are dynamically protected from resonance, which prevents them from approaching
Neptune too closely. Their size distribution is similar to the hot population, but
they have a higher proportion of larger objects, such as Pluto and Haumea.

m Oort Cloud: contains the final trans-Neptunian objects, and it is a spherical cloud
comprising comets situated between 2000 and 200000 AU from the Sun. The
cometary nuclei exhibit high stability because the Sun’s radiation is very weak at
this distance.

1.2 Near-Earth Objects

Understanding resonance dynamics is the key to understanding the processes that lead to
asteroids becoming NEOs. Prior to the discovery of this effect, it was generally believed
that the removal of asteroids from the main asteroid belt could occur only through collisions.
These collisions impart an ejecta velocity of ~ 100 m/s, but this is insufficient to achieve
planet-crossing orbits [37]. The 3:1 and g resonances are the main resonances that give
rise to NEOs from the Main Belt [38].

1.2.1 The origin of NEOs

J. G. Williams was the first to attribute significant importance to the resonance effects [39].
His work demonstrated that asteroids in close proximity to the vg resonance periodically inter-
sect the orbit of Mars and have secular eccentricity oscillations with an amplitude exceeding
0.25. Furthermore, in 1983, Wisdom [40] has demonstrated that a 3:1 resonance has similar
effects: the eccentricity of resonant bodies can have rapid and large oscillations with ampli-
tude exceeding 0.3 for the body to cross the orbit of Mars. Since these discoveries, greater
attention was been paid to the 3:1 and v resonances in the Main Belt as the main sources
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of NEOs. In 1990, Wheterill used Monte Carlo methods to hypothesize that the resonances
of vg and 3:1 are continuously supplied by collisions or catastrophic events that occur in
the Main Belt [38]. This ensures that the resonance regions are continuously supplied with
enough material to maintain the population of NEO in a steady state. In the following years,
a large number of NEOs were discovered and studied through simulations of test particles
placed in the NEO region or in transport resonances, over time scales of millions of years.
It was immediately observed that NEOs with a < 2.5 AU can easily collide with the Sun,
reducing their dynamic life to just a few m.y. [38]. Therefore, Monte Carlo methods were
insufficient to explain the behavior of NEOs. The development of new numerical integration
methods has allowed consideration of a large number of particles in determining the static
dynamics of NEOs. These new methods have enabled us to describe the population of NEOs
as we know it today.

Orbital resonances refer to a system in which two or more objects orbit the same primary
with orbital mean motions in a small number ratio [41]. The resonant effect modifies the
eccentricity of the asteroids. There are two forms of resonance: powerful and diffusive.
The key difference lies in the fact that powerful resonances exhibit gaps in the Main Belt
asteroid distribution. There are numerous diffusive resonances, while the main resonances
of the powerful class are the secular resonance vg at the inner edge of the asteroid belt and
the mean motion resonance with Jupiter 3:1, 5:2 and 2:1 [10]. The figure 1.3 illustrates
the distribution of NEOs, Mars crossers and main belt asteroids in terms of semimajor axis,
eccentricity and inclination [10]. It also shows resonances vg, 3:1, 5:2, and 2:1.

The secular resonance vg occurs when the asteroid’s perihelion longitude precession frequency
matches the sixth secular frequency (a long-term orbital oscillation that occurs approximately
every six orbital periods, caused by gravitational perturbations in the Solar System) of the
planetary system [10]. The latter can be identified with the mean precession frequency of
Saturns longitude of perihelion, but it is also relevant in the secular oscillation of the eccen-
tricity of Jupiter. The resonance vg defines the inner limit of the main belt (see fig. 1.3):
the first dotted curve represents the resonance vg and its effect decreases with distance.
This resonance can be divided into two regions, both 0.04 AU wide: the powerful and the
border regions. In the first region, the resonance causes an increase in eccentricity, leading
the asteroids towards the orbit of Earth or Venus, and in some cases towards the Sun. The
average lifetime of asteroids in the vg resonance is 2 m.y., while the average time to become
an Earth-Crossing Asteroid (ECA) is about 0.5 m.y: 80% will collide with the Sun, while
12% will be ejected into a hyperbolic orbit [42]. The mean time spent in the NEO region is
6.5 m.y. and the mean probability of a collision with the Earth is about 1072 [43]. In the
border region, the resonance effect is small, but it can cause asteroids to cross the orbit of
Mars.

The 3:1, 5:2 and 2:1 mean-motion resonances with Jupiter are located at ~ 2.5, 2.8 and
3.28 AU, respectively. The former is divided into two regions: a narrow central and larger
border region. Asteroids within the central region periodically cross the orbit of Mars be-
cause of regular oscillations in their eccentricity. On the other hand, asteroids in the border
region can quickly reach Earth-crossing and even Sun-grazing orbits [44]. A body from the
central region can easily cross the border region and quickly enter the NEO region through
encounters with Mars. The median time required to cross the orbit of Earth is 1 m.y. and
the mean lifetime is 2 m.y.

The 5:2 mean-motion resonance is closest to Jupiter, which causes rapid changes in ec-
centricity. According to Morbidelli (1993) [45], most of these asteroids are ejected onto a
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Figure 1.3: illustrates two graphs showing the distribution of NEOs, Mars-belt asteroids and
main belt asteroids. The x-axis represents the semimajor axis, while the y-axis represents the
inclination. The four main resonances are represented by dotted lines: vg, 3:1, 5:2, and 2:1.
The legend of the asteroids is located above the figure. In the bottom figure, the solid curve
bounds the Earth-crossing region; the dashed curve delimits the Amor region at g = 1.3 AU,
and the dashed vertical line denotes the boundary between the Aten and Apollo populations.
Figure taken from Morbidelli (2002) [10].

hyperbolic orbit toward Earth's orbit. The dynamical structure of 2:1 resonance is very com-
plicated. Therefore, there is a significant gap in the asteroids distribution and no mechanisms
are available to destabilize their motion in a short time. The mean time spent in the NEO
region for the 3:1, 5:2, and 2:1 resonance is 2.2, 0.4 and 0.1 m.y, respectively. In addition,
the mean collision probability with Earth, integrated over the lifetime in the Earth-crossing
regions, is 2.5 x 1073, 2 x 1074, and 5 x 107>, respectively.

In the Main Belt, there are hundreds of thin resonances, called diffusive resonances. The
main-belt asteroid becomes too chaotic as a result of these resonances, despite the weak
chaoticity effect. Three types of these resonance are present: high-order mean-motion res-
onances with Jupiter (where the orbital frequencies are in a ratio of large integer numbers);
three-body resonances with Jupiter and Saturn (where an integer combination of the or-
bital frequencies of the asteroid, Jupiter, and Saturn is equal to zero), and mean-motion
resonances with Mars [10]. The asteroids cross the orbit of Mars in the inner belt and the
orbit of Jupiter in the outer belt with a time span ranging from 107 to billions of years [46].
Morbidelli and Nesvorny [47] discovered that approximately two asteroids, with a diameter
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exceeding 5 km, traverse the orbit of Mars each m.y.

There are three groups of Mars-crossers: Intermediate Mars-Crossers (IMC) located before
the resonance vg, Hungaria with 1.77 < a < 2.06 AU and / > 15°, and Phocaea with
2.1 < a<25AUand i > 18°. For the IMC group, the time to reach the orbit of Earth is ~
60 m.y.; about two bodies larger than 5 km become NEOs every m.y. [48] and they remain
in the NEO region for 3.75 m.y. [49]. The median time to reach Eart-crossing orbits from
two groups of high inclined Mars-crossers exceeds 100 m.y [50].

In addition to resonances, NEOs are also influenced by close planetary encounters. During
these encounters, the body's semimajor axis and velocity can vary because of the geometry
and mass of the planet. The variation of the semimajor axis depends on the eccentricity and
inclination, which affect the Tisserand parameter T respect to the encountered planet. The
Tisserand parameter is defined as:

dp

1 — 2
., jal—e?)
a

dp

+2 cos(i) (1.1)

where a, and a are the semimajor axes of the planet and asteroid respectively, e is the
eccentricity and i is the inclination of the body. If only the effects of planetary encounters are
taken into account and the inclination is neglected, a body would move on a curve in the plane
(a,e) defined by T=constant. These curves are transverse to the mean motion resonances
and most secular resonances, so the body is transported from one resonance to another. It is
remembered that resonances keep the semimajor axis constant by changing eccentricity and
inclination. In conclusion, the dynamics of NEOs is influenced by both the iteration between
resonant dynamics and close encounters [51]. Most NEOs are either ejected on hyperbolic
orbits by Jupiter or colliding with the Sun.

1.2.2 Yarkovsky and YORP effects: influences on the NEO population

The Yarkovsky effect was discovered in a singular way. lvan O. Yarkovsky, a Russian engi-
neer, wrote a small pamphlet [52], where he explained that a prograde-rotating planet should
produce a transverse acceleration of its motion, helping to balance the aerodynamic drag
assumed by the presence of the aether. Ernst J. Opik discovered Yarkovsky's lost work and
brought it to western Europe. Yarkovsky's work was wrong, but it gave Opik the idea to
explain that the orbits of small objects orbiting the Sun are modified by the absorption and
re-emission of sunlight [53]. Additionally, Vladimir V. Radzievskii and his colleagues [54] sug-
gested that the rotation of a body could be influenced by the thrust of photons. Stephen J.
Paddack and John O'Keefe developed this idea: the rotation of these bodies was not caused
by reflected sunlight but rather by their irregular shape and thermal radiation. This led to the
development of the Yarkovsky-O'Keefe-Radzievskii-Paddack (YORP) effect as an alter ego
of the Yarkovsky effect. Radzievskii's researchers introduced the idea that the acceleration
could be due to radiation from synchronous planetary satellites [55]. This idea led to the
birth of the binary YORP effect (BYORP), first studied by Cuk and Burns [56]. Today, the
Yarkovski and YORP effects are fundamental to study minor bodies in planetary science and
have become important for space missions [57].
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1.2.2.1 Yarkovsky effect

In the past it was thought that the only effects that describe the motion of an asteroid were
gravitational force and collisions. The classical model considers these two effects only to
describe the history of the main belt and inner Solar System populations [38]. According to
this model, asteroids can occasionally collide with each other at velocities as high as of 5 km/s
[58], causing cratering and fragmentation. In the case of the larger impacts, such as collins
can lead to the formation of asteroid families, after the ejection of the bodies fragments at
both a velocity of 100 m/s [59]. These objects, with the right velocity and trajectory, can
enter the powerful and diffusive resonance zone caused by the planets [60]. Because of these
resonances, asteroids can reach the orbits of inner planets, although most of them collide
with the Sun or are ejected into the outer Solar System after a close encounter with Jupiter
[42]. This classical model is very useful for describing the asteroid population, but it has
some inconsistencies with observations:

e the fresh ejecta are injected directly into the resonances, and the dynamic lifetime of
the bodies in these powerful resonances is only a few m.y. [42]. Thus, it is expected that
there is an abundance of meteorites with short Cosmic-Ray Exposure (CRE) ages and
a paucity of long-lived meteorites. However, observations show that stony meteorites
have a CRE age of about 10 m.y., while iron meteorites have a CRE age between 0.1
and 10 billion years (b.y) [61], [62]. Only a few asteroids are younger than 10 m.y old.
Typically, their age is similar to or much longer than the dynamical life of Earth-crossing
asteroids.

e The orbits of the terrestrial planets are crossed by 5- kilometer-sized asteroids of dif-
ferent taxonomic types [49]. Many perturbation events between large and spectrally
different asteroids are necessary to maintain this population in a stable state. These
are the only events capable of bringing kilometer-sized fragments into suitable reso-
nant "escape hatches”. Most of these perturbations originate in the inner and central
main belt [63], it is expected that there are numerous families in these regions. How-
ever, observations indicate that there are few families in these regions, and most of
the progenitors of kilometer-sized inner solar system asteroids derive from dynamically
stable regions far from the resonance escape hatches [11]. Therefore, direct injection
of asteroidal fragments into resonances is too inefficient to maintain these asteroids in
a stable state, resulting in a low size-frequency distribution of kilometer-sized NEOs
[64].

e After impact, larger fragments are launched at high velocities of as high as 100 m/s
from impact site, whereas smaller asteroids travel to more distant regions from the
cluster center [65]. The results obtained from the peak velocities of size-distributions
indicate that the velocities obtained are lower than those predicted [11].

e Collisions between asteroids are expected to generate a wide velocity distribution, de-
scribed by a Maxwellian frequency distribution [66], [67]. However, it has been observed
that small asteroids (D < 10 km) have velocities that are either very high or very low
when these data are described by a Maxwellian distribution [68], [69].

The classical model is incomplete therefore it is believed that the Yarkovsky effect is responsi-
ble for these discrepancies. This is a non gravitational force that can cause objects, between
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0.1 m and 20 km in size, to move inward or outward at varying velocity depending on their
orbit, spin, and material properties. The Yarkovsky effect is caused by the diurnal heating of
a spinning object in space. This force may cause significant secular effects on the orbits of
small celestial bodies, such as meteoroids or small asteroids [53].

Yarkovsky's diurnal effect is shown in Fig. 1.4a: the Sun is at the center, and it is assumed
that a spherical asteroid orbits around it. The body’s axis of rotation is perpendicular to the
orbital plane. As the asteroid rotates, it absorbs radiation on the side facing the Sun and
radiates heat into space, mainly in the infrared part of the spectrum. The asteroid experi-
ences a greater thrust on its hotter face due to the higher amount of energy and momentum
being radiated compared to its cooler face. Additionally, the asteroid experiences a sharper

X
)
$

4

Figure 1.4: (a) The diurnal Yarkovsky effect: the Sun, in the center, the circle is an asteroid
orbit and its rotation axis is perpendicular to its orbital plane. A portion of the solar radiation
is absorbed and later emitted, creating a thermal force directed along the wide arrows. In this
scenario, thermal reradiation is most concentrated around 2:00 p.m. on the spinning asteroid,
leading to a consistent radiation recoil force pointing roughly at 2:00 a.m. Consequently,
the object experiences an outward spiral motion due to the along-track component. If the
asteroid were to undergo retrograde rotation, the orbit would instead spiral inward.

(b) The seasonal Yarkovsky effect, with the asteroid’s spin axis lying within the orbital plane.
The alternating heating and cooling of the "northern” and "southern” hemispheres generate
a thermal force aligned with the spin axis. As a result of thermal inertia, the strength of the
reradiation force varies along the orbit; even though the maximum sunlight exposure occurs
at points A and C for each hemisphere, the resultant radiative forces reach their peak at
positions B and D. As a result, the overall effect on one revolution consistently leads the
object to spiral downward. Figure taken from Bottke (2002) [11].

thrust in the opposite direction to the Sun. If the asteroid did not have thermal inertia,
the temperature distribution would be symmetric about the subsolar point and the meteorid
would experience a net force radially outward from the Sun [11]. However, all bodies have
thermal inertia that causes a delay, thus the hottest point is actually in the afternoon and
not at the subsolar point. The asteroid has an outward radial component and a component
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along its orbit. The along-track component causes a secular increase in the semimajor axis,
changing the orbit of the asteroid (in the figure it is shown as a prograde sense of rotation).
However, if the asteroid orbits retrograde sense (see the Figure 1.4a), its orbit would nar-
row. Additionally, if the axis of rotation were perpendicular to the orbit, there would be no
diurnal effect. The diurnal effect depends on the proximity of a celestial body to the Sun,
the inclination of its axis of rotation, and its physical characteristics [11].

The Yarkovsky effect also has a seasonal component, where the axis of rotation lies in the
orbital plane. As shown in Fig. 1.4b, solar radiation will be strongest in the northern region
at point A and in the southern region at point C. However, as with the diurnal effect, there
will be a delay, and it will be warmer at point B than at A and at point D than at C. During
this cycle, the opposite hemisphere from the Sun will be colder and the component of the
force along the axis of rotation will vary. For small eccentricities, this force will always oppose
the motion of the asteroid. The effect is independent of the rotation of the asteroid and
acts as a drag, causing the asteroid to disintegrate over time. This effect is influenced by
the proximity of the asteroid to the Sun and the inclination of its orbit. When the axis of
rotation is normal to the orbital plane, the effect becomes zero [11].

1.2.2.2 YORP effect

The YORP effect was first introduced by Runbicam (2000) [70]: it is caused by torques
resulting from the Yarkovsky forces that affect the rotational velocity and orientation of
the rotation axis of asteroids and meteoroids. The two primary sources of this effect are
reflection and reemission. Consider a spherical asteroid with two wedges connected to the
equator, as shown in Fig. 1.5, the energy emitted by the two wedges can cause torque as
a result of their different shapes. According to such rotation, the wedge-produced YORP
torque spins the object up. On the contrary, if the body happened to spin in the opposite
direction, the YORP torque will slow it down. The YORP torque alters the obliquity of the
asteroids, creating the YORP cycle. As shown in Fig. 1.5, a rapidly rotating asteroid will
increase its obliquity more and more until it reaches large values. At this point, the axial
torque changes sign, and the object begins to slow down its rotation. The YORP effect
may spin objects up for a while, but when obliquity becomes large, it causes them to turn
again, creating a cycle. This effect depends on the shape, size, distance from the Sun, and
orientation of an asteroid. It can accelerate the rotation of small objects up so fast that they
are forced to change their shape and/or mass loss. The YORP effect is significant because
of its ability to cause both slow and fast rotational velocities for small asteroids on short
timescales. Furthermore, it is related to the size of objects, which explains the variations in
velocity as a function of the size of the object [11].

Another effect associated with YORP is Binary YORP. According to them, an asymmetrically
shaped secondary asteroid in a binary system acts as a tangential force on its orbit. When
the secondary body maintains synchronicity with the primary, it undergoes acceleration or
deceleration, causing an expansion or contraction of its orbit. This effect occurs only when
one of the two bodies is synchronous with its orbit and can result in a spiral towards each
other or an escape within a short period. This interaction also determines the lifetime of
binary asteroids due to BYORP, which is typically around 100,000 years, and then the system
will be destroyed. To learn more about the different models of this effect, refer to the paper
Vokrouhlicky [57].
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Sunlight

Figure 1.5: the asteroid is represented as a spherical object with two wedges attached to its
equator. Treating the asteroid as a black body means that it absorbs all incident sunlight
and then emits the absorbed energy in the form of infrared heat radiation. As the photons
emitted from the wedges impart kicks in different directions, a resultant torque is generated,
driving the asteroid into a state of increased rotation. Figure taken from Bottke (2002) [11].

1.2.3 Overview of NEOs

NEOs (for example Bennu, in figure 1.6) are asteroids and comets whose trajectory can
pass within 1.3 AU of the Sun. It is important to note that this does not mean that NEOs
are continuously close to the Earth, but rather that their motion occasionally brings them
close to the Sun and potentially close to the Earth. As the Earth has a heliocentric distance
of 1 AU, these objects can move within 0.3 AU from the Earth. The population of NEOs
includes extinct short-period cometary nuclei, meteoroid streams with perihelion distances of
less than 1.3 AU, and well-known asteroid-meteoroid complexes consisting of related streams
and Near-Earth Asteroids (NEAs). However, there are long-period comets that do not belong
to the NEO population, even though they pass within 1.3 AU due to their long revolution.
Typically, NEOs constitute asteroids that originated in the Main Belt, while only a small ratio
consists of comets and their tiny fragments or disintegration products commonly known as
"meteroids” [71]. Comets constitute approximately 5 - 15% of the NEO population [1].
The asteroid and comets in this group are called NEAs and Near-Earth Comets (NECs)[28].
Asteroids and comets have impacted the Earth-Moon system since the formation of the Solar
System. The Moon's craters resulted from interactions with these celestial objects, not from
volcanism. Studying NEOs is crucial also considering the potential danger they represent to
the Earth's population. Studying their orbits and sizes is fundamental in order to calculate
the probability of a collision with our planet [38].

Moreover, these bodies are remnants of planetary formation and are known as planetesimals.
After the completion of planetary accretion, numerous planetesimals persisted in orbit around
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Figure 1.6: a photograph capturing the asteroid Bennu, obtained during the NASA OSIRIS-
REx mission, providing invaluable insights into its geological composition and celestial dy-
namics. Figure taken from apod.nasa.gov

the Sun. During this period, the planets underwent intense bombardment. Although the
bombardment rate decreased after 3.8 Gy ago, a small fraction of them were trapped inside
the Solar System, preventing it from reaching zero.

It is essential to study the physical properties, size, composition, and structure of NEAs to
establish the damage they can do to Earth and pontentially prevent it. Multiple techniques
can be employed to determine the size of asteroids, including photometry, polarimetry, radar
measurements, speckle interferometry, transit measurements, and thermal radiometry [28].
All these methods allow moves advantages and disadvantages to be determined with a certain
level of precision. For example, in radar observations, the size of asteroids can be calculated
using the observed Doppler echo power spectra. The diameter of the target is a function
of the Doppler bandwidth. Radar observations are typically used to determine the diameter
first and then measure the albedo based on the obtained dimensions. Instead, by using
optical observations, the diameter of NEAs can be calculated using the absolute magnitude
H described in the next section (1.2.8). The prediction of NEO distributions is challenging
because of the existence of many unobservable NEOs. The detection of NEOs depends on
both their size and orbit. Large NEOs are easier to detect than small ones because the
latter are only visible when they pass close to Earth. Additionally, NEOs with moderately
eccentric orbits and low inclination orbits with a period greater than one year are more easily
detectable than NEOs on orbits with short periods, high inclinations or large eccentricities.
The first ones pass near the opposition point in the sky, where the largest NEO surveys are
concentrated, while the others remain for a longer period at a small solar elongation or far
from the ecliptic. However, theoretical models allow us to estimate their distribution, due to
the growing number of NEO observations [71].
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1.2.4 Near-Earth Comets

NECs have a perihelion distance of less than 1.3 AU; they are a short-period comets (P
less than 200 years) and they cross very close the orbit of Earth. Currently, around 120
NECs are known, including comets such as 1P/Halley, 2P /Hencke, 21P/Giacobini-Zinner
and 67P/ChuryumovGerasimenko [28].

1.2.5 Number of NEAs

Nowadays (as of 12 March 2024), 34490 NEAs were discovered. NEAs have been distributed
according to their size in the Figure 1.7 (https://cneos.jpl.nasa.gov/). Among them, there
are 9712 NEAs less than 30 m in diameter, 11579 with diameters ranging from 30 to 100
m, 7459 with a diameter between 100 and 300 m, 4879 with a diameter between 300 and
1000 m, and 861 NEAs with a diameter greater than 1 km.

Near-Earth Asteroids Discovered
Total per Size Bin (as of 2024-Mar-12)

12 500 —
11579

Total Discovered

0-30 30-100 100-300 300-1000 1000+

Estimated Diameter (m)
https://cneos.jpl.nasa.gov/stats/ Alan Chamberlin (JPL/Caltech)

Figure 1.7: histogram showing the total number of asteroids discovered as a function of their
estimated diameter. Figure taken from (https://cneos.jpl.nasa.gov/)

1.2.6 Groups of NEAs

NEAs are classified into four main subpopulations: Apollos, Amors, Atiras, and Atens (see
fig. 1.8).

The Apollos are the largest group in number of asteroids, named after their member (1862)
Apollo. They consist of the main objects orbiting close to Earth with a semimajor axis a > 1
AU and a perihelion distance ¢ < 1.017 AU [1]. These asteroids have an orbital period
greater than one year, and (1620) Geographos [28] is a typical example of this class.

The Amor asteroids, named after the asteroid (1221) Amor, are the second largest group
orbiting the outer part of the Earth’s orbit. Their distance from the Sun at perihelion is
within the range of 1.017 < g < 1.3 AU [1]. Although they could cross the orbit of Mars,
they do not reach the Earth orbit. An example of a typical Amor asteroid is (433) Eros [28].
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Atens refer to objects with a semimajor axis of less than 1 AU and an aphelion distance of
@ > 0.983 AU. They orbit within the inner orbit of Earth but cross it. Asteroids classified
as Atens have an orbital period of less than one year. A common asteroid of this class is
Ra-Salom [28].

The smallest group in number of asteroids is Atiras, named after the asteroid (163693)
Atira. Atiras asteroids orbit inside the Earth with an aphelion of Q <= 0.983 AU [1]. They
consist of objects with orbits that are mainly inside the orbit of the Earth, but cross the orbit
of the Earth. It is difficult to identify them, as they can only be observed during morning or
evening at elongations from the Sun not exceeding 90 degrees [28].

In June 2023, the Apollos comprise 51.2%, the Amors 40.8%, the Atens 7.8%, and the
Atiras 0.2% of the NEO subpopulations [1]. Fig. 1.9 illustrates the region on the semimajor
axis versus the eccentricity space of the four NEO subpopulations [1].

Amors Atiras
a>1.0 AU @ 0 <1.0 AU
1.017 AU < ¢ < 1.3 AU Q < 0.983 AU
Apollos dibsnre

a>1.0 AU a<1.0AU
q < 1.017 AU Q > 0.983 AU
Figure 1.8: representation of the 4 NEA groups, where q is the perihelion, Q is the aphelion,

and a is the semimajor axis of the orbit.Figure taken from nasa.gov
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Figure 1.9: the distribution of the four subpopulations of NEAs in the region is dependent
on the semimajor axis eccentricity. Figure taken from Grav (2023) [1].
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1.2.7 Potentially Hazardous Asteroids

Potentially Hazardous Objects (PHOs) are a subgroup of NEOs, but their orbits are close to
Earth’s orbit and have the potential to collide with it. Potentially hazardous asteroids (PHAS)
are those that cross a minimum distance of 0.05 AU (which constitutes about 7.5 million
km) from Earth and have an absolute magnitude H not exceeding 22 mag (the figure 1.10
shows the orbits of 1000 PHAs). Between the limit of 0.05 AU there can be imprecisions
in the calculation of the minimum orbital distance as determined by the MOID (Minimum
Orbit Intersection Distance) parameter, for a newly asteroid discovered, as well as potential
variations may occur due to various disturbances in the near future. The condition on the
absolute magnitude is imposed because an asteroid with an albedo of 0.14 and a magnitude
greater than 22 mag has a size of less than 140 meters [1]. PHAs are estimated to constitute
around 20% of NEAs, and as of March 2024, there are 2419 known PHAs. A well-known
PHA is the Aten-type (99942) Apophis, which is scheduled to cross the Earth orbit on 13
April 2029 at a distance of 0.00025 AU [28]. The Apophis passage will be important because,
with its diameter of approximately 350m, it will be the first asteroid visible to the naked eye.

Figure 1.10: this picture is the map of the orbits of the over 1000 known PHAs. These
documented tumbling boulders of rock and ice are over 140 meters across and will pass
within 7.5 million kilometers of Earth (about 20 times the distance to the Moon). Figure
taken from https://apod.nasa.gov/apod/ap230630.html

1.2.8 Absolute magnitudine and size

Absolute magnitude H is defined as the theoretical visible magnitude that an object would
have if it was at 1 AU from the Sun and Earth at zero phase angle (the angle between the light
incident onto an observed object and the light reflected from the object) [1]. The absolute
magnitude H is derived from the apparent magnitude measured while the asteroid is observed
at different distances from the Sun and Earth and at different phase angles when there is no
geometrical data available [28]. To measure the albedo of asteroid, it is assumed that the

20



CHAPTER 1. THE ASTEROIDS

geometry of asteroids is spherical. The albedo of asteroids is determined by their taxonomic
class, and each class has its own albedo. This method is applied to asteroids of the Main
Belt, but NEAs of unknown taxonomic class are excluded [72]. The diameter of NEAs can be
obtained through the absolute magnitude H of an asteroid in optical observations if we know
the asteroid’s albedo or reflectivity. We currently have data on the largest NEA, (1036)
Ganymede, with a diameter of 41 km, followed by (433) Eros and (3552) Don Quixote,
which have a diameter of 20 km. In 2005, the smallest NEA, measuring 9 meters in size,
was identified as the 1991 BA. NEAs smaller than 1 m are known today [28].

Most of the asteroids have an irregular shape due to their small dimensions and a weak
gravitational field that it is not sufficient to give them a round shape. The size of an asteroid
depends on its rotational velocity. NEAs exhibit a rotation period similar to that of asteroids
in the Main Belt [28]. With some differences asteroids greater than 30-40 km exhibit a
Maxwellian distribution for their rotation period [73], [68]. The distribution of rotational
periods among asteroids between 10 and 40 km in size and those smaller than 10 km does
not follow this distribution [68]. Slow and fast rotators were identified: approximately 0.8
revolution/day for slow and > 7 rev / day for fast. Pravec [74] concluded that asteroids
ranging in size from a few hundred meters to 10 km have periods longer period than 2.2 h,
while those smaller than 100 m have a period of 10 minutes or less. The rotation of NEAs
differs from that of a main-belt asteroid for two primary reasons. First, asteroids smaller
than 10 m have shorter rotation periods, lasting between 1-20 minutes, which is significantly
less than those of MBAs. The second reason is that some NEAs exhibit a complex rotation,
they do not rotate around the main axis of inertia (the shorter axis), keeping the momentum
at a maximum and the energy at a minimum. These are known as " tumbling” asteroids [75]
and their tumbling motion is thought to be caused by collisions with other asteroids.

1.2.9 Composition and physical properties

The surfaces of NEAs are rougher than those of the main belt asteroids [76] and are covered
by a layer of regolith, i.e. a fragmented material with dimensions of one micron to one
centimeter with low thermal conductivity. The thermal inertia of NEAs is greater by a factor
of 11 than that of the lunar surface. Thus, the regolith of NEAs is coarser-grained than
the lunar regolith and, than the regolith of larger-size MBA [28]. From a cratering point
of view, they are similar to those of the Main Belt [28]: several asteroids have craters, but
there are asteroids with no craters. From a chemical perspective, their population represents
all types of main-belt asteroids. Asteroids are taxonomically classified by their albedo and
mineralogical composition obtained from spectra. They can be categorized into three main
groups [28]:

e C-type (carbonaceous) asteroids have a very dark appearance with an albedo of 0.03-
0.09 and constitute 75% of known asteroids, dominating the outer portion of the Main
Belt [28].

e S-type (siliceous) have an albedo ranging from 0.10-0.22, accounting for approximately
17% of the population, and are located in the inner region.

e M-type (metallic) have an albedo between 0.10-0.18 and consist of magnesian-ferruginous
silicates with nickel iron inclusions. They are situated in the middle part of the Main
Belt.
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In addition, S-type asteroids are characterized by a low abundance of iron, and their meteorite
analogues are usually made of a low abundance of metals. The most prevalent asteroids are
relate to ordinary chondrites meteorites, consisting of rock particles that have remained un-
changed since the formation of the Solar System, whereas metallic asteroids originate from
the disintegration of larger celestial bodies [28].

An important physical characteristic of asteroid is the apparent density related to the miner-
alogical density of their meteorites: porosity. Bulk density measurements of asteroids, along
with data on the mineral density of similar meteorites, provide information on the porosity and
internal structure of asteroids. The bulk density of asteroids is lower than the mineralogical
density of their analogous meteorites due to porosity. Therefore, this suggests that many
asteroids have a significant porosity. If porosity is high, it weakens the impact propagation,
greatly increasing the lifespan of asteroids during collisions. [77]. Asteroids can be divided
into three groups:

e Hard asteroid.

e Asteroid with ~ 20% macroporosity (presence of large voids or empty spaces within
their structure) that has many cracks. Examples include (433) Eros, (243) Ida, (1)
Ceres, (2) Pallas, and (4) Vesta.

e Asteroids with a macroporosity greater than 30%, which are consolidated structures
of piles of loose rubble with more empty space than solid material. Examples of such
asteroids include (253) Matilda and (45) Eugenia. Porosity influences the formation
of the crater and the strength of the impact.

1.2.10 Brief introduction to Planetary Defense

Measuring the diameter amd to a certain degree also the composition of asteroids is crucial
for planetary defense research. Objects with a diameter of 1 kilometer have a rare probability
of impact, but they can cause mass extinctions [78]. It has been estimated that these
objects represent 90% of the risk of asteroid impact and the SpaceGuard ([79],[80]) goal of
discovering 90% of asteroids in this size range was created to address this risk. This goal
was achieved in 2010 [81], [82]. Thereafter, the mission’s focus shifted to bodies larger than
140 meters that can cause local destruction. NASA aimed to identify and research 90% of
these objects by 2020 [1]. One problem with SpaceGuard is determining the diameter of
asteroids since the impact energy is proportional to the third power of the diameter (~ D3).
If the visible geometric albedo of the object is known, the size of an object can be determined
using this equation [83]:

p= 1329 qp-02n (1.2)

Vv

where D is the diameter in kilometers, py is the geometrical albedo at visible wavelenghts,
and Hy is the absolute magnitude.
Typically, an object of 140 m is assumed to have a magnitude of H=22 mag, while an
object with a diameter of 1 km is assumed to have a magnitude of H=17.75 mag, given an
albedo of 0.14 [1]. The study of these objects is continuously evolving, particularly with the
construction of new telescopes such as the Vera Rubin Observatory [84]. This will result in
the discovery of new and smaller NEOs and expand our understanding of these objects.
Of the roughly 30,000 NEAs that are known, more than 3,000 have been numbered, meaning
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that their orbits are well defined and no further observations are needed to maintain accurate
positional predictions over the next century. An additional 2,000 NEAs have been observed
for more than 10 years, with 10% of these having observations spanning more than 20 years.
Most NEAs are observed only during their initial discovery, typically for less than 7 days. The
Minor Planet Center (MPC) prioritizes the observation of Aten and Apollo asteroids because
of their close proximity to Earth. Table 1.1 shows all the asteroids discovered between 2011
and 2023 according to their magnitude H.

Year | Total | H<17.75 | 17.75 < H <23 H > 23

2011 897 | 19 2.1% | 477 53.2% | 401 44.7%
2012 991 | 15 1.5% | 480 48.4% | 496 50.1%
2013 | 1029 | 11 1.1% | 500 48.6% | 518 50.3%
2014 | 1480 | 8 0.5% | 651 440% | 821 55.5%
2015 | 1551 | 7 0.5% | 688 44.4% | 856 55.2%
2016 | 1874 | 7 0.4% | 731 39.0% | 1136 60.6%
2017 | 2039 | 7 0.3% | 743 36.4% | 1289 63.2%
2018 | 1825 | 5 0.3% | 614 33.6% | 1206 66.1%
2019 | 2438 | 6 0.3% | 750 30.8% | 1682 69.0%
2020 | 2958 | 3 0.1% | 829 28.0% | 2126 71.9%
2021 | 3093 | 5 0.2% | 730 23.6% | 2358 76.2%
2022 | 3189 | 4 0.1% | 725 22.7% | 2460 77.1%

Table 1.1: the yearly NEOs discovery statistics during the last decade. Table taken from
Grave (2023) [1].
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Chapter 2

Asteroid Spectroscopy

2.1 Introduction

Spectroscopy is a crucial tool in the study of asteroids. The color of an asteroid is a signifi-
cant feature, and early studies focused mainly on color variations. These variations allowed
differentiation between asteroids. The mineral grains on the surface of the asteroid absorb or
scatter sunlight. The spectrum can have different slopes/features depending on the optical
and chemical properties of these grains. Additionally, the color of an asteroid can change
as it rotates; (4) Vesta is an example of such an asteroid. [2]; the non-homogeneity of
asteroids’ surfaces causes this phenomenon.

The study of asteroid colors began with the discovery of the first two asteroids (1) Ceres in
1801 and (2) Pallas in 1802 [85]. Herschel differentiated between the two by stating that (1)
Ceres had a "ruddy, but not very deep” color, while (2) Pallas had a " dusky whitish color”
[86]. Herschel's observations were made visually and in integrated light [85]. Vogel was the
first using a prism and observe (4) Vesta [87]. Initial color measurements were conducted by
Bobrovnikoff using microphotometry in 1929 [88]. Nevertheless, the photography technology
of the era restricted his studies. In the mid-1950s, research of broadband UBV resulted in
the categorization of asteroids into two groups based on their spectral reflectance properties:
carbonaceous C-types and siliceous S-types. However, this classification was limited because
of the small number of asteroids studied.

In the late 1960s, the first spectrophotometry programs of asteroids were developed on the
basis of their spectral reflectance properties. These instruments had higher resolution than
their predecessors. This program relied on narrow-band observations in the visible spectrum
ranging from 0.3 to 1.1 um [89][90]. These programs were based on the study of the strong
absorption bands in the UV and near 1 um, the development of taxonomy [91] and the
identification of the chemical composition of their surfaces [92]. The Eight-Colour Asteroid
Survey (ECAS) [93] was developed in the mid-1980s and is a survey based on spectrophoto-
metric imaging of 600 asteroids: this was a key step in the formation of Tholen's taxonomy
[85]. Successively, spectroscopy became a tool better than the traditional photometric fil-
ters thanks to different factors: the improvement of the spectroscopes, the invention of
the charge-coupled device (CCD) cameras for the recording of the spectra, and the use of
the long-slit spectrographs. CCDs were particularly useful because of their high sensitivity,
stability, and two-dimensional format. These factors permitted to image much of the visible
spectrum in a single exposure and to increase significantly the spectral resolution compared
to the previous photometric techniques. Moreover, thanks to spectroscopy, the background
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is measured simultaneously along the slit of the spectrograph, allowing a much more precise
background removal from the spectrum than previously.

The main aim of asteroid spectroscopy is to establish the ratio of light reflected from the
surface of the asteroid to the light received from the Sun as a function of wavelength [2].
However, there are uncertainties in the final spectrum of asteroids due to several factors.
One of the difficulties is that it is not possible to measure the spectrum of the Sun directly
with a CCD spectrograph, but it is possible to use similar stars: the solar analogs. However,
solar analogs are not perfectly identical to our Sun, which can introduce errors into the as-
teroid spectra.

The reflection of sunlight is attributed to grains present on the surface of asteroids. Con-
sequently, the study of asteroid spectroscopy is not concerned with the internal chemical
composition of these celestial bodies. Nevertheless, it is presumed that the surface com-
position can be taken to be similar to the internal composition, so spectroscopy is used to
determine the chemical composition of asteroids. Some uncertainties are due to the Earth
atmosphere, since light from the asteroid is scattered and absorbed by the atmosphere.
Therefore, it is necessary to correct for these atmospheric effects and remove any additional
instrumental offsets due to the characteristics of the CCD and spectrographs [2].

In addition to the factors mentioned above, the materials present on the surface of an as-
teroid can also change their optical properties due to varoius processes and can lead to a
significant variations in the spectra:

e Phase reddening: the reflectance spectra changes with phase angle [2]. It is the angle
formed between the Sun, the asteroid, and the observer, which affects the amount of
sunlight reflected by the body.

e Space weathering: describes the darkening and reddening on the surface of an as-
teroid, altering its spectral slope due to different processes like quick melting and
recrystallization of mafic materials, induced by short laser pulses, laser irradiation and
the production of nanophase Fe on the surfaces of grains [2].

e Particle size: the presence of a particulate regolith on the asteroid surface affects the
optical properties, the spectral slope and the band depths, which vary according to the
size of the particles [2].

e Temperature: also plays a role, with a range of 120 K to 300 K observed for Trojan
and near-Earth asteroids, respectively [94]. For example the spectral band shapes
related to olivines and pyroxenes actually react to temperature and therefore alter the
mineralogical composition of asteroids [95][96][97].

In the mid-1970s, asteroid classification relied on three fundamental characteristics:

— the presence or absence of UV absorption resulting from Fe?* intervalence charge
transitions;

— the slope of the spectrum longward of 0.55 um, the magnitude of which depends of
the presence or absence of reddening agents such as Fe-Ni metal or organics;

— the presence or absence of a silicate absorptions above 0.7 um.

Fig. 2.1 illustrates twelve asteroids classified using these features. The image compares the
ECAS colors (open squares) and the SMASSII spectra (closed dots) of certain taxonomic
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classes classified by Tholen [85],[2]. The absorption bands are identified because of the
increased sensitivity and spectral resolution permitted by CCDs spectroscopy. To reveal the
depth of these bands, it is necessary a spectra with an high S/N ratios. Absorption bands can
only be distinguished from telluric water bands with the use of high-resolution instruments.
The absorption bands of asteroids are explained by crystal field theory and charge-transfer
mechanisms [98][99]. These bands help to understand the minerals that make up the asteroid
rocks. Tholen [85] classified asteroids by utilizing these bands. For example:
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Figure 2.1: 12 spectra of asteroids in Tholen's classification. The y-axis shows Relative
Abundance, while the x-axis represents the wavelength in um. The empty squares represent
data from the Eight-Colour Asteroid Survey (ECAS), and the black dots with relative errors
represent the SMASSI spectra. Image taken from [2].

e A-type asteroids exhibit an absorption band centered at approximately 0.65 um, as is
evident in the spectra of (289) Nenetta. This feature is linked to the low ratios of
forsterite:fayalite (Mg: Fe) [100].

e C-type asteroids show a characteristic centered at 0.7 wm due to the presence of
phyllosilicates produced by aqueous alteration processes [101]. This feature can also
be observed in the spectrum of (19) Fortuna. Weaker bands located at 0.43, 0.60-0.65
and 0.80-0.90 um have been discovered and are related to Fe oxide minerals formed
by aqueous alteration of anhydrous silicates [102],[103]. These asteroids also exhibit
an absorption peak around 3 um, which is associated with the presence of organic
materials such as silicate hydrates and carbon compounds.

e S-type asteroids exhibit bands centered on 0.60-0.67 wm due to the oxidized Fe-Ni
metal [104].

e \/-type asteroids exhibit a weak absorption band located at 0.5 wm with the presence of
augite (a high-Ca form of pyroxene) in freshly exposed surface materials [38]. V-type
asteroids also exhibit two characteristic absorption bands positioned near 1 and 2 um.
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e X-type asteroids show an strong absorption band centered at 0.49 um and a much
weaker band located at 0.60 wm are observed in the spectrum of (64) Angelina. The
origin of these bands can be attributed to the Fe-sulfide mineral troilite [16],[105].

Absorption bands have aided the classification of asteroids in previous methods. However,
there have been recent changes in classification parameters and taxonomy, which are dis-
cussed in the next section.

2.2 Taxonomy

Taxonomy is the classification of objects that share common physical properties and char-
acteristics. As the data increases, the identification of similarities and differences between
these objects becomes more apparent. Biology was the first discipline to use taxonomy, fol-
lowed by physics and now various branches of astronomy [85]. With the increasing number
of known asteroids, classifying them into groups became necessary. In asteroids, taxonomy
is based on a group of objects that share the same surface properties, such as absorption
bands imprinted into their reflectance spectra or surface albedos.

Main belt asteroids are composed of various minerals. Mineralogical insights of the Main
Belt facilitated the study of asteroid families [106], identification of the sources of meteors
[107],[108], and comprehension of the dynamic evolution of the Solar System [109],[110],[111].
The Main Belt consists of both large and small minor bodies and originates from a later
evolutionary phase of the Solar System's history [13]. The categorization of asteroids has
undergone several revisions over time. In 1975, Chapman became the pioneer in classifying
asteroids based on their reflectance spectra properties [91]. Advanced instrumentation has
allowed many asteroids to be studied in detail and their physical characteristics, leading to
a revised classification. Multivariate analysis techniques, such as cluster analysis, were used
for taxonomic classification. To achieve the best possible classification, the targets to be
classified must be clustered into groups that are well separated in some parameter space
[13]. The initial four taxonomic classifications were obtained by combining data from the
Eight-Color Asteroid Survey (ECAS) [93] and IRAS albedo [112]:

e Tholen [85], which was obtained using a clustering algorithm that uses the minimum
spanning tree;

e Barucci [113], which was derived using G-mode analysis;

e Tedesco [112] three-parameter taxonomy was derived through objective visual identi-
fication of asteroid groupings in a parameter space defined by two asteroid colors and
the IRAS albedos;

e Howell [114] used artificial neural networks to analyze the ECAS data and the combined
data from ECAS and the 52-color asteroid survey [115].

The use of CCDs has resulted in a wealth of spectroscopic data for asteroids. Several
data collection programs have been conducted, using standardized observational and data
reduction techniques, enabling extensive data analysis. These programs include the low-
albedo asteroids survey [101], which included 115 asteroids, and the Small Main-Belt Asteroid
Spectroscopic Survey Phase | (SMASSI) [116], which included 316 asteroids observed. The
Small Main-Belt Asteroid Spectroscopic Survey Phase Il (SMASSII), consisting of 1447
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asteroids observed, and the Small Solar System Objects Spectroscopic Survey (S30S?),
consisting of 800 asteroids observed. These surveys led to the creation of more precise
taxonomic classifications and better understanding of Solar System minor bodies.

2.2.1 Tholen’s taxonomy

Tholen's taxonomy [85] was created in 1984 and comprising of 589 asteroids observed in-
cluded in the ECAS. It utilizes spectra within the range of 0.31-1.06 um and albedo mea-
surements that have been derived from thermal radiometric with NASA Infrared Telescope
Facility (IRTF) on Mauna Kea in Hawaii. Classifies the asteroids into classes A, B, C, D,
F. G Q, R, S, T and V (see Fig. 2.3 which are obtained applying a Principal Component
Analysis (PCA)). The B-types are asteroids that exhibit a visible albedo of 10% and are
classified as 'bright-C’ types. F-types have a flat slope in the UV spectra, while G-types show
an absorption band in the UV range [13]. The Q, R, and V classes are composed of only one
member each. The E-, M- and P-classes present degenerate spectra and can be separated
using the albedos. In case this information is not available, the M-, E- and P- objects are
grouped into a generic X- class. The Tholen classification has the advantage of relying on
both visible albedo py and spectra in the UV range.

2.2.2 Bus and Binzel’s taxonomy

Bus & Binzel's classification system [117] contains 1447 visible spectra included in SMASSI|
(see Table 2.1). This system uses five different methods, including the structure of Tholen’s
classification and the absorption bands of asteroids within the visible spectra. The system
studies the reflectance of the spectral continuum and uses various analytical and multivari-
ate analysis techniques to accurately parameterise the different spectral features [38]. The
boundaries and sizes (scale-lengths) of the taxonomic classes were determined by observing
the spectral variance observed in the natural asteroid groups, including dynamical families;
another parameter is based on spectra that contain a silicate band at 1 um. This taxonomy
was built on the previous ones and includes 26 classes: three major groups (the S-, C- and
X-complexes) and the classes A, B, C, D, K, L, O, R, S, T, V and X. Asteroids are named
using a double-letter system, in which the first letter indicates the class to which the asteroid
spectrum corresponds the most closely. The second letter represents the asteroid exhibiting
an intermediate spectral characteristic. The three major S-, C- and X-complexes are further
divided into Sa, Sk, SI, S, Sq, Sr; Cb, Cg, Cgh, Ch; Xc, Xe, and Xk respectively. The Ch
and Cgh have the spectral characteristic at 0.7 um assumed to be indicative of hydration.
The E-, M-, and P-classes are comprised of three spectral classes: Xe, Xc, and Xk. There
is a new L-class where the spectra having a steep UV slope shortward of 0.75 wm but which
are relatively flat longward of 0.75 um. The classification of asteroids can be a challenging
task, as it may depend on various observations. Moreover, with the growing number of tax-
onomies, an asteroid’s classification may alter in time due to its heterogeneous surface. As
a result, there is no definitive classification, and it is a product of our evolving understanding
of the object.
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Tholen Class | SMASSII Class | Description
B, F B Linear, featureless spectrum with bluish to neutral slope
Cb Similar to B spectrum with neutral to slight reddish slope

G Cg Strong absorption (A < 0.55um), and featureless with neutral to red-
dish slope (A > 0.55um)

Cgh Similar to Cg spectrum, with shallow absorption centered near 0.7 um

C C Weak to medium absorption (A < 0.55um), neutral to slightly reddish
and featureless (A > 0.55um)

Ch Similar to C spectrum, with shallow absorption centered near 0.7 um

Xc Slightly reddish spectrum, featureless except for broad convex curva-
ture centered near 0.7 um

E,M P Xk Similar to Xc spectrum, but redder slope (A < 0.7um), and generally

flat (A > 0.7um)

X Generally featureless, linear spectrum with slight to moderate reddish
slope

Xe Overall slope slight to moderately red, concave absorption feature cen-
tered near 0.5 um, with occasional secondary absorption centered near
0.6 um

T T Moderately reddish slope (A < 0.75um), and generally flat (A >
0.85um)

D D Relatively featureless spectrum with very steep red slope

K Moderately steep red slope (A < 0.75um) and flat to slightly bluish
(A > 0.75um)

L Very steep red slope (A < 0.75um) and flat to slightly bluish (A >
0.75um)

Ld Similar to L spectrum, but steeper red slope (A < 0.75um)

Sa Similar to S spectrum, but with steeper slope (A < 0.7um)

S Sl Similar to S spectrum, but with steeper slope (A < 0.7um) and a
shallower absorption (A > 0.75um)

) Moderately steep, reddish slope (A < 0.7um), and a moderate to deep
absorption band (X > 0.75um)

Sr Similar to S spectrum, but with very steep red slope (A < 0.7um) and
a deeper absorption (A > 0.75um)

Sk Similar to S spectrum, but with shallower reddish slope (A < 0.7um)
and a shallower absorption (A > 0.75um)

Sq Similar to S spectrum, but with shallower reddish slope (A < 0.7um)

Q Q Moderately steep red slope (A < 0.7um) and a deep, very rounded
absorption feature (A > 0.75um)

A A Very steep to extremely steep red slope (A < 0.75um) and a moder-
ately deep absorption (A > 0.75um). Reflectance maximum or 1 um
feature usually more rounded than in S-type spectrum

R R Very steep red slope (A < 0.7um) and a deep absorption feature (A >
0.75um). Reflectance maximum more sharply peaked than in S-type
spectra

\% V Moderate to very steep red slope (A < 0.7um) with an extremely deep
absorption band (X > 0.75um)

- O Moderately red slope (A < 0.55um), then less steep (0.55 < A < 0.7
wm). Deep absorption (A > 0.75um)

Table 2.1: description of the Tholen and SMASSII classes. Table taken from Bus (2002)
2].
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2.2.3 Bus and DeMeo’s taxonomy

The taxonomic classification system proposed by Bus and DeMeo comprises 371 asteroids,
as reported in their papers [117],[118]. Spectra and photometric observations were made in
the visible and NIR ranges train 0.45 to 2.45 um. The taxonomic classes are the same as
those proposed by Bus and Binzel, except for three classes (Ld, Sk and SI) which have been
eliminated, and a new class (Sv) has been introduced. The C-complex was further divided
into six subclasses (B, C, Ch, Cb, Cg and Cgh), each with different slopes. A "w" notation
is added to the end of the marker to signify asteroids with a larger slope than other objects
of the identical spectral category.
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Figure 2.2: a diagram with all 26 taxonomic classes from Bus and Binzel [12]. The 26 possible
spectra of the different classes are schematically represented in a pattern that approximates
the location of each class in spectral component space. The spectral slope on average
increases from left to right, while the absorption band depth of the 1 um absorption band
of the silicates generally increases from top to bottom. The spectral range is between 0.45
and 2.45 um. Figure taken from Bus (2002) [2].

2.2.4 Mahkle’s taxonomy

Mahkle's classification system [13] was recently developed to enhance existing classifications.
It offers three advantages: it can classify complete and partial observations in the VisNIR
region; it reintroduces the visual albedo py by resolving the degeneration of complex X; and
finally, it uses a probabilistic model called Probabilistic PCA (PPCA) to determine the per-
centage of class membership. This method facilitates the classification of taxonomic outliers
and transitional populations and is developed using 2983 spectra of 2125 asteroids obtained
from different observatories, online and publications archives. These spectra source from the
SMASS [116] and the MITHawaii Near-Earth Object Spectroscopic Survey (MITHNEQOS)
[119], [120]. Approximately 50% of the spectra are in the visible band, while the remainder
are in VisNIR. Albedo measurements for 3543 asteroids are taken from the Solar System
Open Database Network (SsODNet3) of the IMCCE (Institut de Mécanique Céleste et de
Calcul des Ephémérides) [121]. The data used to measure the albedo comprise observations
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made by the Infrared Astronomical Satellite (IRAS) [122], the Wide Field Infrared Survey
Explorer (WISE) [123], AKARI [124] and Spitzer Space Telescope [125]. This methodology
involves combining the spectra and albedo observations for each asteroid. For a comprehen-
sive understanding of the methodology, please refer to Mahlke's work [13]. The classification
comprises 17 classes, three of which are C- M-, and S-complexes. Additionally, a new Z-
class has been added compared to previous taxonomies, for extremely-red objects in the main
belt. The presence of a second letter signifies specific absorption bands, which is described
through h-, e-, and k- features. The h- feature corresponds to an absorption centered at 0.7
wm and is associated with phyllosilicates on the surface [126]. The e- and k- features are
linked to a narrow absorption at 0.5 uwm and a broad absorption within the range of 0.8 um
to 1.0 um. In the following, we give a breakdown of the different categories which, for the
most part, are similar to the previous classifications.

Tholen Bus-DeMeo Mahkle
B — B — B
F /7
G — Cg Ny
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Figure 2.3: representation of the taxonomic classes of Tholen, Bus-DeMeo and Mahlke. The
arrows indicate the transformation of spectral type from Tholen taxonomy to Bus-DeMeo
and finally to Mahkle. Figure taken from Mahlke (2022) [13].
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2.2.4.1 C-complex

C-complex asteroids are dominant in the Main Belt and the regions beyond the 3:1 mean
motion resonance in terms of number and mass [127], [128]. Their spectra are poor in fea-
tures, but exhibit the h-feature at 0.7 wm, observed in one-third of their population. The
C-complex is categorized into B-, C-, Ch-, and P- classes. These four classes are differenti-
ated by their slope and shape of the spectra. The slope ranges from blue through neutral to
red, whereas the spectral shape varies from linear to concave: these features are attributed to
a carbonaceous surface composition that includes magnetite [91],[129]. Meteorites that are
commonly associated with the C-complex population include carbonaceous chondrites such
as Cl, CK, CM and CO, which exhibit varying degrees of thermal metamorphism or aqueous
alteration. Using a radiative transfer model, the spectral appearance of most C-complex as-
teroids is well matched with spectra of constituents of chondritic-porous interplanetary dust
particles [130],[131],[132],[133]. In Mahkle's taxonomy there is not the X-complex: Xc, Xk,
X and Xe become P-, M-, X- and E-type respectively. The D- and Z- types are referred to as
endmembers because of some P-types showing intermediate spectra between the C- complex
and these two classes.

e B-type: itis first introduced by Tholen [85], they have a slightly stronger UV absorption
feature and the average albedo is higher compared to other classes of the C-complex.
In Mahkle taxonomy compared to Tholen's, the F-types and B-types cannot be distin-
guished without the use of UV spectroscopy. B-type asteroids are brighter and bluer
than C-type asteroids. The principal asteroids belonging to this class are (2) Pallas and
the NEO (3200) Phaethon. 2.1% of Mahkle's asteroids sample falls under the B-type
classification.

e C-type: the carbonaceous C-types show poor features, except for a broad feature at
1.3 um, which gives a concave shape of the spectrum. The spectra slope ranges from
neutral to slightly red. 10.4% of the asteroids in Mahkle's classification belong to the
C-type. (1) Ceres, (10) Hygiea, (24) Thermis, (45) Eugenia, and (52) Europa belong
to this class.

e Ch-type: have a spectra slope comparable to that of the B- and P-classes, but differ
from them in the presence of the h-feature. They share similarities with asteroids of
the C-class, exhibiting linear and slightly concave spectra. 5% of the taxonomy are
comprised of these asteroids, with notable members such as (41) Daphne, (46) Pales,
(121) Hermione, (144) Vibilia and (150) Elektra.

e P-type: are called 'pseudo-M’ types and are spectrally degenerate with the E- and
M-types in the visible wavelenght range [134]. They have a red linear slope in the NIR.
There is ongoing spectral degeneracy between the P and M types in the NIR, but the
E types exhibit neutral slopes. The P and M types are different for the value of the
visible albedo that it is about 5% for P-types. Among the P-type asteroids, 19.2%
have the h-feature, but they have not the k-feature, which it is commonly observed in
M-types. The asteroids of P-type class account for 6.4% of the Mahkle's taxonomy.

e D-type: are dark asteroids have a strong red spectra slope in visible and near-infrared
[118],[85]. They are predominantly in a region between the outer Main Belt and the
Jupiter Trojan population, forming a homogeneous group in spectral and albedo space.
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D-type asteroid spectra are characterized by the absence of absorption bands. D-types
represent 3.9% of the asteroids in the Mahkle's classification, two examples are (911)
Agamemnon and (1143) Odysseus.

e /-type: these asteroids are similar to D-class asteroids, but they have steeper slopes and
are extremely red due to the presence of organic matter. Their spectral shape becomes
more convex as the slope increases. Z-class asteroids are dispersed throughout the main
asteroid belt, located between the Jupiter Trojan population and Hilda asteroids. These
asteroids have a relatively low albedo. Only 1% of these taxonomy are designated as
Z-class. Some examples of asteroids in this classification include: (3283) Skorina,
(15112) Arlenewolfe, (17906) 1999 FG32, (908) Buda, (203) Pompeja and (269)
Justitia.

2.2.4.2 M-Complex

The spectra do not show evident features; some spectra show that weak absorption is ob-
served around 0-9 um or 1.9 um, and the albedo is approximately 15%. The characteristics
of the M-complex fall between those of the C- and S- complexes in terms of spectra and
albedo. The M- complex is the most heterogeneous and is composed of three categories: K-,
L-, and M- classes, and an endmember designated as E- class. Therefore, slight variations
in the slope of the NIR are observed. Members of the M- complex do not share similar
mineralogical compositions.

e K-type: K asteroids have a red spectra slope in the visible region with an absorption
band at 1 um associated with forsteric olivine [135] and a flat slope in the NIR spectra.
They exhibit a visible albedo ranging between 10% and 15%. The Eos family is classified
as K-type, comprising notable asteroids such as (402) Chloe, (1545) Thernoe, (221)
Eos, (661) Cloelia, and (3028) Zhangguoxi. K-type asteroids account for 2% of the
total classifications.

e |-type: these asteroids play an important role in studying the origin of the Solar Sys-
tem, particularly in relation to planetesimals [136]. The planetesimals and this type of
asteroids shown a strong absorption at 2 um due to spinelbearing calcium-aluminum-
rich inclusions [137]. L-types demonstrate spectral heterogeneity in the slope and shape
of the visible and 1 wm region, as well as in their albedo distribution [13].This hetero-
geneity indicates that the L-types parent bodies were the first planetesimals to form in
the accretion disk. They represent 2.7% of this classification.

e M-type: these asteroids have spectra that are reddish and shown a linear, as well as
a convex shape: this shape could potentially result in a blue trend beyond 1.5 um.
They exhibit an albedo distribution of 10-20%. Most of them have silicates features
between 0.9 um or 1.9 um and 40% of these class present the K-feature. There
are two distinct populations: a chondritic one with an archetype of (21) Lutetia and
a metallic one with an archetype of (16) Psyche. Some asteroids belonging to this
class are: (21) Lutetia, (771) Libera, (779) Nina, (16) Psyche, (55) Pandora, (129)
Antigone and (201) Penelope, making up 6.7% of this classification.

e E-type: is composed of enstatite achondrites [138], with an albedo of more than 50%
and a steep slope in the visible spectrum and flat in the near-infrared. They shows
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an absorption band of 0.5 um, associated with the sulfide mineral oldhamite present
in aubrietes [139] or with titanium-bearing pyroxene [140]. Some asteroids exhibit the
k-feature, while others display the e-feature. They comprise 2.2% of the classification
and examples include (64) Angelina, (434) Hungaria, and (214) Aschera.

2.2.4.3 S-Complex

The S-complex is by far the largest complex in terms of individual asteroids. The main type
of the S-complex is S-type: they dominate all taxonomies and are mainly distributed within
the inner Main Belt and near-Earth Space [119], [141], [127], with a high average albedo
exceeding 20%, Their spectra and albedo show a larger homogeneity due to the abundance
in number of S-Type asteroids. These asteroids usually exhibit a continuous trends in slope
and the silicate features at 0.9, 1.0 and 1.9 um due to the variation in mineral composition,
especially olivines and pyroxenes. Specifically, this variation can be attributed to thermal
alteration in ordinary chondrites [142], [143]. The S-complex is divided the S- and Q-classes
along with the endmembers A-, R-, O-, and V-classes.

e S-type: they are formed by silicates and the pyroxene is their most common mineral.
This classification does not include any subclasses due to the continuous distribution
between the main S-complex and its subclasses. 42.3% of asteroids in this taxonomy
are classified as S-class, including examples such as (3) Juno, (11) Parthenope, (43)
Adriadne, (237) Coelestina, and (808) Merxia.

e Q-class: it predominantly consists of NEOs that represent 83.2% of the NEO pop-
ulation. Their spectral characteristics closely resemble those of chondrites, having a
broad 1 um band and a slope ranging from neutral to blue. The asteroids in this class
exhibit a high albedo ranging from 20 to 35%, as predicted by the space weathering
models [144], showing a darkening of the silicaceous asteroids with increasing surface
age. Examples of asteroids in this class include (1862) Apollo and (54827) Kurpfalz.
This classification encompasses 5% of the asteroids in the taxonomy.

e A-class: these asteroids exhibit a strong red slope and a deep olive imprint at 1 um,
attributable to brachinite achondrites [107], [145], [146]. These asteroids show an
albedo variation ranging from 20 to 30%. The taxonomy comprises three asteroids:
(246) Asporina, (354) Eleonora, and (446) Aeternitas with only 1.5% of the asteroids
classified as such.

e O-class asteroids: the only asteroid in this category is (3628) Boznemcova, which is of
ordinary chondritic type [147]. It exhibits winde round absorption at approximately 1
wm and has an estimated albedo of 25%. (7472) Kumakiri was also classified as type
O within this classification, although it may also be classified as class V [148].

e R-class: it was established due to the discovery of (349) Dembowska. These asteroids
exhibit 1 wm and 2 um characteristics that are deeper than those found in S-types
[13]. Their spectral signatures are derived from low-iron ordinary chondrites [149].
This classification comprises only 0.5% of the asteroids in the taxonomy.

e V-class: they have a characteristic deep 1 um and 2 um due to pyroxene and they
are originating from the (4) Vesta asteroid. This classification comprises 6.7% of the
asteroids in the taxonomy.
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Taxonomic classification has been continuously evolving in recent years. For 50 years, there
have been attempts to classify asteroids using spectroscopy and photometry. Owing to the
advancement of increasingly new instruments and methods, ending up with the Mahlke clas-
sification. The S- complex is well understood in terms of mineralogy, meteorite material, and
origin, whereas the other two complexes are still in doubt. On the basis of the characteristics
explained previously, the three complexes have a total of 17 classes. Mahlke employs classy
to categorize asteroids using the VisNIR spectrum and visual albedo. The UV data from
Gaia may help clarify the uncertainties surrounding the C and M complexes.

The heterogeneity of an asteroid’s surface may result in diverse taxonomic characteristics.
Therefore, by obtaining spectra of a full rotation or at different phases, different classes can
be found. The use of spectroscopy is crucial in studying NEOs, especially those smaller than
1 km, which cannot be observed in the MAB. It is crucial to determine its provenance within
the main asteroid belt and comet population, as well as its chemical composition distribu-
tion [150], [151],[152]. Spectroscopic analysis is also essential in establishing a connection
between meteorites and their original asteroidal parent body.

Furthermore, the study of visible spectroscopy together with NIR spectroscopy allows us to
study the mineralogical composition of asteroids more comprehensively. The range between
0.7 and 2.5 um is significant for the study of silicate minerals, such as pyroxenes, olivines
and plagioclase, as they possess fundamental absorption bands centered approximately on 1
and 2 um [99], [153], [154]. The 3 wm absorption bands correspond to the water and the
OH structure discovered in hydrated silicates: they are used to map the spatial extent of
aqueous alteration on the surfaces of asteroids [38].
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Class Spectrum Albedo Prototypes
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D Featureless with steep red slope with a possible 0.06+003 2.3
convex shape longwards of 1.5 pum. =002 /
Strong red slope in the visible with a feature 3 .
E around 0.9 um of varying depth and 0370
a neutral near-infrared continuation. ' i //j
Strong red slope in the visible with a broad . '
K feature around 1 pm followed by a blue to 01300
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Variable appearance apart from a red visible slope.
L A small feature around | pm and a possible 0.181001 //V
one at 2 um. The near-infrared slope is blue or red. L —
Linear red slope with possible faint features around 6
M 0.9 pm and 1.9 pm. Might show convex shape in the ~ 0.14*2:03 /
near-infrared. ' , "
Broad, bowl-shaped | pm absorption feature 0.0 :
L and a weaker feature at 2 pm. 0.26%5.02 W
Linear red slope and generally featureless. coly
P Less red than D-types. 0.05%5 01 ,—"'/
Broad absorption at 1 um and a shallow feature +0.12 :
Q at 2 um. An overall blue slope in the near-infrared. 0.24 .08 /\/\/
R Strong feature at l pm and a fearure_ at 2 pm. 0.30+0.05 i
The latter feature is shallower than in V-types. S04
Moderate features around 1 pm and 2 pym ong
5 and a neutral to red near-infrared slope. 0.24%0 0 /\/\-’_‘
v Deep absorption features at 1 ym and 2 pm. 0.29+0.11 8
The former is much narrower than the latter. 008 /\/-\/
Extremely red slope, redder than the D-types. —
Z Featureless but may exhibit concave shape 0.07':3:%

in the near-infrared.

Figure 2.4: list of Mahlke's 17 taxonomic classes, excluding X-types, with brief description,
visual albedo mean value with relative standard deviation values, and three spectral examples
for each class. The spectra range is between 0.45 and 2.45 um. Table taken from Mahlke
(2022) [13].
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2.3 Asteroid Families

In 1918, Kiyotsugu Hirayama observed a number of asteroids orbiting around the Sun with
very close unusually trajectories: he referred to them as "groups of asteroids probably of
common origin” [155]. These groups, known as families, are composed of asteroids with
similar orbital parameters (semimajor axes, orbital eccentricity and inclination) and similar
physical properties. These asteroids were formed as a result of a collision between two minor
celestial bodies within the Solar System. There are two types of asteroid families based
on their origins: fragmentation and cratering families. In the former, the primordial body
is completely destroyed, whereas in the latter, a parent body survives, as is the case of
with (4) Vesta. Larger families may contain hundreds to thousands of asteroids, and it is
estimated that 30-35% of the asteroids in the Main Belt belong to a family. Instead, groups
of asteroids with similar orbital parameters but different origins are known as asteroid groups.
These groups are composed of numerous small asteroids formed by primordial collisions of
different magnitudes.

The study of asteroid families is crucial for various studies, including the NEO, in fact they
bring some asteroids to the near-Earth region [156], [157]. In many cases, fragments of
asteroids are brought into resonant orbits, such as the 3:1 or 5:2 mean motion with Jupiter,
or the secular resonant vg, or into the inner region of the Main Belt [158]. Within these
areas, fragments can be swept towards the inner Solar System, indicating the continuous
production of NEOs resulting from collisions within the inner part of the Main Asteroid Belt.
Thus, the formation of families near the boundaries of the Asteroid Belt makes another
contribution to the near-Earth region. Collisions between these families result in fragments
being directed toward the orbits of the inner planets in a dynamic way [159].

Their research is significant in understanding the formation of the Solar System, modeling
and studying the history of the collision that took place in the MAB [158], and dynamical
evolution of the belt. The asteroid families represent an excellent example of low-energy
collisional phenomena. Today, collisions are very rare, enabling the survival of organisms on
the Earth. However, in the early stages of the Solar System, they were common and crucial
for its evolution.

The parent bodies play a key role in determining the chemical composition of the family and
their asteroids [160], [161], [162]. Moreover, such investigations can provide information
on the heterogeneity of the proto-planetary disk, as well as the formation of planetesimals
[163]. Additionally, examining families is crucial to better understanding the breakup events
that led to the formation of these structures and how asteroids collide with each other at
velocity of 5—6 km/s [164], [58]. Families are employed to investigate the internal structure
of asteroids, a key factor in the study of NEA impact hazards [158]. They are also linked to
the size of asteroid fragments. The size is determined from the absolute magnitude and the
albedo. In truth, families are distinguished by an even albedo distribution [165]. Furthermore,
a correlation has been found between the dimensions of the fragments and their maximum
ejection velocity [65]. The physical properties of families are studied based on three pieces
of information: first, the coordinates of family members in the space of proper elements
a', e', and i’ (representing proper semimajor axis, eccentricity, and inclination, respectively);
secondly, the size distributions of family members; and thirdly, spectrophotometric properties
of the members [158]. Proper elements are obtained from instantaneously osculating orbital
elements by removing periodic oscillations produced by gravitational perturbations of the
planets [166].
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Families are crucial for studying the effects caused by mean and secular orbital resonances as
well as the non-gravitational Yarkovsky effect (see 1.2.2) [166],[167]. The orbital velocities
of the fragments are linked to their gjection velocity, which varies based on the parent bodies.
Furthermore, studying them can help us to understand the gravitational effects on the ejection
velocities of the fragments. Finally, these findings help to understand the amount of water
they brought to Earth, as some of the parent bodies contained water [163].

2.3.1 Families Spectroscopy

The study of the chemical composition and origin of asteroid families gave rise to spec-
troscopy of asteroids. The families originated from energetic collisional events. (4) Vesta
was the first family with a collision origin to be found by spectroscopy. It belongs to the V
taxonomic class and exhibits spectroscopic properties similar to those of basaltic achondrites.
It is important to study the families for the properties and mineral composition in their inner
layer and to detect random interlopers within the families. Interlopers share identical orbital
characteristics with their respective families, but their taxonomic classification is different,
they are not members of the family [15]. The number of interlopers and their identification
can be determined through spectroscopic observations. This study is useful for measuring
the size distribution of the fragments and for determining the overall properties of the orig-
inal ejection velocity fields [168][158]. The spectroscopic observations conducted by Binzel
and Yu reveled the existence of asteroids beyond the boundaries of their own family: they
analyzed the Vesta family within the V taxonomic class. These objects were found in the
region that separates the family from the 3:1 mean motion resonance with Jupiter. The Fig.
2.5 shows the members of the Vesta Family and the asteroids situated beyond its boundary.

The spectral properties of the families exhibit a high degree of homogeneity: it is advan-
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Figure 2.5: plot of asteroids located in the Vesta family in the space of the proper elements.
The crosses indicate the elements of the family and the open circles indicate the basaltic
asteroids found by Xu and Binzel [14]. Figure taken from Cellino (2002) [15].

tageous to establish the mean reflectance characteristics and surface reflectivity of various
groups [15]. Nevertheless, these members do not exhibit equal spectral reflectance. Vari-
ations can be very homogeneous or have small differences. The spectral properties of the
groups are largely uniform, making it beneficial to determine the mean reflectivity and surface
albedo values for each. However, there exist disparities between individual members’ spectral
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reflectance; this range can be minimal or significant, reflecting differences in the mineralogi-
cal characteristics of their parent bodies and potential space weathering effects [169]. The
Fig. 2.6 shows four families of asteroids: the Lydia family exhibits a considerable level of
homogeneity, whereas the Agnia family demonstrates heterogeneity. These spectra were ac-
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Figure 2.6: Bus (1999) [16] obtained spectra of four families. Some spectra show homo-
geneity in spectral properties, while others exhibit heterogeneity, such as those of the Agnia
family. Figure taken from Cellino (2002) [15].

quired and analyzed as part of the SMASSII spectroscopic survey by Bus (1999) [16]. Bus
(1999) [16] plotted the proper inclination vs. semimajor axis for these asteroids in the Fig.
2.6. In this plot, the Hoffmeister families are in close proximity to each other, whereas the
other groups are more dispersed: the results of these data are uncertain due to overlapping
groups. Spectroscopy plays a crucial role in the physical properties of overlapping spectra.
For instance, in this respect, the big Nysa family consists of two overlapping families of the
taxonomic classes S and F [170].

Bus [16] was the first to discover new families through spectroscopy, suggesting that they
share a common collisional origin.

There are several families of asteroids, including Vesta, Eos, Polana, and Henan. The ob-
jects in Henan belong to the L taxonomic class [16], Polana belongs to the rare F taxonomic
class [170], while Eos belongs to rare K-type characterized by the spectroscopic behavior
between C- and S-class [171]. This fact led Zappala [172] to identify some asteroids in the
9:4 mean motion resonance band with Jupiter as members of Eos: they lie outside the family
boundaries because they were moved away from the Main Belt during the early stages of the
Solar System. As a result, these objects are perturbed by Mars and may cross Earth’s orbit
to become NEOs [15]. This indicates that families play a fundamental role in the production
of the flux of NEAs and meteorites.
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2.3.2 ldentification of Families

There are various techniques available for identifying asteroid families, such as the Hierarchi-
cal Clustering Method (HCM), a Machine Learning-based (ML) method, a V-Shape method,
and the Cladistic method. The most commonly used method to identify asteroids families
is the HCM [173]. The methodology is based on a metric that quantifies the distances be-
tween different members of asteroids’ family using three proper elements: semimajor axes,
eccentricity, and inclination. The technique consists of clustering asteroids below a critical
threshold distance. One significant advantage is that it is not based on an apriori any shape
of the family. The disadvantage is the chaining effect (it is the first concentrations naturally
tend to incorporate nearby groups, forming a chain [13]), if there are neighboring asteroids
that are not part of the family, that is taken into account. However, asteroids within the
same family share a homogeneous chemical composition [174] and surface reflectance char-
acteristics (spectra, albedos, and colors). HCM cannot identify families that formed more
than 3 Gyr ago because the dispersion of old group asteroids renders this method ineffective.
The Machine learning-based methodology is a reliable method for identifying asteroid fami-
lies: Carruba [175] was the first to use it. This data analysis method uses algorithms to make
predictions from input data sets. Various clustering algorithms are used in the PYTHON pro-
gramming language to classify asteroids into families. Carruba utilized the distance acquired
by Zappala [173] and analyzed the subpopulation of asteroids in the Main Belt through a
high inclination orbit. The algorithm has the advantage of being able to identify groups in a
very short time compared to the HCM method. However, its disadvantage is that the ratio
of the number of correctly identified asteroids to the total number of asteroids in the family
varies between 37 and 100%. Carruba [176] can accurately classify asteroids that do not
belong to a family with 83-98% precision: the algorithms achieve better results when adding
new members to existing families than when classification is done from scratch.

The V-shape method is an another tool to identify families. ldentification of ancient asteroid
families involves a clustering approach that takes advantage of the V-shaped data presented
in the space occupied by the semimajor axis and the inverse of the diameter (or absolute
magnitude) of the asteroids. An algorithm is employed to divide the data into two categories:
the border method that utilizes a ratio between the number of objects just outside and inside
the V-shape, and the density method that detects a peak of asteroids in a V-shape plane.
These methods are used to identify primordial families. Walsh (2013) [177] was the first
to use the V-shaped technique and identified the Polana family (group formed 2 Gyr ago)
and the Eulalia family (group of 0.8-1 Gyr). Identification of families with an age range of
0.5-2.5 Gyr is easier and more efficient 80%, while those with more than 3 Gyr are more
challenging.

The cladistic method proposed by Holt [178] is the last method to identify families: the
methodology is built on the degree of parenthood, that is, the distance in time of the last
common progenitor. An artificial neural network is used to analyze multiple parameters of
the asteroid, including physical characteristics, orbital elements, and spectral features. This
produces a phylogenetic tree that represents the evolutionary connections between asteroids.
While it is advantageous to deal with missing data, it is time-consuming and does not always
distinguish between independent and overlapping families.

In 2017, the creation of the Asteroid Families Portal (AFP) allowed access to a comprehensive
database of all known asteroid families (http://asteroids.matf.bg.ac.rs/fam/). However, the
immense volume of available data presents a formidable challenge in classifying these space
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objects. It will be even more difficult in the future because the Vera Rubin telescope [84]
will be expected to reveal millions of new asteroids in the Solar System, further compounds
this issue. Due to its memory requirements, the HCM method will not suffice to manage the
increasing number of objects. The newly available clustering methods will be used to address
this challenge.

2.3.3 Dynamical Evolution

To study the dynamic evolution of families, it is necessary to examine the mechanisms that
affect them. These can be categorized into gravitational and non-gravitational effects. When
considering the former, it is impossible to take into account all the gravitational forces ex-
erted by all objects in the Solar System. The eight planets of the Solar System and the most
massive asteroids are responsible for the greatest gravitational influence. Non-gravitational
effects include the YORP effects (see section 1.2.2). Additionally, the evolution of families
is a result of collisional evolution. Collisional and dynamical evolution are interconnected,
and it is essential to consider both when studying the evolutionary effects of families.
Novakovi's work [179] allows the study of the dynamics of small Solar System objects due
to secular resonances. Indeed, by modifying the orbital inclination of family members, nodal
secular resonances (the temporal evolution of the ascending node of an orbit resonantly in-
teracts with other components of the dynamical system) indirectly modify the initial Ejection
Velocity Field, in particular the velocity component out of the orbital plane. This fact can be
analyzed to obtain the post-impact inertial velocity distribution [180]. For example, Carruba
[180] used members of the Astrid family (with an unusual distribution of orbital inclination)
to study constraints on parameters that describe the Yarkosky force, such as mass and sur-
face density, and the thermal conductivity of the surface material.

Orbital element analysis is fundamental for studying the dynamic evolution of families in the
long term. By studying the Yarkovsky effect, one can derive the age of families, as seen
in the studies of Lowry [181]. Modeling the YORP effect presents a crucial and complex
challenge in analyzing dynamic evolution. It modifies the spin axis orientation and spin rate of
the asteroids, which affects the Yarkovsky effect, which depends on the rotation state of the
asteroids. The YORP effect, however, depends on the shape and small scales topography
(the presence of boulders and craters at the surface) of the asteroid. Therefore, to accu-
rately model the Yarkovsky effect, it is necessary to model the combined effect of YORP and
impacts. The YORP effect is made up of two components: stochastic and deterministic [57],
[182], [183]. When considering only the deterministic component of the YORP effect, the
evolution of the spin axis as a result of YORP reduces the magnitude of the Yarkovsky effect
that is dependent on obliquity [183]. Thus, a decrease in the Yarkovsky effect is expected due
to YORP, but this is not consistent with the observations obtained. For instance, the close
approach of near-Earth asteroids is far too low to match the observations when the YORP
effect is taken into account [184]. For this passage, adding both the stochastic component
of the YORP effect and the spin evolution owing to impacts is necessary. However, it should
be noted that different authors use varying models, which can yield varying results. Examples
of these models include Bottke's [185] and Marzari's [186].
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2.3.4 The age of families and the Ejection Velocity Field

Studying the long-term dynamic events of asteroid families requires the fundamental param-
eter of the initial ejection velocity field (EVF), that is the field of initial velocity arises from
a collision. lIts usefulness lies in understanding the physics of collisional events and study-
ing the internal structure of asteroids. However, estimating the initial EVF of an asteroid
family is a complex task; it involves two parallel studies: the evolutionary process and the
age determination. Thus, by examining the family's evolution, one could obtain its age and
EVF. Cellino [65] discovered a connection between size and ejection velocity among some
family members: he observed an inverse relationship between ejection velocities and on the
size defined by an exponent ranging with a power of -2/3 to -1.

Another crucial factor is the determination of the families’ age, specifically the precise mo-
ment of the collision that brought about their formation. It is essential to know their age to
understand the long-term development of the asteroid family. There are numerous dating
approaches, and families are grouped into young or very young families formed less than ten
million years ago and older families formed approximately fifty million years ago [163].

e Old families: families that are older than 50 million years can be dated using the

Yarkovsky /YORP chronology and this method can be applied to nearly all older families.
Family members evolve over time by changing positions away from the main body. The
distance and velocity of the movement far away from the parent body can be calculated
to determine the age of the family.
The Yarkovsky effect is a non-gravitational perturbation caused by the thermal emission
of thermal photons from the asteroid’s surface [163] (see section 1.2.2). The effect
depends on physical properties, including thermal inertia, albedo, and density, and is
proportional to the inverse of the diameter of the asteroid. As a result, the effect
is more pronounced in smaller bodies, causing significant changes in the semimajor
axis over millions of years [187], [188]. As a result of this phenomenon, the smaller
objects in the group move outward, creating the V-shape studied above. The V-shape
occurs because of two processes: EVF and the secular evolution of the semimajor axis
resulting from the Yarkovsky effect. Based on Michel's research [189], it is expected
that the larger fragments initially have lower velocities than the smaller fragments,
so that the smaller fragments are more widely spaced. Due to the Yarkovsky effect,
smaller fragments drift farther from the larger body. As the current distribution ages,
the initial EVF contribution decreases. Additionally, the probability of family formation
suggests that families formed by larger bodies are older [190], and that the rate at which
bodies are ejected increases with their size: more massive bodies release fragments at
higher velocities. In conclusion, the Yarkovsky effect significantly restricts the method’s
calculation, as it relies on specific physical properties, including density, surface thermal
properties, and spin state. Another limiting factor is the YORP effect, which alters
the spin state of asteroids, leading to the Yarkovsky effect. Additionally, encounters
with massive asteroids can alter the semimajor axis, resulting in a reduced observation
of the V-shape. Ages have been calculated for more than 50 families in various studies
[161], [191], [166] utilizing uniform methods, which is critical to determine age in the
Main Belt.

e Young families: their age can only be determined through purely dynamic methods.
The Veritas family was the first example when chaotic dynamics were used to determine
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the age of a family [192]. Following this, researchers began to use regular dynamics
methods, such as the Backward Integration Method (BIM), which involves examining
the convergent behavior of secular angles, to date families such as Karin [193]. The
Karin and Veritas families have since become fundamental archetypes for establishing
the age of young families.

In the future, more accurate age estimation are expected to be available. Additionally, with
a greater number of asteroids and a better understanding of their physical properties, it will
become easier to obtain more precise ages. The Gaia mission, led by the ESA, will aid in
calculating ages accurately by studying the Yarkovsky effect on small objects’ orbits. Gaia
aims to obtain an age measurement for each family or alternatively for each spectral type.
Such an effort would help to significantly reduce uncertainties surrounding age [163].

2.3.5 Family and their relationship with NEO

The investigation of families is closely related to NEO objects. Families provide a large
number of asteroids that pass close to Earth orbit and produce a stream of meteorites to Earth
[194], [14], [156]. As time progresses, some objects dissociate from their families and escape
into near-Earth Space [195]. Although this phenomenon has fascinated many researchers,
there are still many unanswered questions. All families contribute to the formation of NEOs,
but only families located near the Main Belt transport routes to the near-Earth region are
capable of carrying asteroids directly to these routes. Objects situated within these routes
experience only a limited lifespan of a few million years due to their rapid transportation to
the near-Earth region immediately following family formation (see Fig. 2.7) [82].

Some studies indicate that families formed with multiple members located near transport
pathways cause the most cratering of terrestrial planets [196]. Therefore, families located
inside strong orbital resonances are the main sources of NEAs. These fragments are directly
injected and can be transported quickly, causing many objects to reach the near-Earth region
in a short time after the family's formation. In contrast, families that do not eject their
objects along the trajectories send a more stable number of fragments to the near-Earth
region. Additionally, larger asteroid swarms towards Earth are caused by families located
near powerful resonances. To maintain a stable population of objects that are close to
Earth, Zappala [196] has explained that asteroid populations within powerful resonances are
reformed by asteroid fragments. The Yarkovsky effect [197] later explained this mechanism.
To link clusters and families of asteroids, it is essential to consider various factors such as
dynamic evolution, transport routes, the size of the progenitor body, EFV, and age of exposure
to cosmic-ray exposure. The Gefion asteroid family is an example of a link between meteorites
and asteroids, which serves as a source of L-type chondrite meteorites [198]. Another notable
example is the Flora family, which is a significant source of NEO-type chondrite meteorites
due to its close proximity to the vg resonance. Bottke [199] studied five other families of
the Main Belt, namely Erigone, Sulamitis, Clarissa, Eulalia, and New Polana. Additionally,
Euphrosyne is an important family with some of the lowest known albedo values, and its
members' large orbital inclinations cause them to cross the vg resonance [106]. One last
important family is the Karma family, located in the outer region of the 3:1 resonance with
Jupiter, which has provided some asteroids in the near-Earth region [17]. The study remains
open-ended, as virtually all families may contribute to NEO objects, and new correlations will
be uncovered in the future.
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Prapaetor

Figure 2.7: illustrates the various steps in the dynamic evolution of an asteroid family. It was
created based on the work done on asteroid Karma by Pavela [17] and is taken from Mahlke
(2002) [13].
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Chapter 3

Didymos and DART

3.1 The binaries asteroids

The population of binary asteroids continues to increase. Specifically, between the great
book Asteroid Il [200] and Asteroid IV [201], the population increased from 33 to ~ 244:
49 NEAs, 19 Mars crossers, 93 MBAs and others not yet classified [202], [203]. Binaries
and triples are gravitationally bound asteroids, while asteroid pairs are pairs of related but
not gravitationally bound asteroids [18]. Paired binaries and triples are groups of two/three
asteroids in which the primary NEA on a binary system is itself a binary or triple. The primary
NEA, or primary asteroid, is the larger asteroid in the binary/triple system.

Radar is considered the primary tool used to detect multiple asteroid systems: it has played
a crucial role in the discovery of most binary systems. According to radar observations, it
is estimated that approximately one in six NEAs larger than 200 m in diameter is a multiple
system [204], [205]. Radar can detect asteroidal satellites because it can resolve the compo-
nents of the system both spatially (along the observer’s line of sight) and in frequency (due
to Doppler shifts in rotational and orbital line of sight velocities), resulting in a measurable
separation between the two components. Additionally, the radar images provide valuable
information about the shape of the primary body. A primary NEA typically exhibits a circular
equatorial bulge, with uniformly sloped sides, and a spinning top-like polar flattening. The
shape of smaller satellites cannot be resolved by radar, but radar images suggest that they
are typically stretched [18]. Furthermore, it is important to note that radar has a limited
range and can only reach about 0.2 AU from Earth.

Another method of detecting binary asteroids is to use the photometric curve: this technique
involves examining the light curve of an asteroid. The components of the binary system can
obscure or cast a shadow on each other, resulting in occultations or eclipses [18].

Multiple systems are considered important for studying the physical properties, composition,
internal structure, formation, and evolutionary processes of minor planets [18]. Binary as-
teroids, in particular, are known to provide valuable information on the mass and density
of objects, which is crucial to understanding their composition and internal structure. The
formation mechanisms are different in multiple systems, depending on the different popula-
tions: NEA, MBA and TNO [206], [207]. This allows the study of various processes, such as
accretional, collisional, tidal, and radiative processes that are important for the formation of
planets. Furthermore, binary asteroids provide an opportunity to study the thermal and me-
chanical properties of asteroids. Spectroscopic observations of around 20 pairs of asteroids
have shown similar spectra [18]. For some pairs, there are some small differences, which is
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attributed to a greater amount of eroded material on the surface of the primary [18].

3.1.1 Binary overview

In 1993, the Galileo spacecraft discovered the first binary asteroid, flying over (243) Ida and
discovering its satellite Dactyl (see fig. 3.1) [208], [209]. All research programs prior to
this mission had been unsuccessful, and it was difficult to imagine when asteroids could have
satellites. Later on, many binary asteroids, such as (45) Eugenia [210], were discovered.
According to research, MBA satellites are believed to have originated from subcatastrophic
(capture through a three-body interaction in the near-Earth or Main Belt), or capture after a
catastrophic impact, probably due to their small size [211], [212]. Furthermore, it has been
observed that NEAs can exist as binary systems, and their formation is through rotational
fission process [204]. Asteroid binaries are difficult to discover, but many asteroids have a
satellite [18].

Figure 3.1: the Galileo spacecraft captured images of the asteroid Ida and its moon Dactyl
as it traveled towards Jupiter in 1993. Figure taken from apod.nasa.gov
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3.1.2 Binary Classification

The properties of binary systems depend mainly on their size. In the case of NEAs, the primary
body is typically less than 10 km in size, whereas the secondary body ranges from 4 to 58%
of the primary body’s size. The distance between the two bodies can range from 2.5 to 7.2
primary radii and the system exhibits a fast-spinning primary with rotation period between 2.2
and 4.5 hours [213]. The binary asteroids in the small MBA population (D < 15 km) exhibit
similar properties to the binary systems of the NEAs. However, it should be noted that binary
asteroids in the large asteroid population (D > 15 km) have different characteristics. For
instance, their satellites are smaller, but they orbit are larger [213].

Due to the increase in known binary systems between NEAs and MBAs, a classification has
been made [202]:

e Group L: Large asteroids (diameter D > 20 km) with very small satellites (secondary
to primary diameter ratio: Do/D; < 0.2). Their rotational periods of the primary
range from 4.1 to 7.0 hours.

e Group A: Small asteroids (D < 20km) with very small satellites (0.1 < D,/D; < 0.6)
in tight mutual orbits (semimajor axis, a, less than 9 primary radii, R,).They have a
rotational period of 2.2-4.4 hours.

e Group B: Small asteroids (D < 20km) with large satellites (0.7 < D,/D;) in tight
mutual orbits (a < 9R)).

e Group W: Small asteroids (D < 20km) with small satellites (0.2 < D,/D; < 0.7) in
wide mutual orbits (a > 9R)).

e Three outliers: (90) Antiope and (617) Patroclus would be from group L with the
characteristics of group B, but are much larger than those of group B (D ~ 87—101km)
and (4951) Iwamoto has the characteristics of group B, but much wider mutual orbit
(a~17Rp).

NEA systems typically consist of a rapidly rotating primary asteroid and a smaller secondary
asteroid, whose rotation is synchronized with the mutual orbit period [18]. The primary NEA
usually completes a rotation in less than 2.8 hours, although this can vary from 2.2593 hours
for (65803) Didymos [214] to 4.749 hours for 1998 QE2 [215]. Additionally, it is worth
noting that the Didymos satellite has one of the shortest known orbital periods (11.90f8:8§’).

3.1.3 Formation of Binary

Binaries can be formed through three possible mechanisms: collisional breaking, rotational
fission, and the splitting of unstable asteroid binaries [216]. The rotational fission mechanism
can be explained by a correlation between the rotational periods of the primary asteroid and
the mass ratio q between the secondary and primary asteroid. This correlation matches
the Scheeres model [217], where the primary undergoes rotational fission with zero drag.
It has been observed that pairs with low mass ratio pairs (¢ < 0.05) did not undergo a
spin slowdown during the separation process. As a result, they are expected to rotate at a
faster frequency, close to the fission spin rate. On the other hand, medium-high pairs with
g = 0.5 experienced a spin slowdown due to the subtraction of angular momentum from the
secondary. Finally, pairs with g > 0.2 should not exist because the energy released by the
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system formed by rotational fission would be negative and the main asteroid would not be
able to split into two parts.

Asteroids in small systems move very fast and have very high angular momentum [202]. Thus,
these properties are not consistent with subcatastrophic postimpact formation, capture by
a three-body iteration, or capture after a catastrophic impact [18]. The most plausible
hypothesis remains rotational fixation. According to the hypothesis, primary asteroids in a
binary system can reach high speeds, which may cause centrifugal accelerations to exceed
the gravitational accelerations that hold an asteroid together without drag [218]. In some
cases, small asteroids have a cohesive or molecular drag, so centrifugal forces must overcome
these forces [18]. As a result, the asteroid may split into two parts.

Finally, Bottke [11] proposed a YORP-induced rotational fixation hypothesis: the YORP
effect drives the rotational acceleration of small asteroids and explains their period distribution
[18]. The YORP effect increases the velocity of asteroids by taking them above the breaking
point, i.e. by starting rotational fission. By assuming a spherical asteroid, its critical break-up
velocity can be computed. In particular, in the case of two spherical components, one on
top of the other, with mass ratio g, rotating about the axis of inertia, the breaking fission
velocity is:

1+gq
Wg=Wq,| ———= (3.1)

(1+va)’
where wg is the rotational breakup spin rate and wy is the critical disruption spin limit
(wg = /4mpG/3). The formula demonstrates that a higher q ratio leads to a lower rotational
break-up spin rate. The initial free energy (Ef) of the binary system is determined by its
velocity, which in turn determines whether the objects will remain bound or separate. Negative
energies indicate that the objects will remain bound, thus determining the system’s stability.
The energy can be calculated using the following formula:

2p2
Er = %’)f;dR" . £(q) (3.2)
where R, is the radius of the primary and f(q) is an algebraic, monotonically decreasing
function for 0 < g < 1. The energy will be negative if ¢ > 0.2 and vice versa. This formula
is always applicable in the two-sphere approximation. As a result, binary systems with a
g > 0.2 or g < 0.2 evolve differently [219],[220].

The distinction between high- and low-mass ratios allows for different rotational fixation
scenarios [221]. The different scenarios are illustrated in Fig. 3.2. In the upper part (g >
0.2), the two binary objects synchronize tidally and then evolve according to the BYORP
effect. However, in the case of a low mass ratio, the two bodies are not bound and often
break apart to become asteroid pairs. The system can take on one of three scenarios: a
reshaped asteroid, an asteroid pair, or a stable binary. It is important to note that as the
system still has positive energy, it may be disrupted.
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Figure 3.2: flowchart showing potential evolutionary trajectories for an asteroid following
rotational fission. Each arrow is annotated with the predominant process and an estimated
time frame for that process. The states underscored are nominally stable over the YORP

effect timescale. Figure taken from Margot (2015) [18].
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3.2 AIDA program

After the Don Quijote technique was abandoned [222], NASA and ESA began studying two
independent but related missions to perform a deflection test using the kinetic impactor
technique. These studies led to the creation of the international collaboration Asteroid
Impact and Deflection Assessment (AIDA), supported by NASA and ESA [223][224]. The
purpose of AIDA is to investigate the kinetic impactor technique for analyzing the orbit
deflection of an asteroid, as well as to better understand momentum transfer and a possible
impact crater formation [20]. AIDA will combine the results of two missions: Double Asteroid
Redirection Test (DART) and Hera missions. The first mission was studied by ground
telescopes before and after impact, as well as through LICIACUBE [225]. The second mission
will study the binary system in detail after the impact of DART. Initially, the objective of
Asteroid Impact Mission (AIM) was to reach the binary system with Hera before the impact
of DART. However, due to a lack of funds, the mission was approved by the ESA Council
at the Ministerial level in November 2019, which will result in Hera's arrival four years after
the impact of DART.

3.2.1 DART

DART is a planetary defense demonstration mission managed by NASA's Planetary Defense
Coordination Office (PDCO) [19]. DART mission has launched on 24" November 2021
from Vandenberg Space Force Base in California, and the impact on Dimorphos occurred
on 26%" September 2022 at 23.14 UT [21]. The main goal of the mission is the impact of
DART on the satellite of (65803) Didymos: Didymos | Dimorphos (referred to exclusively
as Dimorphos in the literature) in order to demonstrate that the "kinetic impactor” is a
successful technique for planetary defence. This technique involves hitting an asteroid with
a high-velocity mass to significantly change the orbit of the asteroid. It is one of several
proposed methods for planetary defense in the future [19]. In addition, the ltalian Space
Agency (ASI) integrated DART with a 6U CubeSat named the Light Italian CubeSat for
Imaging of Asteroids (LICIACube [225]). LICIACube provided documentation of the impact
of DART and its immediate consequences. The data from LICIACube allowed the charac-
terization of the Didymos system and the ejecta plume caused by DART, as well as the
possible crater formed by DART [21]. DART had a narrow-angle imager called the Didymos
Reconnaissance and Asteroid Camera for Optical navigation (DRACO). DRACO was used
for optical navigation, terminal guidance, and asteroid characterization.

3.2.1.1 The goals of DART Mission

The DART project was based on ESA’s Don Quijote mission concept [226]: a rendezvous
spacecraft arrive at the asteroid for initial observations, and then a kinetic impactor arrive,
while the rendezvous spacecraft remained nearby for observations. However, due to the high
cost of two missions, it was decided to opt for a single spacecraft [19]. This was achieved by
calculating the change in the orbit of Dimorphos before and after the kinetic impact. Orbit
measurements are obtained by analyzing photometric curves captured from ground-based
telescopes and by monitoring the timing of mutual events (such as occultation and eclipses),
between the primary and secondary bodies before and after the experiment [214].

Before choosing Didymos as mission target, about 60 NEAs were identified as potential
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targets. The accessibility of the mission target is measured in AV, which refers to the energy
required to reach an object. Didymos had a AV that made it one of the most accessible
among these 60 NEAs [19]. However, it is important to consider other factors as well. For
instance, there were asteroids with a lower AV than Didymos, but with much larger satellites
that could not be moved measurably by spacecraft masses, or that do not approach Earth for
several decades, or that are not visible as non-eclipsing from Earth for large stretches of their
orbit. However, Didymos is an excellent binary system with an orbit favorable for measuring
changes in orbit through photometric measurements and will be visible for a long period
[19]. Additionally, Didymos has another advantage: its visible-near-IR spectrum shows a
composition consistent with L/LL chondrites, the chemical composition of meteoroids that
commonly fall on our planet. During ground observations, it is not possible to study the
primary asteroid'’s satellite, but previous studies have shown that the satellite is composed by
material from the primary asteroid [18], [227]. Furthermore, studies of NEAs have shown that
the albedos of a binary system are equal or similar within 20% [214]. Therefore, these results
provide certainty that Dimorphos is likely an L / LL chondrite. This mission has an additional
advantage: the diameters of Dimorphos is 165 m, very close to the minimum size (140 m)
for an object to be defined as a potentially hazardous asteroid (PHA). Therefore, Dimorphos
has the typical dimensions of common PHAs. The combination of these advantages means
that the results of the DART mission will aid in planetary defense against a large number of
possible asteroids [19].

Space missions have a set of Level 1 (L1) requirements that must be met to make the mission
successful. Below are the five objectives of the Level 1 DART mission [19]:

e DART-1. DART shall intercept the secondary member of the binary asteroid (65803)
Didymos as a kinetic impactor spacecraft during its 2022 September-October close
approach to Earth.

e DART-2. The DART impact on the secondary member of the Didymos system shall
cause at least a 73 s change in the binary orbital period.

e DART-3. The DART project shall characterize the binary orbit with sufficient accu-
racy by obtaining ground-based observations of the Didymos system before and after
spacecraft impact to measure the change in the binary orbital period to within 7.3 s
(1o confidence).

e DART-4A. The DART project shall use the velocity change imparted to the target
to obtain a measure of the momentum transfer enhancement parameter referred to
as B (momentum transfer efficiency) using the best available estimate of the mass of
Dimorphos.

e DART-4B. The DART project shall obtain data, in collaboration with ground-based
observations and data from another spacecraft (if available), to constrain the location
and surface characteristics of the spacecraft impact site and to allow the estimation
of the dynamical changes in the Didymos system resulting from the DART impact and
the coupling between the body rotation and the orbit.

It should be noted that modifying the orbital period of the binary system means changing the
orbit of Dimorphos around Didymos, not modifying the orbit of the entire system around the
Sun [19]. In addition to these objectives, there are other secondary objectives that are not
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less important: investigating the dynamic evolution of ejecta using ground-based telescopes,
analyzing the dynamic effects of the DART impact, modeling the ejecta through nearby and
distant fields, constraining the impact location, determining the physical properties of Didy-
mos system, and characterizing the impact site [19].

DART-1 and DART-2

From 1°t January 1996, Didymos reached its minimum distance from Earth (0.048 AU)
since 2003. On 4t" October 2022, it reached 0.071 AU and will only reach a closer distance
on 20" October 2062 (see Figure 3.3). Therefore, it was chosen to impact in September
2022 because it allowed the best ground observation over the next 40 years. Furthermore,
during the impact period of DART, there were the best opportunities to make high-quality
radar measurements until 2062 [228]. DART-L1 indeed requires the best possible ground
observations, when radar observations, although not mandatory, could provide useful infor-
mation for the study of this system [19].

DART must impact Dimorphos and transfer enough momentum to cause the required period
variation for DART-2. Dimorphos orbits Didymos in approximately 11.9 hours, or 42,840
seconds [214],[229],[228]. To achieve this goal, a 10% phase shift in the orbit must be ob-
tained compared to the unperturbed case after one month. Therefore, Dimorphos completes
approximately 59 orbits in 29 days, meaning that the variation in period must be 4284 sec-
onds in 59 orbits, or 73 seconds per orbit. The spacecraft was designed to impact Dimorphos
as close to the head as possible, specifically near the center of its leading hemisphere [19].
To study the system'’s orbit and assist DART's approach to the system, its properties must
be determined (for example, using light curves or radar measurements). Therefore, ground
observations were crucial in determining the position of Didymos relative to Dimorphos in
order to properly organize the impact of DART. Additionally, it is important to consider
the model binary system dynamics: Didymos and Dimorphos are not spherical and are very
close to each other, approximately 730 meters apart (3.1 radii of Didymos). This makes the
dynamics of the system more complex compared to a two-body Keplerian system [19].

DART-3

To obtain the required DART-3, astronomers must determine the property of the Didy-
mos system and measure the variation of the orbital period. The former is similar to what
is required for DART-1 and -2. Knowing the Didymos system before impact is necessary to
determine changes in DART's orbital parameters [19]. Therefore, it is crucial to determine
the position, orbit, rotation period, size, composition, and shape of Dimorphos. To calculate
the change in orbit after impact, numerous collaborations around the world ensure highly
precise measurements [19].

DART-4

The DART-4 requirement is divided into two parts: the threshold requirement (DART-4A)
and the baseline requirement (DART-4B). DART-4A and DART-4B have different data re-
quirements. DART-4A uses the same data as the other three requirements, while DART-4B
uses additional data and analysis, such as that from LICIACube [19]. Both aim to calculate
the momentum transfer efficiency factor 3. To determine beta, the momentum of Dimor-
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phos before and after impact must be compared, knowing the momentum carried along by
DART itself. The initial hypothesis is that the momentum is not due to the momentum
provided directly by DART, but rather to the momentum carried by the ejecta (see Figure
3.4). More details:

e DART-4A: aims to measure the parameter G. It does not directly calculate the mass
of the body but rather calculates it from the determination of its shape (volume) and
density calculations made previously. Additionally, 8 is a non-linear function of several
input factors that are calculated by researchers to obtain very precise estimates [19].

e DART-4B its requirement is to accurately determine the B parameter and characterize
the impact site, ejecta generated by the impact and dynamic changes in the Didymos
system resulting from the impact of DART. LICIACube will model the ejecta on small
and large spatial scales. Observations of the ejecta will also be attempted using space-
based and ground-based telescopes. The impact site determination of Dimorphos and
its characteristics will be based on the analysis of Didymos Reconnaissance and Asteroid
Camera for Optical navigation (DRACO) onboard DART images, using LICIACube
images. LICIACube will define the ejecta and the possible impact crater [19].
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Figure 3.3: this graph shows the distance between Didymos and Earth from 01-01-1996 to
14-12-2065. Didymos will be very close to Earth (< 0.1AU) three times during this time
period: on 13-11-2003, 4-10-2022, and 20-10-2062. Figure taken from Rivkin (2021)[19]

3.2.2 Hera mission

Hera will be the first mission designed to rendezvous with and characterize a binary asteroid.
Previous missions to asteroids have revealed diversity in terms of geophysical and compo-
sitional properties, as well as the geophysical complexity of each asteroid taken separately.
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Figure 3.4: possible scenarios post DART impact. (A) Slow-velocity or inelastic collision
adds DARTs momentum to the asteroid, B = 1. (B) Hypervelocity impact creates a crater
and results in ejecta being thrown off asteroid, which acts to increase the momentum of the
asteroid system, B > 1. (C) In a very unlikely case, spallation on the backside of the asteroid
after the collision could act more than to counteract the enhancement of the momentum of
the spacecraft, resulting in 8 < 1. Figure taken from Rivkin (2002) [19].

Hera will contribute to the geophysical understanding of small bodies and binary systems
[20].

The Hera mission is currently under development as part of the European Space Agency's
(ESA) Space Security Programme for launch in October 2024 with a launch schedule be-
tween 8" and 25" October 2024 [20]. The baseline launcher will be an Ariane 6.4 with
a Falcon 9 launcher as backup. In summary, the Hera mission will arrive at the Didymos
system and study their subsurface and interior properties. It will measure the result of the
kinetic impactor test, providing valuable information for the development of techniques for
planetary defense, mining extraction, and scientific purposes [230].

The following are the main objectives of the Hera mission, as written by Michel et al. [20]:

e Measure the mass of Dimorphos to fully determine the momentum transfer efficiency
from DART impact.

e Investigate in detail the crater produced by DART to improve our understanding of
the cratering process and the mechanisms by which the crater formation drives the
momentum-transfer efficiency.

e Observe subtle dynamical effects (e.qg., libration imparted by the impact, orbital, and
spin excitation of Dimorphos) that are difficult to detect for remote observers.

e Characterize the surface and interior of Dimorphos, which have a great influence on
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the impact response, to allow scaling of the momentum-transfer efficiency to different
asteroids.

In addition to the DART-HERA joint objective, the HERA mission was also other specific
objectives:

Hera

Perform the first comprehensive characterization of a NEA, including for the first time
its internal properties, allowing a precise comparison with theoretical models and as-
sessment of the binary NEA production mechanism.

Constrain the surface structure and regolith mobility on both Didymos and Dimorphos,
thereby allowing a first insight into how material properties may affect asteroid satellite
formation.

Allow, for the first time, to measure the detailed surface and subsurface properties of
an asteroid crater formed in an impact experiment at an impact speed (~ 6 km st )
that is close to the average speed of interasteroid collisions [58].

Provide a remarkable opportunity to study the surface geophysics of two objects of
different size and surface gravity, probably formed from the same material.

Obtain the first in situ measurements of the properties of an asteroid, Dimorphos,
whose size (~ 160 m diameter) is at the frontier between gravity- and strength-
dominated structures.

Characterize a crater formed with known energy on a body 160 m in diameter for
the first time, allowing us to verify whether strength or gravity is the most influential
parameter in crater production on such a small asteroid.

Observe native and post-DART surface activity and particle ejection events.

Investigate the crater formed by the DART impact for the potential identification of
fresh unweathered material on a silicate asteroid to understand possible space weath-
ering processes.

Test the conclusion that the crater produced by the Small Carry-on Impactor of the
Japanese space mission Hayabusa2 on the top-shaped asteroid (162173) Ryugu formed
in the gravity regime [231], comparing with the results of the DART impact on Dimor-
phos.

Investigate an asteroid, Didymos, whose spin period of 2.26 h may place it at the limit
of structural stability [232].

is a small- to medium-sized planetary spacecraft with a mass of approximately 1280

kg. It will be equipped with 13 m? solar panels, a fixed high-gain antenna, and two low-
gain antennas: communications with ground stations will use the X band [20]. To achieve
its goals on planetary defense, Hera will bring several instruments, including two Asteroid
Framing Cameras (AFCs), a spectral imager (Hyperscout-H), a microLIDAR (PALT), a
Thermal Infrared Imager (TIRI), an X-band transponder referred to as X-DST, and a Hera-
to-CubeSats Intersatellite Link (ISL) transceiver for the radio science experiment (RSE).
Additionally, it has two CubeSats: Juventas and Milani (see fig. 3.5) [20]. After the launch
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Figure 3.5: Hera spacecraft design. The locations of the different payload elements are
indicated (AFC = Asteroid Framing Cameras; TIRI = Thermal InfraRed Imager; PALT =
Planetary ALTimeter; SMC = Small Monitoring Cameras). Figure taken from Michel (2022)
[20].

of Hera, a Deep-Space Maneuver (DSM) will occur 2-3 weeks later. It will pass within 5000-
8000 km of Mars, and in January 2026, a second DSM will occur that will bring Hera towards
Didymos. During the journey, it will pass close to Deimos, and a possible flyby of an other
asteroid is also under consideration. On December 14t 2026, five maneuvers will begin to
enter orbit at the end of January or early February 2027 [20]. Once in orbit, there will be
five phases (see fig. 3.6 and 3.7):

Figure 3.6: representative image of the HERA mission approaching the Didymos system.
Figure taken from Michel (2002) [20].

e early characterization phase (6 weeks): the thermal and dynamic properties of the
asteroids will be studies to determine the overall shape and mass/gravity of the system.
This phase will begin when Hera will enter in orbit with the binary system and consists
of arcs at a distance of 20-30 km. The interval is divided into short arcs of 3 days and
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long arcs of 4 days, creating a weekly cycle.
e payload deployment phase (2 weeks): it will be the release of the two CubeSats.

e detailed characterization phase (4 weeks): Hera will continue to move in hyperbolic
arcs, but at a distance of 8-20 km. The purpose of this phase will be to map the
asteroids at a meter scale and determine their thermal, spectral, and interior properties.

e close observation phase (6 weeks): the spacecraft will approach Didymos within 4
km following the same trajectory as the previous two phases. This phase will allow for
high-resolution study of a large fraction of the Dimorphos surface, including the DART
impact crater. Achievement of all mission objectives will be made possible through
these phases.

e experimental phase (6 weeks): the spacecraft will reach lower altitudes, possibly as
low as 1 km above Dimorphos. The main objective of this phase will be to achieve
a resolution of decimeters in morphological, spectral, and thermal properties of Di-
morphos. The Hera mission will conclude with the landing of the Hera spacecraft on
Didymos, providing high-resolution data on the primary.
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Figure 3.7: distance from Hera to Didymos/Dimorphos and AFC image resolution. ECP:
Early Characterization Phase; PDP: Payload Deployment Phase; DCP: Detailed Character-
ization Phase; COP: Close Observation Phase; EXP: Experimental Phase; T: Transitions.
Figure taken from Michel (2022) [20].

Hera will make a significant contribution to European planetary defense and aid in under-
standing the effects of a spacecraft impact on an asteroid. In addition, it will provide valuable
information on the science of asteroids and the Solar System [20]. This mission will give
more information on the internal and surface structure of small asteroids, the evolution of
rubble-pile, the physics of impact craters in microgravity, the accretion of small bodies, and
the evolution of terrestrial forms. It also provides information on the population of asteroids
and planetesimals that joined together to form planets [20].
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3.3 The Didymos-Dimorphos system

3.3.1 Before impact

The first detection by DRACO occurred 61 days before impact. On 27t" August 2022,
DRACO began capturing images of the binary system every 5 hours. Four hours and five
minutes before impact, the autonomous system Small-body Maneuvering Autonomous Real-
Time Navigation (SMART Nav) took control of the spacecraft to impact Dimorphos in the
best possible way (see Figure 3.8 [21]). From the beginning of the navigation until impact
(23:14:24.183 4 0.004 UTC September 26!"), the probe continued to transmit images to
Earth. The last complete image was captured 1.818 seconds before the impact, and the last
partial image was captured 0.855 seconds after the impact. Before impact, little was known
about the shape and surface of Dimorphos until DRACO obtained high-resolution images. A
model of the asteroid’'s shape was used to describe Dimorphos: it is an oblate spheroid with
a diameter equivalent to a volume of 151 &5 m. Furthermore, the albedo of Didymos was
calculated more accurately as 0.15 4 0.02 in the visible range (0.55 um).

The images captured by DRACO reveal that Dimorphos has a surface scattered with rocks re-
sembling some S-type NEAs such as (25143) Itokawa, C-type (101955) Bennu, and (162173)
Ryugu, suggesting a rubble pile structure.

{minutes before impact)
240 180 120 60 1]

(a) (b) () (d)
Didymos targeted Dimorphos detected Dimarphos targeted Manuevering ends

Figure 3.8: 12 images representing DART's approach towards Dimorphos since SMART
Nav began targeting maneuvers are shown in a time sequence from left to right. Didymos is
surrounded by dashed yellow circles and Dimorphos is surrounded by solid green circles. The
images were taken by DRACO and used by the SMART Nav system to locate Dimorphos.
Figure taken from Daly (2023)[21].
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3.3.2 Impact

The trajectory and position of the impact was also calculated. DART impacted at 8.84+£45°
S, 264.30+£0.47° E, with a 1 sigma uncertainty (68 cm) that is smaller than the size of DART
(see Figure 3.9 [21]). The impact site was located between two large boulders: boulder 1
(6.5 m long and 2.2 m high) and boulder 2 (6. long and 1.6 m high). DART approached
the asteroid with its solar antennas slightly tilted toward Dimrophos’ surface. The first an-
tenna hit boulder 1, followed by the second antenna that grazed boulder 2. Finally, DART
affected Dimorphos between the two boulders (see Figure 3.10). Most of the momentum
was transferred from the bulk of the DART, which constituted 88% of the spacecraft mass
at the time of impact [21].

Figure 3.9: (a) shows Dimorphos with a correctly oriented outline of the DART spacecraft.
(b) was taken 2,781 seconds before impact and shows Dimorphos with the two boulders 1
and 2 where the impact happened. (c) was taken 1,818 seconds before impact. The arrow
on the lower left of panel (a) indicates the direction of the Dimorphos + Z (N) axis. The
white box in image (a) indicates the position where image (b) was taken and the box in (b)
shows the position where image (c) was taken. Figure taken from Daly (2023) [21].

Figure 3.10: relationship between DART and the topography of the impact site. DART's
position prior to impact with Dimorphos north is shown towards the top of the panel (a), to
the right (b), and on page (c). Figure taken from Daly (2023) [21].
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3.3.3 Earth-based observation after impact

On 26%" September 2022 at 23:14 UT, DART impacted Dimorphos at a velocity of 6.6
km/s, giving it a large momentum (in a range between 2.2 and 4.9 [233]) [23]. The main
objective was to change the orbital period of Dimorphos to demonstrate that a kinetic
impactor is a valid method of deflecting asteroids. The DART spacecraft collided head-on
with the leading hemisphere of Dimorphos [22]. This configuration was chosen to transfer the
maximum possible momentum and reduce the semimajor axis of Dimorphos’ orbit, thereby
reducing the orbital period. In the simplest case, if DART crashed, the momentum of the
impacting spacecraft was transferred to the asteroid target without any additional momentum
enhancement and a change in orbital period of 7 minutes was expected [22]. However,
depending on the strength of the material, impact conditions, and other properties, 3 could
change and the value of the orbital period could reach up to 40 minutes. On 115¢ October
2022, NASA announced that the DART impact had reduced Dimorphos’ orbit by 32 minutes,
according to ground observations [22].

The orbital period before impact is 11.92148 + 0.00013 h (3c0). The post-impact orbital
period has been calculated by many researchers; as the results of Thomas et al. [22]. They
calculated the orbital period using radar observations and light curves from the Didymos
system. The observations began about 11 hours after impact using the Goldstone X-band
(3.5 cm, 8560 MHz) and continued for 14 days. Radar echoes were received in a bistatic
configuration with transmission from the Goldstone X-band using the Green Bank Telescope
(see Fig. 3.11 [22]). The first observation of Dimorphos occurred approximately 12 hours
after impact, resulting in an orbital value change of —36 £ 15 minutes. In conclusion,
they determined a post-impact period of 11.372 + 0.017 (3c) hours with a period variation
of —33.0 £ 1.0 (30) minutes. The rotation period of Didymos remained unchanged after
impact, whereas the orbital period changed more than expected. The ejecta produced by the
impact significantly contributed to the momentum carried by the DART spacecraft [22].

3.3.3.1 Photometry

There are numerous photometric data of Didymos system available in literature. For instance,
observations obtained from the Lulin Observatory (National Central University, Taiwan) be-
tween September 215, 2022, and January 5/, 2023, using an R-B-R-V-R-I-R observational
sequence for color measurements in order to remove the effect of the magnitude variation
that was due to the rotation of the asteroid [23]. The photometry of this study is shown in
Figure 3.12. The values of m(1,1,) have been reduced to a distance of 1 AU from both
the heliocentric and geocentric perspectives using the following equation:

m(1,1,a) = m—5log(Ary) (3.3)

where A and ry are the geocentric and heliocentric distances of the asteroid in AU, respec-
tively.

The first measurements of magnitude arrived 20 hours after the impact, showing an increase
in brightness of around an order of magnitude. In the days following the impact, the magni-
tude decreased by 0.07 mag per day, indicating the movement of the ejecta away from the
system due to the pressure of solar radiation [23]. Two weeks later, when the two twin tails
disappeared, there was only a decrease in magnitude of 0.04 mag per night: this indicates
that most of the ejecta were swept away from the system.
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Figure 3.11: radar range-Doppler images acquired on 4" October 2022 using Goldstone
X-band and on October 9" using Goldstone X-band for transmission and the Green Bank
Telescope for reception, depict an increase in distance from Earth from top to bottom within
each image, and a rise in Doppler frequency to the right. Consequently, both rotational
and orbital motions appear counterclockwise. The broader echo originates from Didymos,
while the smaller, fainter echo indicated by arrows corresponds to Dimorphos. Open circles
represent predicted positions for Dimorphos based on the pre-impact orbit. The yellow ellipses
illustrate the trajectory of Dimorphos. The prediction uncertainties are smaller than the image
resolution. On 41" October, the ellipse spans -870 m to +870 m along the y axis and -7 to
+7 Hz along the x axis, corresponding to line-of-sight velocity of -12 cm/s to +12 cm/s. On
9t" October, the ellipse spans -980 m to +980 m along the y axis and -8 Hz to +8 Hz along
the x axis, corresponding to line-of-sight velocity of -14 cm/s to +14 cm/s. The physical
extents of the ellipse vary as a result of the viewing geometry. Figure taken from Thomas
(2023) [22].

The V magnitude can be used to calculate the absolute magnitude H and the slope parameter
G of an object based on the colour sequence of observations:

H(a) =H —2.5log[(1 — G)P1(a) + GPo(a)] (3.4)
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where H is the absolute magnitude observed at 1 AU from both the Sun and the Earth and
at a zero phase angle, ®; and ®, are functions that describe single and multiple scattering
from the asteroids surface, and G is the slope factor that describes the shape of the phase
curve [23].

The H value before impact was 18.17 +0.48 mag with a slope parameter of G of 0.20 [234].
After impact, the calculated values were H = 17.87+£0.08 and G = 0.134+0.05. As a result
of contamination from the impact, there is significant uncertainty regarding the absolute
magnitude values. The object is believed to have become slightly brighter than before as a
result of the enhancement of the ejecta [23]. Using the average absolute magnitude before
and after impact (18.02 £ 0.34) and the mean albedo for S-type (0.213 [235]), the effective
diameter of Didymos was calculated, which is 0.72+%22 km resulting in values lower than
previous estimates (0.78 £ 0.03 km [23]). The difference may be due to the limited data
available before the DART impact and contamination of the data by ejecta produced by the
impact [23].

In addition, Polishook et al. [3] calculated the magnitude variation (AMag) dependent on
the combined surface area of Didymos, Dimorphos, and the ejecta cloud (Sjngex):

(3.5)

AMag = —2.5121og <5Didymos + Sbimorphos + Sejecta>

SDidymos + SDimorphos

The magnitude variation decreased from 64% on September 27" to 23% on October 2"¢
(see Table 3.1).
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Figure 3.12: R-band magnitude m(1, 1, a) of the Didymos system. Magnitudes measured at
three different apertures centered on the comet nucleus with diameters of 500 km (red), 750
km (black), and 1000 km (blue). Magnitudes are normalized to heliocentric and geocentric
distance units as a function of time expressed in days since the impact with DART. Figure
taken from Lin (2023) [23].
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SDidymos+SDwmorphos+Sejecta

Night Tspec A Mag AMag = —-2.512log < T — )
2022 Sep 26 2459849.0833 0 0%
2022 Sep 27 2459850.0833 -1.12 64%
2022 Sep 28 2459851.0833 -0.95 58%
2022 Sep 29 2459852.0833 -0.78 51%
2022 Sep 30 2459853.0833 -0.62 43%
2022 Oct 1 2459854.0833 -0.45 34%
2022 Oct 2 2459855.0833  -0.28 23%

Table 3.1: brightness change of the Didymos system by the time of the spectral mea-
surements compared to a preimpact baseline (20.1 mag) and ejecta cloud ratio based on
photometric measurements collected by the Danish 1.54 m telescope at La Silla using an
aperture of 1.5". Table taken from Polishook (2023) [3].

3.3.3.2 Spectroscopy

In the literature, there are various taxonomic classifications of Didymos. The impact of DART
on Dimorphos has allowed to study the internal composition of an asteroid and the spectral
evolution of ejecta. Some studies suggested that the brightness of the ejecta exceeded
that of Didymos for several tens of hours after impact [3], [236]. The brightness of the
system increased due to two factors. First, a cloud of gaseous ejecta containing sodium and
potassium was moving at a velocity of 1.5 — 1.7 km s~! in the direction opposite to DART
for a few minutes [3]. Secondly, a slow and long-lasting cloud of ejecta formed around the
body, creating a series of tails that changed in number, direction, and length in the months
following the impact [3].

Some models suggest that asteroids with diameters smaller than a few tens of kilometers
can break apart, and the expelled material goes into orbit, leading to the formation of a
satellite [217], [237], [238], [214]. Therefore, it is believed that Didymos and Dimorphos
were formed from a common origin, suggesting a similar composition for the two bodies and
thus the same taxonomic classification [3]. Furthermore, the impact of DART causes the
material to be lifted from layers tens or more centimeters thick, exposing the subsurface
material [239]: Dimorphos is not subject to space weathering processes (impact of dust,
solar particles and cosmic rays) [240], [241]. Most asteroid surfaces are exposed to these
processes because the time of space weathering is short (10° years) [242], [243]. However,
some asteroids have experienced uncommon events such as collisions, planetary encounters,
and rotational breakup [244]. In the latter, material from the inner layers ('fresh material’)
has risen to the surface. To study this fresh material, the spectrum in the near-IR is examined,
characterized by a shallow spectral slope and a wider and deeper 1 um absorption band (Q-
type spectral features, [3]). Due to DART, material has been extracted from the deeper
layers and the ejecta can have a non-weathered surface [3]. Laboratory experiments suggest
that the reduced spectral slopes are due to large boulders (> 100 um) on the surface of Q-
type asteroids [245]. This suggests that Q-type asteroids have a standard weathered surface
dominated by large grains. Therefore, after the impact of DART, a variation in the Didymos
spectrum due to various factors, including the material hidden by the surface can be expected
[3].

Several spectral studies of the Didymos system have been published after the impact, some
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of which are reported below. Polishook et al. [3] utilized NASA's 3 m InfraRed Telescope
Facility (IRTF) in Mauna kea, with a spectral range of 0.8-2.45 um, suitable for characterizing
bodies rich in silicates [3]. The results led to the measurement of different spectral slopes of
the 70% from their spectra taken after the DART impact (between 26" September 2022
and 2" October 2022). This variation is significative because Marsset et al. [120] analyzed
the reflectance spectra of asteroids over the last 20 years and found a slope uncertainty of
4.2% wm~1, which is significantly lower than the difference 70% reported by Polishook et al.
[3]. They were unable to calculate the spectral slope of entire rotation in a single night, but
by comparing the spectra collected during several nights, different slopes were obtained in
the different rotational moments [3]. Their spectral classification coincides with type S, as
shown in the figure 3.13. The other subgroups of the S complex (such as S1-, Q-, Sr-, Sv-,
and Sa-types) do not match the spectra obtained from them due to significant differences
in the depth and width of the 1um band. Additionally, their PCA analysis indicates that no
spectrum can correspond to the Q-type [3].

In conclusion, Polishook et al. [3] suggest that the variation in the spectrum may be due to

three physical processes: compositional variation of the ejecta material, ejection of " fresh”
non-weathered material, and ejected material with varied grain sizes. The shallow slope
spectra of Didymos do not exhibit Q-type characteristics, leading to the conclusion that the
surface material excavated by the impact of DART is not as fresh as that of Q-type asteroids
[3].
Another taxonomic classification of Didymos has been carried out by researchers at the Lulin
Observatory using B, V, R, and | filters to obtain the taxonomic type based on surface
colours. They did not use the phase angle correction because it had little influence on
their observations, which were made over a very short period of time [23]. They did not
correct for phase reddening. Additionally, to unify the color measurements of the derived
magnitude before and after impact, they used a circular aperture of 500 km, and normalized
the relative reflectance to 0.55 um (after subtracting the solar reflectance for each band).
They classified Didymos as an S-type asteroid before impact with DART [23]. Previous
studies before the impact, in 2004, Kitazato [234] reported that the asteroid was X-type
from the spectral slope they had found. However, Kiersz (2021) [246] noticed that near-IR
signatures are consistent with a S-type. To study its spectrum, as reported by Lin [23],
Didymos showed characteristics of the C complex on 27" September 2002 after the impact;
on 29%" September, it became a Q-type asteroid. On 30t September, it again showed the
characteristics of the complete S-type asteroid (see fig.3.14). The spectral difference is due
to the fact that on 271" September Didymos was surrounded by a large amount of dust, while
in the following days the amount of dust decreased, forming a long tail. They also compared
color indices: an initial decrease in B-V, followed by an increase on 30t September, while the
R-I term increases after the DART impact and then remains constant until the first few days
of October. The V-R index decreases from 271" September to the beginning of October. The
color varies over time, regardless of the aperture size, but they could not conclude whether
these changes were due to the movement of the ejecta. However, this can be linked to
the properties of the grains changing: the grains change from sub-micrometer to micrometer
dimensions, which are associated with a cometary outburst [23]. Colour variation in comets is
a common phenomenon caused by various factors, including differences in terminal velocities
and radiation pressure efficiency due to variations in grain size [23].
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Figure 3.13: the spectra of Didymos before (red line) and after (blue line) the impact of
DART (26!" and 27t" September 2022) are compared to the range of averaged taxonomies
(gray lines) of S- (top), Sq (middle), and Q-types (bottom) within 1o range (yellowish-orange
bars). Both pre- and post-impact spectra match well with the S-type spectrum at the 1 m
absorption band and do not fit the Q-type reflectance spectrum, rejecting the hypothesis of
ejecta with fresh-looking material. The pre-impact spectrum’s overall spectral slope matches
the S-type spectrum well, and the post-impact spectrum’s value also fits the S-type spectrum
better than the Sg- and Q-types. Figure taken from Polishook [3].
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Figure 3.14: the relative reflectance of the Didymos-Dimorphos system was measured by
the Lulin Observatory before impact, on 27" 29t" and 30" September 2022 (left) and in
early October, late October, November, December 2022, and January 2023 (right). The
models of the relative reflectances of S, C, and Q are shown on the left and only S and
Q on the right. Before impact, Didymos was classified as type S. On 27" September, it
was reclassified as type C. From 29" September to early October, it was classified as type
Q. The taxonomic classification returned to S-type after November. Figure taken from Lin
(2023) [23].

3.3.3.3 Ejecta Studies

A comet tail is usually attributed to gas and dust. In the case of Dimorphos a long tail was
formed which resembled that of comets but in this case all observed structures resulting from
the impact were due to the ejected dust reflecting sunlight. After the impact, the dust from
Didymos moved away from the point of impact. As shown in Figure 3.15, before impact,
Didymos was a point-like object, whereas after impact, an antisunward-oriented tail (T) is
visible. This element will be useful for estimating the intensity of impact and the velocity
of particles projected away from the body. The projected expansion velocity of the dust
corresponds to ~ 31 m/s, as reported by Lin et al. [23] and studied through HST data. In
addition to the tail, other independent dust structures were found on September 27" (labeled
from A to E). On 29t September, two of these structures disappeared, and on 274 October
only the northern (A), sun-facing (D), and southern (E) ones remained (with E disappearing
on 6" October). By 1279 October, the last two characteristics had disappeared and only the
tail was detected. The signal-to-noise ratio of their observations is very good. Additionally,
at some point the tail has split into two parts, but it is unclear when this occurred. Therefore,
the disappearance of the dust structure is due to a real change in its properties, such as size,
or changes in geometry, such as a variation in the phase angle [23].
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Figure 3.15: ejecta morphology from the Didymos-Dimorphos system after the collision at
23:14 UT on September 26t 2022. The small top-left panel shows a normal point-like
source before the DART impact. It is showed the five components of the tails: A, B, C, D
and E. Figure taken from Lin (2023) [23].
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3.4 Observational campaign

In this thesis, the Didymos system was analysed using spectroscopic techniques after the
DART impact. The results were compared to the spectra published in to the literature,
characterized this system before and after impact. In addition, we studied the geometry
of the system during the same time interval as my observations. Spectroscopic data were
obtained using the 1.22 m Galileo and 1.82 m Copernico telescopes in Asiago (VI), Italy (see
Section 3.4.1,3.4.2 for a description of the instrumentation). The nights for the observational
campaign to study Didymos are October 19t" and 20t/ less than a month after the impact,
and November 18t" December 26" and 27t" 2022. The covered spectral range is from
5000 to 9000 A.

3.4.1 Copernico’s Telescope

The Copernico 1.82 m telescope and its instruments are operated by the INAF Astronomical
Observatory of Padova. The observatory situated atop Mount Ekar in Asiago (ltaly) at
coordinates 11°34'08.397" E 45°50'54.894" N, and altitude of 1376.2 m. The telescope’s
optical design is a classic Cassegrain with an equivalent focal number of f/9. The Asiago Faint
Object Spectrograph and Camera (AFOSC), similar to the Danish Faint Object Spectrograph
and Camera (DFOSC), works as a focal reducer type spectrograph/camera positioned at
the Cassegrain focus of the Copernico 1.82 m telescope (see Figure 3.16). This instrument
enables imaging, spectroscopy (resolution ranging from 240 to 3600), and polarimetry. Since
2015, the AFOSC has been equipped with the Andor iKon-L936 BEX2-DD-9HF (detector:
E2V CCD42-40 back illuminated CCD 20482048 active pixels; 13.5 um each).

3.4.1.1 AFOSC

The Asiago Faint Object Spectrograph and Camera (AFOSC) operates as a focal reducer
instrument, allowing for a wide field (8.8 x 8.8 arcmin field of view) for imaging, low- and
medium-resolution grism spectroscopy, polarimetry, and spectro-polarimetry observations.
The instrument employs three wheels for selecting slits, filters, and grisms (see Figure 3.16).
Briefly, the light coming from the telescope passes through the slit (spectrographic mode)
or the hole (imaging mode) in the slits wheel, it is redirected by a total reflection prism and
collected by the collimator. In the collimated beam, between the collimator and the camera,
the light passes through the filter wheel and the prisms wheel, where the reimaged exit pupil
of the telescope is positioned. Finally, the light is imaged by the camera on the detector.
Table 3.2 lists the basic optical parameters of AFOSC.

AFOSC has been equipped with VPH grisms (#1 to #7), which offer higher resolution
than classical grisms, and with a rather high efficiency (typically around 80%). For this
observational campaign, two slits were used, one with a 1.69" aperture and the other with
a pinhole (MF) for camera focus. The VPH6 grism (see Table 3.3) was used for scientific
objects while calibrations, and the pyramid focus was used for the telescope focus. The
pyramid focus device (PYFO) is fixed on the grism wheel, aiding in determining the telescope
or AFOSC camera focus with a single exposure. The scientific images were taken with 2x2
binning and 50Hzx2 Hisens read-out modes.

Lambda calibration relies on two lamps: Neon (Ne) and Mercury-Cadmium (Hg-Cd).

The dome flats are acquired using available lamps (0.3, 1.0 kW) projected onto a white
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screen in the dome, along with a "Flat Low” lamp (~ 150 W) that produces diffused light.

Parameter Value
Collimator Focal Length 234.27 mm
Collimator Linear Field 52.9x52.9 mm?
Beam Diameter 27.4 mm
Camera Focal Length 159.35 mm
Camera Linear Field 24 .58x24.58 mm
Reduction Ratio 0.68

Input f-number f/8.97

Output f-number f/6.10

Input Scale 12.64/mm
Output Scale 18.59/mm
Field of View 8.85x8.85’
CCD Pixel Scale 0.26/pixel
Wavelength Coverage 330 - 1100 nm

Limiting Spectral Resolution 7350

Table 3.2: AFOSC Technical Data

I slits wheel
re

filters wheel

Figure 3.16: representation of the AFOSC spectroscope mounted on the Copernico tele-
scope. Image by Sergio Dalle Ave.

3.4.2 Galileo Telescope

The Galileo telescope is located in Altopiano in Asiago (Italy), at coordinates 11°31'35" E
+45°51’59" N, and altitude of 1045 m. It has a parabolic mirror with a diameter of 122
cm and a hyperbolic secondary mirror of 550 cm with an optical Cassegrain configuration
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Grism  Acen (nm)  Wavelength Range (nm) Dispersion (A/mm) Dispersion (A/pixel) RS gr/mm

VPH#6 800 450-1000 261 2.95 500 285

Table 3.3: features of VPH6 grism.

f/16. The telescope is equipped with a Boller & Chivens spectrograph, complemented by an
ANDOR iDus 440 camera featuring a back-illuminated EEV 42-10BU sensor with dimensions
of 2048x512 pixels (pixel size: 13.5 x 13.5 microns). See Tables 3.4 and 3.5 for camera and
CCD data. For these observations a 300 line/mm grating was adopted (see Table 3.6). The
configuration of the spectrograph is detailed in Figure 3.17.

Specification Value

Sensor E2V 42-10 Back Illuminated
Active Pixels 2048 x 512

Pixel Size (um) 13.5x 13.5

Image Area (mm) 27.6 x 6.9
Readout Noise 3 e rms

Gain 1.4 e-/ADU

Dark Current (@ 203 K) 0.004 e-/px/sec

Table 3.4: ANDOR iDus DU440A sensor specifications

Specification Value
Camera Model ANDOR iXon DV885
Technology EMCCD
Active Pixels 1004 x 1002
Pixel Size (uwm) 8x38

Image Area (mm) 8x38

Useful Field of View 8.2' x 5.5
Resolution 0.68 arcsec/px

Dark Current (@ 203 K) 0.004 e-/px/sec

Table 3.5: ANDOR iXon DV885 guide samera specifications
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Gratings Blaze Angle \gj.c (A) Dispersion Resolution at g, Resolution at A\gj,e
(tr/mm) (A) (A/mm) (A/px) 150u 2500

300 418 5000 166.8 2.25 960 555

Table 3.6: features of 300 tr/mm gratings.
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Figure 3.17: representation of the Boller & Chivens spectrograph mounted at the Galileo
telescope. Image by Sergio Dalle Ave.
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3.4.3 Data Observations

Didymos was observed with the Galileo and Copernico telescopes at the Astrophysics Asiago
Observatory, both before and after the impact of the DART spacecraft. Unfortunately, the
data acquired before the impact of the DART spacecraft could not be used because of the
low signal-to-noise (S/N) ratio of the spectra. In fact, in August 2022, six Didymos spectra
were acquired at a maximum altitude of 22° above the horizon and an airmass of around 2.65,
which are very challenging conditions for observing any object. Additionally, the differential
tracking of the Copernico telescope was not working well, and this has led to a different
observation strategy from that of the "normal” one: the slit was not oriented along the
direction of atmospheric refraction of the target (along the parallactic angle (PA)) to prevent
the target from leaving the slit in very short times (less than 5 minutes). This technical issue
is related to the guide camera probe. The Copernico telescope’s guide camera has a probe
that allows it to position itself on a star near the target field, allowing the telescope to track
it. However, when differential tracking was initiated, sometimes due to a hardware problem,
the probe would get stuck and the telescope would stop moving at the velocity set by the
differential tracking. This minor technical issue was resolved after the observational campaign
of Didymos in October 2022. This fact introduced a significant error in the spectral slope of
the spectra (see 3.4.5.2 for details). Therefore, the six spectra obtained in August are not
reported in this work, and there were no other nights available before the impact to observe
Didymos due to adverse weather conditions.

After the impact, forty-five spectra were taken on different nights: forty using the 1.82 m
Copernico Telescope and five using the 1.22 m Galileo Telescope at the Astrophysics Asiago
Observatory in Italy (see Table 3.7). The goal was to obtain enough spectra to cover one
rotation of the primary Didymos. The post-impact observational campaign consisted of six
nights.

e Night 1: seven spectra taken on October 18t/ between 1:52 UT and 3:50 UT, covered
rotation: 2.13 h (94% of the entire rotation). The exposure time is 900 seconds per
spectrum and the solar analog used is Land 98-978. The range in altitude above the
horizon reached by Didymos of the Asiago observatory was between 27.8° and 36.4°
with a variation of airmass between 2.13 and 1.681.

e Night 2: five spectra taken on October 19" between 1:44 UT and 3:27 UT using
the Galileo telescope, and six spectra taken between 1:05 UT and 3:54 UT with the
Copernico telescope, covered rotation: 2.05 h (91% of the entire rotation) and 1.45
h (64% of the entire rotation). Respectivetely the exposure time for spectra obtained
with the Galileo telescope is 1200 s, and those obtained with the Copernico telescope
are 720 s. The solar analog used for the division is Land 98-978. The range of altitude
above the horizon reached by Didymos of the Asiago Observatory was between 22.6°
and 37.6° with a variation of airmass between 2.583 and 1.633.

e Night 3: eight spectra taken on October 20" between 1:45 UT and 3:49 UT, covered
rotation: 2.26 h (100% of the entire rotation). The exposure time is 720 s for six
spectra and 900 s for two spectra, and the solar analogue used for division is Hyades 64.
The range in altitude above the horizon reached by Didymos at the Asiago Observatory
was between 28.6° and 38.6° with a variation of airmass between 2.080 and 1.599.

e Night 4: five spectra were taken between 18t and 19t" November from 23:24 UT to
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1:32 UT, covered rotation: 2.46 h (109 % for the entire rotation). The exposure time
for each spectrum is 1200 s, and the solar analogue used for division is Hyades 64. The
range of altitude above the horizon reached by Didymos of the Asiago observatory was
between 28.7° and 49.3° with a variation of airmass between 1.964 and 1.316.

e Night 5: eleven spectra were taken between 26t and 27" December 2022, from 22:09
UT to 3:35 UT, covering a rotation of 5.93 h (262% for the entire rotation). The
exposure time for each spectrum is 1800 seconds, and the solar analogue used for
division is Hyades 64. The range in altitude above the horizon reached by Didymos
of the Asiago observatory was between 52.7° and 72.6° with a variation of airmass
between 1.261 and 1.048.

e Night 6: three spectra taken on December 271" between 21:39 UT and 22:44 UT,
covered rotation: 1.58 h (70% for the entire rotation). The exposure time for each
spectrum is 1800 s, and the solar analogue used for the division is Hyades 64. The
range in altitude above the horizon reached by Didymos at the Asiago Observatory was
between 50.7° and 61.6° with a variation of airmass between 1.261 and 1.139.

Table 3.7 contains all data for the forty-five spectra, including image name, acquisition start
date and time, exposure time, S/N, spectral slope and its error, and the solar analog used.
Images starting with AF _number.fits were taken with the Copernico telescope, while those
starting with IMA_number.fits were taken with the Galileo telescope. For nights 2, 3, and
4, the slit was not oriented along the object’s required parallactic angle because of differential
tracking issues with the Copernico telescope. This was done to keep Didymos within the slit
for a longer time with respect to the case when the slit is oriented along the direction of the
atmospheric refraction of the target. An analysis of the data was carried out to understand
the importance of the slit orientation, which will be described in section 3.4.5.2. During
these observations, Didymos had an apparent magnitude ranging from 15.4 to 16.4 mag in
the V band. Observations with the Copernico telescope were made using the long-slit at
a 132-micron aperture (1.69 arcsec) and the VPH6 grism of 285 lines/mm, which yields a
dispersion of 3.5 A/pixel with low resolution, R=500, in the spectral range of 0.4-1 micron.
The exposure time varies from 720 to 1800 seconds depending on the object's magnitude
and based on the workings of the differential tracking. The spectra obtained with the Galileo
telescope were acquired using a long slit with a 250 micron aperture (3 arcsec) and a grating
of 300 lines/mm in the spectral range of 0.35-0.8 microns.

3.4.4 Data Reduction

The spectra were reduced using the Image Reduction and Analysis Facility (IRAF) astro-
nomical package, following standard reduction procedures. The images undergo trimming,
bias subtraction, and flat field division before being calibrated in wavelength using the ap-
propriate lamp (HeFeAr for the Galileo telescope and HgCd for the Copernico telescope).
The dark correction was not made because the CCD reaches a temperature of -95° and
the dark noise is negligible. Finally, the spectra are extracted and corrected for atmospheric
extinction. Each spectrum is then divided by the appropriate solar analog taken during the
same night with a similar airmass because the asteroid reflects the light of Sun. Therefore,
when observing an asteroid, my spectrum is composed of the asteroid’s spectrum and that
of the Sun. To obtain the spectrum of the asteroid, we divide the obtained spectrum by
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N Image Date Epoch Exp time S/N Spectal Slope  Solar Analog
(uT) (s) (%/1000A)
1st night, 1.82 m Telescope
1 AF784958* 18 Oct 01:52:25.0 900 25.6 7.45 £ 5.47 Land 98-978
2 AF784959* 18 Oct 02:11:11.9 900 18.9 0.39 £ 4.03 Land 98-978
3 AF784960* 18 Oct  02:32:31.9 900 20.1 5.68 £ 6.16 Land 98-978
4 AF784961* 18 Oct 02:50:44.5 900 27.1 8.45 £ 1.69 Land 98-978
5 AF784962* 18 Oct 03:11:28.7 900 23.0 5.00 £ 6.27 Land 98-978
6 AF784963* 18 Oct 03:29:23.0 900 27.8 8.07 £ 3.27 Land 98-978
7 AF784964* 18 Oct  03:50:28.6 900 37.3 5.36 £ 3.22 Land 98-978
2nd night, 1.22 m Telescope
8 IMA108103 19 Oct 01:44:44.1 1800 10.8 31.89 £+ 4.56 Land 98-978
9 IMA108104 19 Oct 02:19:29.7 1200 13.2 2.58 £ 12.80 Land 98-978
10 IMA108105 19 Oct  02:34:44.9 1200 4.9 17.93 4+ 18.27 Land 98-978
11 IMA108106 19 Oct 03:05:47.7 1200 5.2 17.90 + 16.36  Land 98-978
12 IMA108107 19 Oct  03:27:10.9 1200 2.7 19.80 4+ 31.92 Land 98-978
2nd night, 1.82 m Telescope
13 AF785029* 19 Oct 01:05:35.2 720 12.6 11.35+ 11.09 Land 98-978
14 AF785030 19 Oct 01:36:41.0 720 29.6 35.05 £ 2.55 Land 98-978
15 AF785031 19 Oct  01:52:39.7 720 20.2 -6.23 + 4.81 Land 98-978
16 AF785032 19 Oct  02:12:02.3 720 3.66 21.09 4+ 45.84 Land 98-978
17 AF785033 19 Oct  02:30:31.3 720 7.39 -16.58 £9.95 Land 98-978
18 AF785041 19 Oct  03:54:54.2 720 6.20 27.67 4+ 10.88 Land 98-978
3rd night, 1.82 m Telescope
19 AF785103 20 Oct 01:45:13.1 720 14.9 -40.33 £+ 4.15 Hyades 64
20 AF785104 20 Oct 02:00:13.4 720 17.6 6.67 £ 7.19 Hyades 64
21 AF785105 20 Oct  02:15:35.7 720 245 25.35 + 8.79 Hyades 64
22 AF785106 20 Oct  02:29:27.0 720 22.0 25.03 £ 0.18 Hyades 64
23 AF785108 20 Oct  02:59:01.2 720 27.9 23.40 + 6.54 Hyades 64
24 AF785109 20 Oct 03:12:59.9 900 26.0 15.78 £ 2.32 Hyades 64
25 AF785110 20 Oct  03:32:04.0 900 24.6 18.26 £+ 4.37 Hyades 64
26 AF785111 20 Oct 03:49:30.4 720 26.5 22.48 + 3.33 Hyades 64
4th night, 1.82 m Telescope
27 AF792178 18-nov 23:24:26.8 1200 69.6 11.02 £ 1.24 Hyades 64
28 AF792179 18-nov  23:58:30.7 1200 18.9 18.79 £ 5.62 Hyades 64
29 AF792180 19-nov 00:22:10.3 1200 19.7 14.47 + 6.79 Hyades 64
30 AF792181 19-nov  00:45:49.5 1200 22.5 13.89 £+ 2.38 Hyades 64
31 AF792183* 19-nov 01:32:22.7 1200 19.2 10.31 £ 7.34 Hyades 64
5th night, 1.82 m Telescope
32  AF800545* 26 Dec  22:09:36.0 1200 39.8 4.03 £+ 2.54 Hyades 64
33 AF800546* 26 Dec 22:33:36.6 1500 51.1 5.39 £ 1.29 Hyades 64
34  AF800547* 26 Dec  23:03:28.2 1800 48.7 5.14 + 3.20 Hyades 64
35 AF800548* 26 Dec 23:36:27.2 1800 48.8 8.55 £ 2.62 Hyades 64
36  AF800549* 27 Dec 00:10:14.7 1800 48.4 5.64 + 3.33 Hyades 64
37 AF800550* 27 Dec 00:50:16.5 1800 59.6 3.69 £ 1.12 Hyades 64
38 AF800551* 27 Dec  01:23:27.7 1800 63.4 2.14 +£1.08 Hyades 64
39 AF800552* 27 Dec 01:56:24.7 1800 62.5 4.16 + 1.61 Hyades 64
40 AF800553* 27 Dec  02:30:01.4 1800 49.7 2.86 + 2.47 Hyades 64
41  AF800554* 27 Dec 03:02:53.4 1800 45.6 9.50 £ 2.19 Hyades 64
42  AF800555* 27 Dec  03:35:58.2 1800 349 4.69 £+ 2.20 Hyades 64
6th night, 1.82 m Telescope
43 AF800625* 27 Dec 21:39:48.6 1800 52.8 3.99 £ 1.70 Hyades 64
44  AF800626* 27 Dec 22:11:41.3 1800 45.8 14.79 £+ 1.03 Hyades 64
45  AF800627* 27 Dec  22:44:10.0 1800 41.0 11.79 £ 2.02 Hyades 64

Table 37 table with the 45 spectra of Didymos acquired after the DART impact between 18th October and 27" December 2022. The columns
show the start date of spectrum acquisition, exposure time, S/N, Spectral Slope calculated in %/1000 A, and the corresponding solar analogs. Spectra marked

with an asterisk (*) after the name were used to study the rotation of Didymos.
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that of a solar analog, which is a star similar to the Sun. The solar analog spectrum should
be acquired under similar airmass conditions as the asteroid spectrum to introduce minimal
error into the final asteroid spectrum. A median filter with a box of 100 pixels and 3 sigma
was applied to remove cosmic rays and spurious features.

The ratio between the signal S and the noise N is the so-called S/N, and represents a mea-
sure of the presence of useful signal compared to the level of noise present within the signal
itself. There are many methods to calculate the S/N ratio. In this thesis, it was calculated
using three different methods:

e method 1: to calculate the signal S, intervals of 15 A were considered starting from
the beginning of the spectrum and calculated the median value of the flux in each
interval. The sum of the values of all intervals is the signal S. To calculate the noise N,
the standard deviation is calculated for each interval of 15 A: the sum of the standard
deviations is the noise N. In this case, the error of measurement of each point of the
spectrum is standard deviation;

e method 2: the S/N is computed in the range between 5700 and 7700 A using the
previous method. The error is the standard deviation calculated for each interval of 15
A: the sum of the standard deviations is the noise N;

e method 3: the third method, the signal is the sum of the flux of each points of
spectrum in A. The noise is v/S + B, where S is the signal and B is the background.
In this case, measurement errors of the points in the spectrum is the propagation of
errors between the errors of the solar analogue and the errors of the asteroid without
division for the solar analog.

The spectral range between 5700 and 7700 A has less noise, resulting in a higher S/N ratio
with the second method compared to the first. For the following analysis the first method
was adopted, as it considers the total spectrum. If the S/N value obtained using method 1 is
greater than 10, the spectrum is considered acceptable for the measurements. A comparison
between the third and second methods shows a very similar S/N. The S/N value reported in
table 3.7 are calculated using the first method. Furthermore, the spectra were normalized
to 5500 A. Normalization is calculated by taking the median value of the flux between 5400
and 5600 A and dividing all points of the spectra by the median value found. The spectral
slope is calculated using the least squares method in the spectral range between 6000-7000
A. The spectral slope is calculated as follows:

f(Xo) — (A1)

3.
— (3.6)

where f(X\1) and f(X\») are the values in y of the line in 6000 and 7000 A. The value found in
formula 3.6 was calculated as a percentage and then multiplied by 1000: the spectral slope
is calculated in %/1000 A.

3.4.5 Results

The data analysis of Didymos can be divided into two parts:

1. study of the spectral slope and taxonomy of Didymos after the impact of DART;

2. instrumental analysis of differential tracking and slit orientation.
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3.4.5.1 Spectral Slope

To describe the rotation of Didymos, we will only consider a few spectra (the spectra used
have a '*' next to the name in table 2): seven spectra from October 18", 2022 (number 1,
2,3,4,5,6and 7), one spectrum from October 19%", 2022 (number 13), one spectrum from
November 19%" 2022 (number 31), and eleven spectra from December 267 /27t (number
32, 33, 34, 35, 36, 37, 38, 39, 40, 41 and 42). On the first night, almost a complete rotation
of Didymos (2.13 hours compared to the 2.26 hours rotation) occurred, and on the fifth night,
Didymos performed more than two complete rotations (5.93 hours). Figure 3.18 shows the
spectra obtained on the night of October 18" 2022 (night 1): the derived spectra S/N
is (18.9<S/N< 37.3), which is good for these measurements being the major value of 10,
although some small fluctuations can be observed in the spectrum due to Didymos remaining
in the slit for less than 15 minutes (in a range between 8 and 12 minutes depending on the
spectrum, 15 minutes is the exposure time), due to problems with the differential tracking of
the Copernico telescope. Figure 3.19 shows the AF800555 spectrum acquired on December
27th 2022, along with its errors, and the S spectral type curve from Bus-DeMeo taxonomy
with its errors (this curve is taken form the site http://smass.mit.edu/busdemeoclass.html).
Figure 3.20 shows the spectra of the two Didymos rotations during the night of December
26th /27t 2022.
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Figure 3.18: 7 spectra of Didymos acquired using the Copernicos telescope on 181" October
2022, from 1:52 UT to 3:50 UT.

At the beginning Didymos was classified as Xk-type by Binzel [247] on the basis of
visible spectroscopy. However, a few years later, De Leon [248],[249] classified Didymos
as S-type based on NIR data, and this classification is confirmed by Dunn [250]. Didymos
and Dimorphos are expected to have the same chemical composition because the small
binary systems are formed through mass shedding from a progenitor. Furthermore, even
if Dimorphos had a different surface composition, it would not be observable because its
contribution before impact is only 5% of the reflected light from the system. Polishook [3]
and Lin [23] found a variation in spectral slope in the first 4 days after the impact of DART.
Despite the observed variation, Polishook [3] consistently classified Didymos as S-type during
all of its observations, while Lin [23] classified Didymos as C-type on 27" September 2022,
Q-type on 29t September 2022, and S-type on 30%" September 2022. Lin explained the
change in slope and spectral type due to the dense dust cloud formed by the impact in front
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Figure 3.19: 1 spectrum of Didymos (blue points) acquired using the Copernico’s telescope
on 27th December 2022 at the 3:50 UT. It plots the measurement errors in flux of each point
of the spectrum (red bars) on each spectrum point and the curve of the S-type classification
taxonomy (black line) with its errors (yellow bars).
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Figure 3.20: 11 spectra of Didymos acquired using the Copernicos telescope from 261"
December 2022 at 22:09 UT to 271" December at 3:55 UT. It plots the curve of S-type Bus
and DeMeo taxonomy classification (black line) with its errors (yellow bars).

of the binary system. The dust cloud decreased in the following days, forming a long tail (see
fig. 3.21, and Didymos returned to show the S-type. Polishook [3] observed a difference
in spectral slope, but maintained the S-type spectral classification even days after impact.
According to Polishook [3], the spectral variation may be due to three physical processes:
compositional variation of the ejecta material (ejection of 'fresh’), non-weathered material,
and ejected material with varied grain sizes. The shallow slope spectra of Didymos do not
exhibit Q-type characteristics. This suggests that the surface material excavated by the
impact of DART is not as fresh as that of Q-type asteroids.

The observational strategy adopted in this thesis was based on studying a possible spectral
variation of the system before and after the impact, which could be related to intrinsic surface
properties of Didymos or the presence of ejecta dust developed during DART impact. My
observations confirm that the taxonomic type S was present in both October and December.
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Figure 3.21: image of Didymos' tail captured by the Schmidt telescope at the Asiago Astro-
physical Observatory (INAF) on October 16, 2022.

Approximately nineteen days after impact, the spectrum of Didymos showed a taxonomic
class of type S. This indicates that the dust cloud was not dense enough to be observed in
the Didymos spectrum. Additionally, | studied the variation of the spectral slope from October
to December. Figure 3.22 shows the values of the spectral slope with their respective errors.
The red line is the best fits of my data that intercepts the values of the spectral slope within
a 3 sigma error range. The only three spectra (AF784959, AF785029 and AF792183) that
have a different value of the spectral slope are those with a low S/N ratio (18.9, 12.6, and
19.2). However, the measurement error of the spectral slope of these last spectra is very
high, making their measurements fall within 1 sigma of error.

My observations severally agree with other observation published in literature regarding the
taxonomic classification, but | am disagree with the changed in spectral slope as shown in
the figure 3.22. In the first few days after the impact, a dense cloud of dust was observed
in front of the binary system, which in the following days appeared as a long tail opposite
to the motion of Didymos. In the following days, additional tails with different directions
from the main tail emerged: the dust environment surrounding the system is non-uniform,
as demonstrated by both ground-based [251] and space-based [252] measurements. The
evolution of ejecta is complex: immediately after the impact, the distribution is more uniform
compared to the following days. The tail is composed of grains of different sizes, ranging
from finer to larger. Finer grains are dispersed faster during the first few hours/days [251].
Therefore, | expected that a change in slope could be due to the presence of larger grains.
However, my observations show that even the larger grains have dispersed into the long tall
as early as nineteen days after impact, as no variation in spectral slope has been observed.
Therefore, after nineteen days from impact, the dense dust cloud observed in the first few
days has diluted and become less dense, forming a long tail in the opposite direction of
Didymos' motion.
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Figure 3.22: all values of the spectral slope in %/1000 A, calculated between 6000 and
7000 A. The values plotted are those used for the rotation/taxonomic study of the Didymos
system in order of data acquisition from left to right. The red line is the best fit line for my
data within a 30 error.

Figure 3.23 compares 4 spectra: AF784963 from October 18t", 2022, AF785029 from
October 19%", 2022, AF792183 from November 19", 2022, and AF800547 from December
26t" 2022. The spectral slope remained unchanged during the three months after the
impact, and Didymos has consistently shown a taxonomic classification of S-type since the
beginning of my observations.
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Figure 3.23: comparison of four spectra of Didymos: AF784963 from 18" October 2022,
AF785029 from 19t" October 2022, AF792183 from 19%" November 2022, and AF800547
from 26" December 2022. The red curve represents the S-type curve of the Bus and DeMeo
taxonomic classification.
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3.4.5.2 Slit orientation

Some spectra (those without * next to their name in tab. 3.7) were not used in the analysis of
Didymos’ rotation due to technical and observational strategy issues during observations after
the DART impact. During the Didymos observations, differential tracking of the Copernico
telescope did not work well. Between October 17" and 20" 2020, Didymos had an apparent
velocity ranging from 220 to 180 arcsec/hour in d(RA)xcos(DEC) and from 185 to 165
arcsec/hour in d(DEC)/dt. These are apparent velocities that can be considered "slow",
but they are sufficient to get Didymos out of the slit in a few minutes, given the problem
with the probe of the guide camera. Therefore, the observational strategy to keep Didymos
in the slit for longer time was not to orient the slit along the direction of the atmospheric
refraction so that Didymos could move vertically along the slit and remain in the slit for a few
more minutes. However, tracking issues and incorrect slit orientation resulted in a significant
error in the spectral slope of my spectra,lead to exclude these spectra from the analysis
of Didymos rotation data. The 'discarded’ data were instead used to study the effects of
atmospheric refraction on my spectra.

The parallactic angle q is the spherical angle that indicates the inclination at which a celestial
body appears to us with respect to the zenith position in its apparent motion on the celestial
sphere. Figure 3.24 shows a spherical body in a small section of its apparent motion. Point
Z is the point at the end of the disk that is turned towards the zenit and point N is the point
turned towards the north celestial pole. The parallactic angle is the angle between these two
directions and is conventionally positive when the object has passed its meridian. When the
object is in the meridian, g = 0°. The following formula give the tangent of the parallactic
angle:

sin(H)

tan(¢) - cos(d) — sin(d) - cos(H)

where q is the parallactic angle, ¢ the latitude of the observatory, § the declination of the
target and H the hour angle.

The atmosphere plays a fundamental role in observing celestial objects. The light from a
celestial object passes through the atmosphere of Earth and undergoes the phenomenon of
refraction. When observing a celestial object with terrestrial telescopes, a small spectrum of
the observed object is observed wider at greater distances from the zenith of the observa-
tory. Atmospheric differential refraction affects the results of many measurement techniques
in astronomy [253]. In spectroscopy, more light is lost at large zenith angles when an object
is recorded at a wavelength that differs from the convolution of its energy distribution and
the spectral response of the human eye. Therefore, if we consider a spectrum from the blue
to the red wavelength and the spectrum is centered in the spectrograph’s slit, more light can
be lost in the outer regions compared to the central ones. This leads to errors in calculating
the spectral energy distribution if the considered spectral range is very wide. These errors
are smaller at low airmasses, but they are not negligible [253]. To minimize errors caused by
atmospheric refraction, the slit should be rotated along the direction of atmospheric refrac-
tion, as well as rotated by the same value as the parallactic angle. Atmospheric dispersion
can be influenced by several factors: indeed, it increases with increasing zenith angle and
decreasing wavelength. Furthermore, the amount of atmospheric dispersion depends on the
refractive index of the air, which in turn is affected by temperature, altitude, and location. A
detaildanalysis of the atmospheric dispersion is out of this thesis; the mathematical/physical
explanation was provided in the Filippenko's paper [253]. However, in this work, calculations

tan(q) = (3.7)
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Figure 3.24: a spherical body in a small section of its apparent motion. Point Z is the point at
the end of the disk that is turned towards the zenith, and point N is the point turned towards
the north celestial pole. The parallactic angle is the angle between these two directions.
Figure taken from https://eratostene.vialattea.net/wpe/glossario/angolo-parallattico

of the effects of atmospheric dispersion for the Asiago observatory were not conducted. Ac-
cording to calculations done by different observatories, it has been concluded that at small
airmass (typically in the range 1.05-1.20) corresponding to small distances from to zenith,
the spectral distance between red and blue wavelengths is less than 1", but the same width
can even exceed 2" at airmass greater than 1.5. Figure 3.25 shows the values in arcsec of
the width of the spectrum resulting from atmospheric refraction at different wavelengths for
the Mauna Kea observatory. In figures 3.25 and 3.26, the effect of atmospheric refraction
can be observed. Figure 3.26 is very similar to figure 3.25, but takes into account the an-
gular distance from the zenith.  Table 3.8 shows the parallatic angle values used during
the observations and those predicted by the direction of the atmospheric refraction. Upon
analysing my spectra, | observed a 12.09% difference in slope in the spectra obtained with
the Galileo telescope on night 2 (see fig. 3.28). The spectral slope is always calculated with
the same method described in 3.4.3 The spectral slope of these spectra is very different from
that observed in the observations of December or of night 1 with the correct slit orientation.
During night 2, | measured a difference in slope greater than 50% in the spectra obtained
with the Copernico telescope (see fig. 3.29). On night 3, | observed a slope difference very
similar to that of night 2 (see fig. 3.30). However, on night 4, | observed an 8.48% dif-
ference in the spectra obtained with the Copernico telescope (see fig. 3.31). Furthermore,
in the spectra obtained in August 2022, the difference in slopes is much greater than the
slopes calculated in October 2022. As Didymos rose in altitude relative to the horizon, the
difference in slope decreased. This result is predicted by Filippenko's work [253] because the
difference in distance between the red and blue wavelengths decreases with increasing alti-
tude. After each exposure, Didymos was not in the slit, so it had to be repositioned between
each acquisition. If the spectrum given by atmospheric refraction is wide, a different part
of the spectrum is placed in the slit each time. This is why on the night of 18" November
2022, the percentage difference in spectral slope is lower compared to October and August
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Atmospheric Dispersion at Mauna Kea
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Figure 3.25: the graph shows the effect of atmospheric refraction on wavelengths of 3200,
3800, 4600, 5500, 7000, and 10000 Aat the Mauna Kea observatory. The x-axis represents
the distance from the zenith in degrees, and the y-axis represents the distance of the wave-
lengths from 5000 Ain arcsec. Figure taken from Rakich (2021) [24].

2022. In the spectra obtained in December 2022, it was not necessary to orient the slit
along the direction of atmospheric refraction because the difference between the blue and
red parts is much smaller than the width of the slit. In fact, at an altitude greater than 60°,
the orientation of the slit does not affect the spectral slope. After this analysis, starting
from December 2022, the differential tracking of the Copernico telescope works well and it
can be possible to observe objects with maximum apparent velocities up of 830 arcsec/hour
in d(RA)xcos(DEC) and 1700 arcsec/hour in d(DEC)/dt defining the slit with parallactic
without the risk that the object goes out of the slit.
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N Image Date Epoch S/N Alt Airmass PA PA prev.
(uT) (deg) (deg)  (deg)

1st night, 1.82 m Telescope

1 AF784958 18 Oct 01:52:25.0 25.6 27.79 2.133 -27.0 -27.3
2 AF784959 18 Oct 02:11:11.9 189 29.86 2.001 -27.0 -24.4
3 AF784960 18 Oct 02:32:31.9 20.1 31.88 1.886 -7.0 -20.7
4 AF784961 18 Oct 02:50:44.5 27.1 33.37 1.811 -14.0 -17.4
5 AF784962 18 Oct 03:11:28.7 23.0 34.78 1.748 -14.0 -13.4
6 AF784963 18 Oct  03:29:23.0 27.8 35.70 1.710 -7.0 -9.7
7 AF784964 18 Oct 03:50:28.6 37.3 36.41 1.681 -3.0 -5.3
2nd night, 1.22 m telescope
8 IMA108103 19 Oct 01:44:44.1 10.8 27.67 2.142 -0.1 -29.0
9 IMA108104 19 Oct 02:19:29.7 13.2 31.57 1.907 -0.1 -23.7
10 IMA108105 19 Oct 02:34:44.9 4.9 33.01 1.790 -0.1 -19.2
11 IMA108106 19 Oct 03:05:47.7 5.2 35.44 1.720 -0.1 -15.2
12 IMA108107 19 Oct 03:27:10.9 2.7 36.70 1.671 -0.1 -10.8

2nd night, 1.82 m Telescope

13 AF785029 19 Oct 01:05:35.2 12.6 22.56 2.583 -30.0 -34.0

14 AF785030 19 Oct 01:36:41.0 29.6 26.68 2.111 0.0 -30.1
15 AF785031 19 Oct 01:52:39.7 20.2 28.63 2.075 0.0 -27.8
16 AF785032 19 Oct 02:12:02.3 3.56 30.85 1.944 0.0 -24.8
17 AF785033 19 Oct 02:30:31.3 7.39 32.64 1.847 0.0 -21.7
18 AF785041 19 Oct 03:54:54.2 6.20 37.64 1.633 0.0 -4.8

3rd night, 1.82 m Telescope

19 AF785103 20 Oct 01:45:13.1 149 28.60 2.080 0.0 -29.4
20 AF785104 20 Oct  02:00:13.4 17.6 30.38 1.970 0.0 -27.2
21 AF785105 20 Oct  02:15:35.7 245 32.04 1.877 0.0 -24.8
22 AF785106 20 Oct  02:29:27.0 22.0 3345 1.808 0.0 -22.5
23 AF785108 20 Oct  02:59:01.2 27.9 36.01 1.697 0.0 -17.0
24 AF785109 20 Oct  03:12:59.9 26.0 36.89 1.660 0.0 -14.2
25 AF785110 20 Oct 03:32:04.0 24.6 37.98 1.622 0.0 -10.2
26 AF785111 20 Oct  03:49:30.4 26.5 38.62 1.599 0.0 -6.5

4th night, 1.82 m Telescope

27 AF792178 18-nov  23:24:26.8 69.6 28.70 1.964 0.0 -45.5
28 AF792179 18-nov  23:58:30.7 18.9 34.54 1.756 0.0 -44.5
29 AF792180 19-nov  00:22:10.3 19.7 38.56 1.600 0.0 -43.0
30 AF792181 19-nov  00:45:49.5 225 42.29 1.480 0.0 -41.0
31 AF792183 19-nov  01:32:22.7 19.2 49.33 1.316 0.0 -38.4

5th night, 1.82 m Telescope

32 AF800545 26 Dec  22:09:36.0 39.8 54.63 1.225 0.0 -49.7
33 AF800546 26 Dec  22:33:36.6 51.1 58.05 1.171 0.0 -47.2
34 AF800547 26 Dec  23:03:28.2 48.7 62.78 1.119 0.0 -42.3
35 AF800548 26 Dec  23:36:27.2 48.8 67.54 1.080 0.0 -33.6
36 AF800549 27 Dec  00:10:14.7 48.4 71.17 1.056 0.0 -19.7
37 AF800550 27 Dec  00:50:16.5 59.6 72.55 1.048 0.0 2.5
38 AF800551 27 Dec  01:23:27.7 63.4 71.32 1.057 0.0 20.5
39 AF800552 27 Dec  01:56:24.7 625 67.83 1.080 0.0 33.9
40 AF800553 27 Dec  02:30:01.4 49.7 63.07 1.121 0.0 42.6
41 AF800554 27 Dec  03:02:53.4 45.6 58.37 1.179 0.0 47.8
42 AF800555 27 Dec  03:35:58.2 349 52.65 1.261 0.0 50.7

6th night, 1.82 m Telescope

43 AF800625 27 Dec  21:39:48.6 52.8 50.72 1.262 0.0 -51.4
44 AF800626 27 Dec  22:11:41.3 458 55.82 1.204 0.0 -49.2
45 AF800627 27 Dec  22:44:10.0 41.0 ©61.64 1.139 0.0 -45.1

Table 38 with the 45 spectra of Didymos acquired after the DART impact between 18th October and 27t" December 2022. The columns show the
start date of spectrum acquisition, S/N, altitude, airmass, the orientation of slit of Didymos at the starting of acquisition (PA) and the expected parallel angle
(PA prev.).

85



3.4. OBSERVATIONAL CAMPAIGN

[H=30% {=> Pw=363.0840504 Pa)] [P=77500 Pa] [T=283.1499939 K] [A,,=450 nm] [D{ft)=1.700000052 *] [1” FwHM]

AR [n]

Figure 3.26: illustrates the effect of atmospheric refraction at different distances from the
zenith. The red, green, and blue dots represent the wavelengths in the red, green, and
blue. As the distance from the zenith increases, the red and blue wavelengths are fur-
ther separated from the green wavelength. The x-axis represents the distance from the
zenith in degrees, and the y-axis represents the width in arcsec of the spectrum formed
by atmospheric refraction. Figure taken from https://stargazerslounge.com/topic/308032-
atmospheric-dispersion-corrector-omegon-v-zwo/page/2
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Figure 3.27: graphic with all the values of the spectral slope in %/1000 A, calculated between
6000 and 7000 A. The values plotted are the values of all spectra of the Didymos system in
order of data acquisition from right to left.

86



CHAPTER 3. DIDYMOS AND DART

1.8 4

164

144

1.2

1.0 4

Relative Reflectance

0.8

0.6

0.4

IMA108103 19-10-22 01:44 UT
IMA108104 19-10-22 02:19 UT
IMA108105 19-10-22 02:34 UT
IMA108106 19-10-22 03:05 UT

. T T T : .
4500 5000 5500 6000 6500 7000 7500
wWavelenght (Angstrom)

Figure 3.28: 4 spectra of Didymos acquired using the Galileos telescope on 19" October
2022 from 1:44 UT to 3:05 UT.
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Figure 3.29: 5 spectra of Didymos acquired using the Copernicos telescope on 19" October
2022 from 1:05 UT to 3:54 UT.
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Figure 3.30: 8 spectra of Didymos acquired using the Copernicos telescope on 20" October
2022 from 1:45 UT to 3:49 UT.
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Figure 3.31: 5 spectra of Didymos acquired using the Copernicos telescope from 18t Novem-

ber 2022 at 23:45 UT to 19t" November at 1:32 UT.
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Chapter 4

The NEOROCKS Project

4.1 Summery of NEOs properties

This paragraph summarizes several properties of NEOs, selected on the basis of their fun-
damental role in the data analysis carried out in my thesis. NEOs are asteroids that come
from the Main Belt or the comet population and are studied for various reasons [254]:

e some NEOs are remnants of planetesimals that led to the formation of planets, making
them crucial for studying the origin and evolution of the Solar System [254];

e due to their proximity to Earth, NEOs are important to understand the amount of water
and organic-rich material that they have brought to early Earth, and the description of
the formation of life on our planet [255],[256];

e the dynamic and physical investigation of NEOs allowed to assess the orbital evolution
of small bodies in the context of gravitational perturbations from major planets and
YORP, Yarkovsky, and space weathering effects [254];

e being planetary defence the main focus of NEOs, it is crucial to determine their orbit
to assess the probability of impact on our planet, their chemical composition, and
their physical properties in order to predict whether they impact on Earth, and which
damages can produce (e.g., wind, fires, earthquake, tsunami) in addition to the creation
of the crater itself [9];

e in the near future, the chemical composition of NEOs will be useful in identifying the
'richest’” NEOs to extract their materials for transportation to Earth.

In particolar, some NEAs are classified as PHAs, which means that they are potentially haz-
ardous objects for our planet (H < 22 and with a MO/D < 0.05 AU). These objects can
represent a long-term risk for collisions with our planet and can cause extensive damage.
Currently, only 10% of the NEAs population are classified as PHAs [254]. Additionally, the
small asteroids in the Main Belt are challenging to observe: NEO population includes ob-
jects that are approximately three orders of magnitude smaller than those observable in the
Main Belt [254]. To study NEOs, photometry and spectroscopy are fundamental techniques
for investigating their main physical properties, such as size, shape, taxonomy, and mor-
phology. The largest spectroscopic survey of asteroids is provided by the SMASS program
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(http://smass.mit.edu/smass.html) and its continuation: MIT-UH_IRTF NEO Reconnais-
sance (http://smass.mit.edu/minus.html) [116][117][107]. The spectra obtained are mainly
in the visible and near-infrared (NIR) wavelengths. There are several programs that aim
to sample NEOs and study their physical properties[254]. For instance, the Spectroscopic
Investigation of Near Earth Objects (SINEO) used the ESO New Technology Telescope and
the Italian Telescopio Nazionale Galileo (TNG) [257], while the Near-Earth and Mars-Crosser
Asteroids Spectroscopic Survey (NEMCASS) employed the Nordic Optical Telescope and the
TNG [249].

4.2 NEOROCKS

Due to new ground-based telescopes, a large amount of data on NEOs have been collected,
leading to the need of different programs/projects to be developed to study the physical prop-
erties of NEOs. These programs must ensure access to their archives, as well as maintenance
and uploading of the data products on the long-term [258]. The NEO Rapid Observation,
Characterization and Key Simulations (NEOROCKS) Collaborative Research Project is an
EU-funded project that started in January 2020 to address the topic " Improvement of our
knowledge of the physical characteristics of the NEO population” of the call SU-SPACE-23-
SEC-2019 from the Horizon 2020 - Work Programme 2018-2020 Leadership in Enabling and
Industrial Technologies - Space [259].

NEOROCKS aims to improve our understanding of the physical characteristics, origin, and
evolution of NEOs for planetary defense [225].

In more details, the NEOROCKS objectiving are:

e to develop and validate advanced mathematical methods and innovative algorithms for
NEO orbit determination and impact monitoring [259];

e to organize follow-up astronomical observations of NEOs efficiently, in order to obtain
high-quality data needed to derive their physical properties, giving priority to timely
addressing potentially hazardous objects [259];

e to improve dramatically statistical analysis, modelling and computer simulations aimed
to understand the physical nature of NEOs, focussing on small size objects, which are
of uttermost importance for designing effective impact mitigation measures in space
and on the ground [259];

e to ensure maximum visibility and dissemination of the data beyond the timeline of the
project, by hosting it in an existing astronomical data center facility [259];

e to foster European and international cooperation on NEO physical characterization,
providing scenarios and roadmaps with the potential to scale-up at a global level the
experience gained during the project [259];

e to apply and guarantee continuity of educational and public outreach activities needed
to improve significantly public understanding and perception of the asteroid hazard,
counteracting the spreading of fake news and unjustified alarms [259];

e building a team of European expert astronomers able to grant access to large aperture
telescopes equipped with state of the art instrumentation in order to perform high-
quality physical observations and foster the related data reduction process [225];
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e investigating the strong relationship between the orbit determination of newly dis-
covered objects and the quick execution of follow-up observations in order to provide
enabling SW technologies for facing the threat posed by the imminent impactors [225];

e profiting of the European industrial expertise in on-going SSA (Space Situational
Awareness) initiatives to plan and execute breakthrough experiments foreseeing the
remote tasking of highly automatized robotic telescopes in order to provide a proof-of-
concept rapid response system [225];

e guarantee extremely high standards in the data dissemination through the involvement
at agency level of a data centre facility already operating in a European and international
context, thus scaling up at a global level the visibility of the results achieved during the
project [225].

The NEOROCKSs project ended in June 2023. The data collected during its three-year ac-
tivity is now available on the web portal and database, which will be migrated to the Space
Science Data Center of the Italian Space Agency (ASI-SSDC: https://www.ssdc.asi.it/) in
order to be hosted in a permanent space data management infrastructure [260]. In con-
clusion, NEOROCKSs aims to attract the scientific community by describing the physical
characteristics of NEOs and offering the possibility to manage their data in a shared context,
allowing for long-term data storage and access.

4.3 NEOROCKS observation at Asiago telescopes

The observation program in Asiago began on 5t December, 2019 and is still ongoing as of
12" March, 2024 (for NEOROCKS it is valid until June 2023 and now NEO monitoring is
conducted independently). For the first two years (until January 2022), the program was
based on specific Target of Opportunity (ToO) or service observations at the Asiago tele-
scopes, with only one NEO being observed per night. Since January 2022, a proposal was
submitted and accepted for the Copernico telescope in Astrophysics Observatory in Asiago,
which provided the opportunity to observe three nights per month, for nine months per year.
During this period, | observed the majority of the NEOs analysed for our study. In January
2024, a second proposal was accepted for the Copernico telescope in Asiago, allowing our
group to continue observing NEOs for another two years. This section will describe the
data analysis and results obtained after five years of observation with the Galileo and Coper-
nico telescopes in Asiago. The first two years of observations were carried out by other
researchers in the research group to which | belong, as well as by observers in service at
the Copernico/Galileo telescope. | conducted the observational nights since January 2022.
Other researchers in the group performed data reduction for the first three years of obser-
vation, while | did it for the last two. Data analysis was carried out by the entire research
group during the five years of the observational campaign.

The observational strategy used for this project is similar to that adopted for Didymos (see
section 3.4.3). Observations with the Copernico telescope were made using the long-slit at
a 132-micron aperture (1.69 arcsec) and the VPH6 grism of 285 lines/mm, which yields a
dispersion of 3.5 A /pixel with low resolution, R=500, in the spectral range of 0.4-1 um. The
spectra obtained with the Galileo telescope were acquired using a long slit with a 250 um
aperture (3 arcsec) and a grating of 300 lines/mm in the spectral range of 0.45-0.9 um.
The exposure time varied from 1200 s to 1800 s depending on the observatory’'s weather
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conditions and the target's magnitude. The apparent magnitude in the V band did not ex-
ceed 18.5 mag for the Copernico telescope and 16 mag for the Galileo telescope.

The observations were conducted by orienting the slit along the atmospheric refraction for
objects below 60° altitude relative to the horizon. The observation strategy relied on se-
lecting objects very close to the zenith to minimize the effects of atmospheric differential
refraction. Additionally, a G2V solar analog has a similar airmass with the observed as-
teroid was chosen. There was a choice of 10 solar analogs available, summarized in table
4.1. The objects to be observed were selected based on the search for NEOs from the site

solar analog RA Dec Mag V
Land (SA) 93-101 01h 53m 18.0s +00° 22" 25" 9.7
Hyades 64 04h 26m 40.1s +16° 44’ 49" 8.1

Land (SA) 98-978  06h 51m 34.0s -00° 11' 33"  10.5
Land (SA) 102-1081  10h 57m 04.4s -00° 13' 12" 9.9
Landolt (SA) 107-684 15h 37m 18.1s  -00° 09' 50" 8.4
Land (SA) 107-998  15h 38m 16.4s -+00° 15' 23"  10.4

16 Cyg B 10h 41m 52.0s +50° 31’ 03" 6.2
Land (SA) 112-1333  20h 43m 11.8s +00° 26' 15"  10.0
Land (SA) 115-271  23h 42m 41.8s +00° 45' 14" 9.7

Table 4.1: solar analogs used during my observations. The table shows the name, right
ascension, declination and V-band magnitude of the star.

https://ssd.jpl.nasa.gov/tools (by entering the parameters described above, magnitude less
than 18.5 and altitude greater than 30°). Priority was given to PHAs, which were identi-
fied according to the database out https : //ssd.jpl.nasa.gov/tools/sbdbjookup.html.
| chose targets with an absolute magnitude H between 16 and 23 mag, because smaller
NEOs are more likely to impact Earth than larger ones. However, during the 5-year ob-
servation period, only six NEOs with a magnitude H<16 (including Eros with a magnitude
of approximately 10) and two very small NEOs (16 and 24 m, H>24) were observed (see
fig. 4.1). The site https://neo.ssa.esa.int was used to check if an asteroid had already
been taxonomically classified: priority was given to NEOs that had not yet been classified.
Objects far from the galactic plane were selected to avoid a crowded field of stars, ensur-
ing that the asteroid did not appear to move above them. During the observation, the
https://asteroid.lowell.edu/astfinder/ site was used to track the asteroid’s path in the fol-
lowing hours. This allowed for the identification of the asteroid and ensured that it did not
pass over a star during the observations. Two spectra were acquired for each NEO and then
compared after data reduction to be sure that there were no issues during the observation.
Different slopes would have made us consider discarding data due to varying weather condi-
tions or the asteroid’s exit from the slit. The spectra were reduced using the astronomical
package Image Reduction and Analysis Facility (IRAF), following standard reduction proce-
dures. | normalized the spectrum at 5500 A and calculated the S/N for each spectra (see
section 3.4.3).
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Figure 4.1: histogram showing the absolute magnitude H of the 49 NEOs analyzed. The
x-axis represents the absolute magnitude, while the y-axis represents the number of counts.

4.4 Data Analysis

Spectral data in the visible region provides information on the surface composition of NEOs.
My data analysis is divided into several parts, with the main objective being the taxonomic
classification of the observed NEOs. Over the 5-year observation period, a total of ninety-
eight NEOs were observed, although some of were subsequently discarded for the analysis
on the basis of:

- low S/N ration of the spectrum;

- NEO exited from the slit due to its high velocity, which exceeded the correct functioning
limits of Asiago’s telescopic differential tracking;

- the slit was not oriented along the direction of atmospheric refraction.

This thesis reports the data analysis of 49 NEOs. It should be noted that some of the observed
NEOs still require analysis. To describe the taxonomic classification procedure, | will explain
the process using a single NEO as an example. If the spectral slope calculation (see section
3.4.3) was within 30 of error, the spectra were considered good. The classification was
performed using the Bus-DeMeo and Mahkle taxonomy framework. Bus-DeMeo's taxonomy
consists of 25 classes covering a spectral range of 0.45-2.45 um, while Mahkle's taxonomy
comprises 17 classes in the spectral range of 0.45-2.45 um. To classify according to Bus and
DeMeo taxonomy, | compared my spectrum with the curve of each taxonomic type and its
errors (downloadable from the sitehttp://smass.mit.edu/busdemeoclass.html). Figure 4.2
shows the spectrum of NEO 1999 AP10 with all the taxonomic types curves of the Bus and
DeMeo classification. Figure 4.3 shows the spectrum of 1999 AP10 with its corresponding
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Figure 4.2: the spectrum of NEO 1999 AP10 was obtained using the Galileo telescope at the
Asiago Astrophysical Observatory. The spectral types from the Bus and DeMeo classification
are plotted in different colours.

errors. Measurement errors were calculated as described in section 3.4.3: the error is the
standard deviation of the signal measured in the 15 A interval. Additionally, Figure 4.3 shows
the Bus and DeMeo S-type taxonomic curve. The S curve model data was interpolated using
a CubicSpline polynomial function to match the same number of data points in my spectrum.
Figure 4.4 shows the spectrum of 1999AP10, with the S-type taxonomic curve and its errors
(yellow bar). Bus and DeMeo classification identifies 25 taxonomic types (see Figure 4.3)
and to determine which curve best fits the data, | used the reduced x? method.

The x? method allows us to determine the probability of whether a hypothesized distribution
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Figure 4.3: the spectrum of NEO 1999 AP10 was obtained using the Galileo telescope at
the Asiago Astrophysical Observatory. The flux errors of individual points in the spectrum
are plotted in grey. The red curve represents the S-type taxonomy classification by Bus and
DeMeo.

can be accepted or rejected. If the x2 value is zero, then the consistency between the
experimental and the expected data is perfect. If it is grater than 0, then the consistency
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Figure 4.4: the spectrum of NEO 1999 AP10 was obtained using the Galileo telescope at the
Asiago Astrophysical Observatory. The flux errors of individual spectrum points are plotted in
grey. The red curve represents the S-type taxonomy classification by Bus and DeMeo, while
the yellow bar indicates the errors of the curve. The blue dashed curve is the CubicSpline
polynomial interpolation of the S spectral type curve by Bus and DeMeo.

cannot be "perfect” and the distribution of the expected data can be accepted for certain
significant levels of probability. The x? method was computed in three different ways:

e Method 1: the reduced x? method was calculated taking into account both the mea-
surement errors on the spectrum flux and those of the Bus and DeMeo taxonomic type
model (in my example of S-type). The sigma was calculated by error propagation. The
equation is:

x2 = 1 i (oi ;26/)2

i=1 i

where o; is the number of times the variable value is observed within a certain class, ¢; is

the expected value of the frequency, o is the error calcuted with the error propagation,

v is given by the number into which the dispersion interval of the variable has been

divided minus the number of parameters calculated from the sample and again minus

one unit for the constraint formed by the summation of o; and n is the total number
of my data;

e Method 2: the reduced x° method was derived by considering only measurement
errors on the spectral flux;

e Method 3: the x2 method was obtained without considering measurement errors;
therefore, the division was calculated using the expected value from the cubic spline
function, using the following equation:

n

22 = }Z (0 — &)?

o
i=1 !

The choice of which method to use depends on the type of spectrum available. All three
methods have been applied to the available data. The best method to use is based on the
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S/N ratio of each individual spectrum. Method 1 appears to be the most "appropriate”
because it considers both the error of measurements, but it was not always applicable due
to the S/N ratio of the spectrum. In fact, if the spectra have an S/N > 10, method 1 is
the ideal method for the taxonomic classification of my spectra. If S/N< 10, it is difficult
to determine the taxonomic type of an asteroid. Method 1 does not work well in this case
because the data have large errors. However, there should only be one curve of the Bus
and DeMeo’s classification that interpolates my data well. If the spectrum has too many
errors, many curves of taxonomic types interpolate my spectrum well. In this case, | cannot
determine with certainty the taxonomic type of NEOs, but | can determine the taxonomy
curve that is closest. Therefore, | used method 3 which disregards measurement errors and
only considers the points in my spectrum. However, in this case, | cannot confirm my clas-
sification but only provide an estimate of the taxonomic type that best matches my data.
Histograms 4.5, 4.6, 4.7, 4.10, 4.11, 4.12 provide a good description of this process. His-
tograms 4.5, 4.6, and 4.7 represent the probability calculated through x? for each taxonomic
type for asteroid 1999 AP10. This asteroid has an S/N ratio of 43.5, which is greater than
the limit value of 10 that | consider for using method 1 (see Figs 4.3 and 4.4 for the spectrum
of 1999 AP10). Histogram 4.5 shows that the probability calculated based on x? method
of asteroid 1999AP10 being an S-type is 95.42%, while the other spectral types have a
lower probability. The spectral types with a high probability percentage are only those of
the S-complex, such as Sq and Sr. After considering both measurement errors, it can be
observed that other taxonomic types have a high percentage value, such as D, K, and L,
because these last three taxonomy curves have very high measurement errors, but lower than
the probability of the S-type curve. If we consider histograms 4.6 and 4.7, it is noticeable
how the percentages decrease drastically. This is due to the fact that the x2 method will
have given high values and consequently low probability values. Considering data with a high
S/N ratio, the points are more compact and further away from the curves of the taxonomic
types to which the asteroid does not belong. However, since the S/N ratio is high, the
highest percentage value of the two histograms always refers to type S. This asteroid has
been classified as S-type, but these two methods are not always in agreement with method
1 even if the S/N ratio is high because many taxonomic types have very similar curves.
Figure 4.8 and 4.9 shows the spectrum of 1999 AW1, which has a very low S/N ratio (5.8).
The red curve represents the asteroid’s spectrum, with the errors of curve (yellow bars) and
the dashed line is the CubicSpline. The asteroid’s spectral type that best fits the data is
Q-type. Histogram 4.10 shows the x2 probability calculated using method 1. Compared to
histogram 4.5, we can observe that the probabilities are lower than 50% due to a higher
chi-square value, and almost all taxonomic types interpolate the spectrum of 1999 AW1 with
a similar percentage. This is because, considering the spectrum error (which is much higher
in this case than in the case of 1999 AP10), many taxonomic types interpolate my spectrum
well. Therefore, neither method 1 nor method 2 can be used in this case. As expected, in
method 2 there are fewer taxonomic types with a similar probability because | am considering
only one error, but there are still too many to use this method. Similarly, method 2 is also
not applicable as it takes into account errors on the spectrum. Histogram 4.11 shows the
probability of the x? measured by method 2. In this case, | used method 3, although in
histogram 4.12 | can see that the probability percentage is very low (23.28% for Q-type).
In this case, | note that a few taxonomic types have a "high” percentage (compared to
the percentage for Q-type) because | am only considering points on the spectrum, without
errors. This classification cannot be confirmed due to the low S/N, but can be confirmed
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Figure 4.5: the chi-square probability for NEO 1999 AP10 belonging to each spectral type.
The y-axis shows the probability calculated for each spectral type of the Bus and DeMeo
classification, while the x-axis shows all spectral types of this taxonomy. The chi-square was
calculated using method 1.
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Figure 4.6: the chi-square probability for NEO 1999 AP10 belonging to each spectral type.
The y-axis shows the probability calculated for each spectral type of the Bus and DeMeo
classification, while the x-axis shows all spectral types of this taxonomy. The chi-square was
calculated using method 2.

or modified during the next observation: the asteroid need follow up observation for a more
definitive classification.

As stated at the beginning of this chapter, this procedure was carried out for the
49 NEOs analysed in this thesis. The spectra for all 40 NEOs are shown in Figures 4.13,
4.14, and 4.15. Additionally, the Mahkle taxonomy was calculated using a Python pro-
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Figure 4.7: the chi-square probability for NEO 1999 AP10 belonging to each spectral type.
The y-axis shows the probability calculated for each spectral type of the Bus and DeMeo
classification, while the x-axis shows all spectral types of this taxonomy. The chi-square was
calculated using method 3.
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Figure 4.8: the spectrum of NEO 1999 AW1 was obtained using the Galileo telescope at
the Asiago Astrophysical Observatory. The flux errors of individual points in the spectrum

are plotted in grey. The red curve represents the Q-type taxonomy classification by Bus and
DeMeo.

gram with the ROCKS and CLASSY libraries, which allow for the taxonomic classification
of spectra. Both classifications are presented in Table 4.3. This table shows the asteroid
number (when available), name, type (NEO or PHA), S/N ratio calculated using methods
1 and 2 (see section 3.4.3), Mahkle and Bus-DeMeo classification, taxonomic classification
reported in literature (obtained from the site https://neo.ssa.esa.int/search-for-asteroids),
and the telescope used to acquire the spectra ("C' = Copernico, 'G’ = Galileo). Table
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Figure 4.9: the spectrum of NEO 1999 AW1 was obtained using the Galileo telescope at the
Asiago Astrophysical Observatory. The flux errors of individual spectrum points are plotted
in grey. The red curve represents the Q-type taxonomy classification by Bus and DeMeo,
while the yellow bar indicates its errors. The blue dashed curve is the CubicSpline polynomial
interpolation of the Q spectral type curve by Bus and DeMeo.
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Figure 4.10: the chi-square probability for NEO 1999 AW1 belonging to each spectral type.
The y-axis shows the probability calculated for each spectral type of the Bus and DeMeo
classification, while the x-axis shows all spectral types of this taxonomy. The chi-square was
calculated using method 1.

4.2 shows the eccentricity, inclination, orbital period P, absolute magnitude H, rotation pe-
riod T (when known), and family membership (Apollo, Aten, Amor) taken from the site
https://neo.ssa.esa.int/search-for-asteroids. Additionally, it includes the expected diameter
(provided at the site https://neo.ssa.esa.int/search-for-asteroids) and the diameter calcu-
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Figure 4.11: the chi-square probability for NEO 1999 AW1 belonging to each spectral type.
The y-axis shows the probability calculated for each spectral type of the Bus and DeMeo
classification, while the x-axis shows all spectral types of this taxonomy. The chi-square was
calculated using method 2.
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Figure 4.12: the chi-square probability for NEO 1999 AW1 belonging to each spectral type.
The y-axis shows the probability calculated for each spectral type of the Bus and DeMeo
classification, while the x-axis shows all spectral types of this taxonomy. The chi-square was
calculated using method 3.

lated for this thesis by using the equation [26]:
D =1329-(p,) %5 x 107021 (4.1)

where py represents the literature albedo (if calculated) or the predicted albedo of the tax-
onomic class (if not yet calculated), and H is the absolute magnitude.
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N Id Name Type | S/N | S/N** | Mahkle | Bus-DeMeo | Tax. Prev. | Telescope
1 \ 2019WQO2 NEO | 12.3 21.5 S Sr \ C
2 \ 2019WR3 NEO | 39.7 68.7 M Xk \ C
3 35107 1991VH PHA | 7.2 29.3 E Xe Sq G
4 52768 19980R2 PHA | 22.7 49.6 M Xk Xn C
5 | 163373 | 2002PZ39 PHA | 7.3 14.2 M Xk Scomp G
6 40267 1999GJ4 NEO | 6.1 13.4 Q Q Sq G
7 65690 1991DG PHA | 15.7 19.1 E Xe U C
8 | 373428 | 1999TC5 | NEO | 16.6 | 21.9 L L U C
9 | 137170 1999HF1 NEO | 35.9 | 68.5 C Cgh X C
10 | 388945 | 2008TZ3 PHA | 157 | 249 Ch Ch B G
11 | 539940 2017HW1 NEO | 17.4 27.6 Ch Ch \ G
12 | 136900 1998HL49 NEO | 20.1 34.1 R R V C
13 | 411165 2010DF1 NEO | 12.1 19.9 L L Xk C
14 | 500094 | 2012BC20 NEO | 20.9 30.2 S Sq \ C
15 \ 2020RF NEO | 12.6 24.3 K K S C
16 | 159402 | 1999AP10 | NEO | 435 | 69.3 S S Scomp G
17 \ 2020ST1 PHA | 12.1 18.4 K K S G
18 \ 2013PY6 NEO | 22.0 34.7 D D C C
19 | 275714 2000YH4 NEO | 16.4 27.8 A A \ C
20 | 163902 | 2003SW222 | NEO | 19.8 34.8 A A Scomp C
21 \ 2003AF23 PHA | 12.9 17.5 C Cg C G
22 | 332446 2008AF4 PHA | 14.6 22.1 0] O S/Sr G
23 \ 2015NU13 | PHA | 15.6 24.7 @) O Sq G
24 \ 2020WU5 PHA | 15.9 24.6 C Cg L G
25 | 99942 Apophis PHA | 9.4 17.7 S Sq Scomp C
26 | 612050 1997GL3 PHA | 30.5 52.1 V \Y \Y C
27 | 5189 1990UQ PHA | 245 | 379 Q Q Q G
28 \ 2011YQ10 | NEO | 7.0 14.6 A A U C
29 \ 2021LQ24 | NEO | 10.4 | 18.4 S Sa \ C
30 | 385186 | 1994AW1 | PHA | 5.8 12.8 Q Q L G
31 | 215188 2000NM NEO | 6.9 15.7 A A \Y G
32 \ 2015HH | NEO | 6.0 | 145 A A \ G
33 | 422787 2001WS1 PHA | 12.9 30.5 Ch Ch u C
34 | 199003 | 2005WJ56 | PHA | 234 | b51.1 Ch Ch \ C
35 | 138971 | 2001CB21 | PHA | 19.2 | 44.1 S S B C
36 \ 2016UT80 | NEO | 19.8 | 43.7 E Xe \ C
37 | 37638 1993VB PHA | 31.6 | 727 M Xk \ C
38 \ 2004BE86 | NEO | 9.04 26.9 D D \Y C
39 \ 2004GA | NEO | 19.3 | 36.4 L T \ C
40 \ 2023BE10 | NEO | 6.5 | 16.4 S S \ C
41 3752 Camillo NEO | 11.1 30.6 S Sv S C
42 | 349507 2008QY PHA | 12.2 29.8 Ch Ch \ C
43 | 518635 | 2008HO3 | NEO | 45.6 | 136.6 M Xk u C
44 \ 2015VL142 | NEO | 12.1 26.6 A A \ C
45 | 363505 | 2003UC20 PHA | 7.9 25.2 B B \ C
46 \ 2023QE11 | NEO | 21.6 | 50.7 B B \ C
47 433 Eros NEO | 47.8 | 124.3 S Sv S C
48 | 326683 2002WP NEO | 9.0 22.0 S S Scomp C
49 | 65803 Didymos PHA | 59.6 | 98.7 S S S C

Table 4.2: shows data for 49 NEOs observed from December 2019 to March 2024. It includes the ID
number, name, S/N calculated using method 1 (see section 3.4.3), S/N** calculated using method
2 (see section 3.4.3), our taxonomy using Mahkle and Bus and DeMeo classification, the expected
taxonomy from literature, and the telescope used (C = Copernico and G = Galileo).
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N Id Name e i D D2 P H Perielio | MOID T Type
GO 6 Q) (-) | (deg) (m) (m) (d) | (mag) | (au) (au) (h) Q)

1 \ 2019W02 | 0481 | 7.4 24-50 24 970.1 25.2 0.995 | 0.01370 \ Apollo
2 \ 2019WR3 | 0.237 | 12.6 80-180 107 561.0 22.6 1.016 | 0.03554 \ Apollo
3 35107 1991VH 0.144 | 13.9 1010 1238 | 443.0 16.9 0.973 | 0.02567 | 2.624 | Apollo
4 | 52768 19980R2 0.576 | 5.9 2510 2195 | 1341.3 | 159 1.010 | 0.00801 | 4.110 | Apollo
5 | 163373 | 2002PZ39 | 0.547 | 1.7 400-1000 562 650.3 19 0.666 | 0.00272 \ Apollo
6 40267 1999GJ4 0.808 | 34.5 1940 2057 | 565.5 15.6 0.256 | 0.15634 | 4.957 | Apollo
7 65690 1991DG 0.363 | 11.1 510 278 623.1 19 0.909 | 0.03884 \ Apollo
8 | 373428 1999TChH 0.546 | 29.1 500-1100 596 1045.6 | 18.6 0.914 | 0.18743 \ Apollo
9 | 137170 1999HF1 0.463 | 25.7 4400 3994 | 270.8 14.6 0.440 | 0.17357 | 2.312 | Aten
10 | 388945 2008TZ3 0.392 | 8.7 220-500 451 733.3 20.4 0.968 | 0.01635 | 44.20 | Apollo
11 | 539940 | 2017HW1 | 0.459 | 34.0 950 1563 | 1140.8 | 17.9 1.155 | 0.15381 \ Amor
12 | 136900 | 1998HL49 | 0.637 | 11.0 | 900-2000 803 843.9 17.4 0.635 | 0.08370 \ Apollo
13 | 411165 2010DF1 0.503 | 20.1 100 152 738.0 22 0.794 | 0.04333 \ Apollo
14 | 500094 | 2012BC20 | 0.279 | 23.8 470 493 588.2 18.7 0.991 | 0.14661 \ Apollo
15 \ 2020RF 0.612 | 18.3 100-220 133 1527.9 | 22.2 1.008 | 0.03589 \ Apollo
16 | 159402 | 1999AP10 | 0.572 | 7.6 1200 650 1340.7 | 16.5 1.018 | 0.07650 | 7.908 | Amor
17 \ 2020ST1 0.578 | 8.0 110-240 68 1402.5 | 21.9 1.036 | 0.04721 \ Amor
18 \ 2013PY6 0.465 | 3.4 400-800 748 1259.2 | 19.3 1.222 | 0.22842 \ Amor
19 | 275714 2000YH4 0.459 | 18.0 | 500-1000 461 664.0 18.8 0.807 | 0.08571 \ Apollo
20 | 163902 | 2003SW222 | 0.248 | 16.1 | 1000-2100 | 1031 | 781.8 17.1 1.249 | 0.27133 \ Amor
21 \ 2003AF23 | 0.426 | 23.2 680 592 298.7 21 0.502 | 0.03302 \ Aten
22 | 332446 2008AF4 0.410 | 8.9 300-700 299 592.2 19.7 0.814 | 0.00199 \ Apollo
23 \ 2015NU13 | 0.749 | 4.2 400-800 343 903.9 19.4 0.749 | 0.01047 \ Apollo
24 \ 2020WU5 | 0.102 | 41.5 590 570 397.8 18.7 0.951 | 0.04102 \ Apollo
25 | 99942 Apophis 0.191 | 33 375 409 323.7 18.9 0.746 | 0.00012 | 30.56 | Aten
26 | 612050 1997GL3 0.784 | 6.7 400-900 373 1249.1 | 19.1 0.489 | 0.00381 \ Apollo
27 5189 1990UQ 0.478 | 3.6 550 521 706.0 17.9 0.810 | 0.04466 | 6.640 | Apollo
28 \ 2011YQ10 | 0.521 | 2.4 400-900 402 1226.7 | 19.1 1.073 | 0.07974 \ Apollo
29 \ 2021LQ24 | 0.640 | 11.2 260-600 259 19145 | 20.1 1.085 | 0.09060 | 17.10 | Amor
30 | 385186 1994AW1 0.076 | 24.1 | 800-1800 819 424.3 17.6 1.022 | 0.01971 \ Amor
31 | 215188 2000NM 0.663 | 22.3 2470 2111 | 1607.9 | 15.5 0.904 | 0.13302 | 9.24 | Apollo
32 \ 2015HH 0.102 | 11.5 16-40 16 402.9 26 0.959 | 0.02850 \ Apollo
33 | 422787 | 2001WS1 | 0.619 | 13.2 3510 2477 | 15235 | 16.9 0.988 | 0.01249 \ Apollo
34 | 199003 | 2005WJ56 | 0.152 | 21.6 710 1361 343.0 18.2 0.813 | 0.02338 | 4.379 | Aten
35 | 138971 | 2001CB21 | 0.333| 7.9 500-1200 541 383.8 18.5 0.689 | 0.02378 \ Apollo
36 \ 2016UT80 | 0.418 | 8.3 400-900 266 1067.3 | 19.1 1.189 | 0.21696 \ Amor
37 | 37638 1993VB 0.520 | 5.1 400-800 490 966.6 19.3 0.919 | 0.00053 \ Apollo
38 \ 2004BE86 | 0.238 | 3.8 160-400 326 631.8 21.1 1.099 | 0.10708 | 2.284 | Amor
39 \ 2004GA 0.631 | 10.6 250-600 299 1737.6 | 20.1 1.042 | 0.06589 \ Amor
40 \ 2023BE10 | 0.638 | 4.3 120-260 118 1769.1 | 21.8 1.037 | 0.05813 \ Amor
41 3752 Camillo 0.302 | 55.6 2480 2474 | 613.9 15.2 0.987 | 0.07881 \ Apollo
42 | 349507 2008QY 0.582 | 13.6 | 500-1200 1185 | 461.1 18.5 0.489 | 0.03040 \ Apollo
43 | 518635 | 2008HO3 | 0.651 | 14.1 1030 813 1820.0 | 18.2 1.019 | 0.11710 | 13.41 | Amor
44 \ 2015VL142 | 0.596 | 0.596 | 1200-2700 | 1214 | 1492.3 | 16.7 1.033 | 0.31293 \ Amor
45 | 363505 | 2003UC20 | 0.337 | 3.8 1900 1082 | 252.2 18.5 0.518 | 0.03493 \ Aten
46 \ 2023QE11 | 0.548 | 6.5 190-400 393 1318.7 | 20.7 1.064 | 0.11258 \ Amor
47 433 Eros 0.233 | 10.8 23300 17923 | 643.2 10.9 1.133 | 0.14956 | 5.270 | Amor
48 | 326683 2002WP 0.216 | 19.2 518 541 637.7 18.5 1.137 | 0.15275 | 6.262 | Amor
49 | 65803 Didymos 0.383 | 34 700-1500 769 769.0 18.0 1.013 | 0.04029 | 2.259 | Apollo

Table 4.3: contains data on 49 NEOs observed from December 2019 to March 2024. It
includes the Id number, name, eccentricity, inclination, expected diameter based on literature,
diameter calculated by us, orbital period, absolute magnitude H, perihelion, MOID, rotation
period T, and orbit type.
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4.5 Results

In this work, 49 NEOs have been classified, including 21 PHAs. 28 belong to the Apollo
group, 16 to the Amor group, and 5 to the Aten group. Although statistical analysis cannot
be performed with such a small number of NEOs compared to their total number of discovered
NEOs, as expected the number of Apollos is greater than that of Amors, which is greater than
that of Atens. My main goal for the thesis is to classify NEOs taxonomically to contribute
to the NEOROCKSs project. Additionally, | have completed other minor tasks as described in
the following sections.

4.5.1 Taxonomy classification

In my taxonomic classification, 20 NEOs have not yet been classified in literature, while 29
have already been classified. The latter have been classified after my observations, and my
data is useful for confirming or refuting the classification of other authors. The taxonomic
classification is shown in the three figures that represent all the plots of all the observed NEOs
(see Figure 4.16, 4.17, 4.18). Histogram 4.19 shows the frequencies of the taxonomic types
in my classification according to the Bus and DeMeo taxonomy. The S-complex appeared in
32.7%, the C-complex in 20.4%, the X-complex in 16.3%, the A-type in 6.1%, the D-type
in 4.1%, the L-type in 4.1%, the K-type in 4.1%, T in 2%, and R in 2%.

Figure 4.13: 16 spectra of the 49 NEOs observed with the Copernico telescope at the Asiago
Astrophysical Observatory. The spectral range is from 5000 to 9000 A and the reflectance
varies from 0.5 and 1.7. The red curve represents the taxonomic type according to the Bus
and DeMeo classification.

The taxonomic classification according to Mahkle was also carried out, and the results
are shown in histogram 4.20. The percentages of the various taxonomic types in the en-
tire classification by Makhle [13] are described in section 2.2.4. My work does not involve
comparing the frequency percentages of my taxonomic types with those of Makhle. This
statistic cannot provide a consistent result because the number of observed NEOs is much
smaller compared to the survey used by Makhle, which includes data from 2125 asteroids.
However, the percentages were calculated to compare whether the distribution of 49 NEOs
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Figure 4.14: 16 spectra of the 49 NEOs observed with the Copernico telescope at the Asiago
Astrophysical Observatory. The spectral range is from 5000 to 9000 A and the reflectance
varies from 0.5 and 1.7. The red curve represents the taxonomic type according to the Bus
and DeMeo classification.

Figure 4.15: 15 spectra of the 49 NEOs observed with the Galileo telescope at the Asiago
Astrophysical Observatory. The spectral range is from 3500 to 9000 A and the reflectance
varies from 0.5 and 1.7. The red curve represents the taxonomic type according to the Bus
and DeMeo classification.

is similar to the one found by Makhle. The purple bars represent the count number of my
classification, while the grey bar represents that expected by Makhle's survey. As we can
see, some types are not present in my classification such as P- and Z-types. Although the
percentages do not match, the frequency distribution is consistent with what was found by
Makhle: S-types are much more numerous than the others.
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Figure 4.16: the same 16 spectra reported in 4.13 of the 49 NEOs observed with the
Copernico telescope at the Asiago Astrophysical Observatory. The spectral range is from
5000 to 9000 Aand the red curve represents the taxonomic type according to the Bus and
DeMeo classification. The red curve has a spectral range from 5000 to 24000 A.

Figure 4.17: the same 16 spectra reported in 4.14 of the 49 NEOs observed with the
Copernico telescope at the Asiago Astrophysical Observatory. The spectral range is from
5000 to 9000 Aand the red curve represents the taxonomic type according to the Bus and
DeMeo classification. The red curve has a spectral range from 5000 to 24000 A.

4.5.2 Comparison with other physical classification
4.5.2.1 Hromakina et al.

Hromakina et al. [25] analysed and classified 42 NEOs and combined their data with that
already existing in the NEOROCKSs database, analysing a total of 92 NEOs. In Hromakina et
al.’s study, 46% of the NEOs belonged to the S-complex, 18% to the C-complex, 18% to the
X-complex, 13% to the D-type, 3% to the A-type and 3% to the V-type [25]. These values
are consistent with those found in my analysis, as shown in histogram 4.23. As expected, half
of the NEOs fall within the S-complex: S-complexes are the predominant among all NEOs
classified in all surveys. The S-type asteroids among NEOs can be affected by an observa-
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Figure 4.18: the same 16 spectra reported in 4.15 of the 49 NEOs observed with the Galileo
telescope at the Asiago Astrophysical Observatory. The spectral range is from 3500 to
9000 Aand the red curve represents the taxonomic type according to the Bus and DeMeo
classification. The red curve has a spectral range from 5000 to 24000 A.
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Figure 4.19: histogram showing all my 49 NEOs classified according to the Bus and DeMeo

taxonomy. The x-axis represents all 25 spectral types and the y-axis represents the frequency
of the number of NEOs for each spectral type.

tional bias towards objects with higher albedo. Therefore, a debiasing technique is necessary
to determine the actual chemical composition of S-type asteroids [25]. However, a very large
sample size is required to perform this debiasing technique, which has not been achieved by
either us or Hromakina et al. Hromakina et al. divided the NEOs into three groups: the
silicate group, which includes the S-complex, Q-, A-, and V-types; the carbonaceous group,
which includes the C-complex, D-, and Xc; and the miscellaneous group, which includes all
other taxonomic types [25].

In my study, | analysed NEOs ranging from 16 m to 4 km (excluding (433) Eros). Histogram
4.21 shows the number of NEOs related to their approximate diameter value (calculated in
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Figure 4.20: histogram showing the my 49 NEOs classified according to the Mahkle tax-
onomy. The purple bars represent my data, while the gray bar represents the probability of
each spectral type in Mahkle's database. The x-axis represents all 17 spectral types and the
y-axis represents the frequency of NEOs for each spectral type.

section 4.3), divided into 250 m intervals: most NEOs have a diameter of D < 1 km (19
NEOs have D < 500 m and 17 NEOs have 500 m < D < 1000 m), 8 NEOs are in the range
of 1 < D < 2 km and only 6 NEOs have a diameter D > 2000 m. These numbers are in
agreement with Hromakina et al.'s study: most of the NEOs studied in their work have a
size smaller than 1 km. Hromakina et al. plotted the number of NEOs in a histogram (see
Figure 4.22 [25]) divided into three groups based on size intervals of 500 m [25]. In their
studies found that the number of carbonaceous objects decreases steadily with size, while
the number of silicate objects is more prevalent in smaller objects and decreases rapidly when
the diameter is greater than 1 km. In their work, the ratio of carbonaceous to silicate objects
with a diameter D < 500 m is 28-72%, while for objects with a diameter D>500 m, the ratio
is 46-54%. | replicated the work done by Hromakina et al. by dividing my NEOs into three
groups (see Figure 4.23). Histogram 4.23 is consistent with the data found by Hromakina et
al., as | observe a decrease in the number of silicate objects with increasing diameter, which
drops sharply above 1 km. Furthermore, my carbonaceous to silicate ratio for D < 500m is
25-72% and 46-54% for D > 500 m. This confirms the ratio found by Hromakina et al.,
who also found 28-72% and 46-54% [25]. Such distribution is most probabably caused by
the bias towards higher albedo objects. In the histogram 4.23, there are more NEOs in the
miscellaneous group, the difference with Hromakine may be due to several factors. Firstly, |
are considering only half of the number of NEOs studied by Hromakina et al. Additionally,
my observations are based on a random selection of visible NEOs during my observation
nights, and some of my NEOs have a low S/N ratio, which leads to errors in taxonomic
classification. In fact, 11 of my NEOs have an S/N < 10, meaning their classification is
uncertain and the number of miscellaneous objects may be lower, resulting in an increase in
the number of the other two groups.
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Figure 4.21: histogram showing the diameter of my 48 NEOs (excluding Eros). The x-axis
is divided into intervals of 250 meters.
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Figure 4.22: distribution in size of the 92 NEOs studied by Hromakina et al. The histogram
is divided into 500-meter ranges on the x-axis and shows the diameter values for the three
groups: silicates, carbonaceous, and miscellaneous. Figure taken from Hromakina (2023)

[25].

4.5.2.2 Popescu et al.

Popescu et al. [26] classified 76 NEAs for NEOROCKS using the Isaac Newton Group
(ING) telescope, similar to Hromakina et al.’s work. ING is located at an altitude of 2336
m at Observatorio del Roque de los Muchachos in La Palma (Canary Islands, Spain). In
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Figure 4.23: the distribution in size of 48 NEOs analysed in my study is shown in the
histogram. The x-axis is divided into 500-meter ranges and displays the diameter values for
three groups: silicates, carbonaceous, and miscellaneous.

their work they divided the NEOs into four groups: 16 objects in the B/C-complex and
low albedo X-complex, D- and T- types, 44 objects in the Q/S-complex, which includes
the S-complex, the end-members Q-types, and the peculiar A-types, 8 basaltic-like objects
(V-types) and 6 NEOs in a miscellaneous group classified as X-complex (which can represent
various compositions depending on their albedo), as well as the two rare L- and O-types.
Therefore, 58% belongs to the Q/S complex group, 21% to the B/C complex group, and
10% is part of the miscellaneous group. In my work, | found 40.8% of the Q/S-complex
and 26.5% of the B/C-complex, in agreement with the values found by both Popescu et
al. [254] and Binzel et al. [261], [119] in the literature (>50% for Q/S-complex, 15%
for B/C-complex, and 10% for miscellaneous). | did not consider the miscellaneous group
for the reasons described on the section 4.5.2.1. These broad proportions of spectral types
match the taxonomic class distribution of inner main-belt asteroids as reported by Gradie
[262] e DeMeo [127]. In my study, | have identified several rare classifications, including
3 A-types (rich in olivine), 2 K-types, 2 L-types, 2 O-types, and 1 R-type. Additionally,
the B/C-complex group is more challenging to observe than the Q/S-complex due to its
low albedo. My observations confirm that the B/C-complex is a minority compared to the
Q/S-complex.

e B/C-complex group: in my classification, this group comprises 2 NEOs B-type, 2
Cg-type, 1 Cgh-type, 5 Ch-type, 2 D-type, and 1 T-type. No NEOs of the low albedo
Xc-type was found. This group, charaterized by low albedo (< 0.1), exhibits spectral
characteristics similar to those of carbonaceous chondrite meteorites [131], [132] and
interplanetary dust particles [263][264]. Similarly to the NEOs studied by Popescu et
al. [26], also my sample of NEOs has a diameter ranging from 0.4 to 4 km. B-types
were mainly found in the middle and outer parts of the Main Belt. However, a recent
study by De Leon et al. [265] was shown a significant number in the inner Main Belt
families. More information on this class has been provided by NASA's OSIRIS-Rex
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mission [266], which explored the B-type target near-Earth asteroid Bennu. On the
other hand, D-types and T-types asteroids are rare and have an organic and volatile-rich
composition. Carbonaceous asteroids are generally fragile and porous. It is expected
that these bodies are gravity-dominated aggregates with negligible tensile strength due
to their chemical composition. Most of them have a very high rotation period, greater
than 2.5 hours. This limit is known as the cohesionless spin-barrier [26]. If an NEO
in this group has a very low rotation period, it means that its chemical composition is
heterogeneous and formed from a different material such as metals.

e Q/S-complex: most of the NEOs found belong to this group and their size ranges
mainly from 16 m to 2300 m. There are 5 S-types, 1 Sa-, 2 Sg-, 2 Sr-, 3 Sv, 3 Q-
and 3 A-types. Popescu et al. [26] studied the diameter distribution as a function of
the perihelion of Q, Sq, and S/Sa/Sr/Sv types to investigate their physical properties.
However, | can confirm that all objects with a perihelion less than 0.6 AU are larger
than 450 m (5 NEAs). This explains the thermal fracturing of asteroids. For this
thesis, | do not have enough data to replicate the entire study conducted by Popescu
et al., but | made a comparison with my data to note if there is a correlation (see figure
4.24, 4.25). Thermal fatigue causes fragmentation, which is a rock weathering process
that leads to regolith generation. The thermal fatigue fragmentation that produces
fresh regolith is an important process for rejuvenating NEA surfaces [254]. My data
confirms Popescu et al.'s results, which suggest that this process is more efficient for
objects with a low perihelion. This is consistent with the prediction that small NEAs
can be eroded by thermal fragmentation and radiation pressure sweeping on timescales
shorter than their dynamical lifetime.

e Basaltic like group: 2 NEOs are the V-type, with a composition similar to (4) Vesta,
which is considered their parent body. No further analysis has been conducted on this
group.

e Miscellaneous types: | found 2 NEOs of L-type, 2 of O-type, and 8 of X-complex.
The X complex exhibits both high and low albedo, resulting in different compositions.

4.5.3 Orbital Classification

An analysis was also conducted on the orbital type, comparing my results with the literature.
Histograms 4.26, 4.27, and 4.28 show the number of spectral types for the three groups. For
the Apollo group, | found 35.7% and 14.3% for the Q/S-complex and B/C-complex groups,
respectively. Carry et al. [180] found 38% and 31%, while Popescu et al. found 50% and
25%. My results are more in line with Carry’s than Popescu et al.’s, but | are still considering
a small taxonomic sample. For Amor asteroids, | found percentages of 43.8% and 31.2%
for Carry and 51% and 20% for Popescu et al. Atens are challenging to observe due to their
proximity to the Sun, making statistics even more difficult. My results for Atens are 20%
and 80% for Carry, and 50% and 12% for Popescu et al.
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Figure 4.24: the distribution of Q/S-complex group asteroids in the perihelion (q) versus
diameter space. Blue dots represent Q-type asteroids, which are believed to have fresh
surfaces, while red dots represent S/Sr/Sv/Sa-types, which have surfaces affected by space-
weathering. Magenta dots represent Sq-type asteroids, which are an intermediate class

between S-types and Q-types. These are the data from Popescu et al.’s work. Figure taken
form Popescu (2019) [26]
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Figure 4.25: the distribution of Q/S-complex group asteroids in the perihelion (q) versus
diameter space of my data. Blue dots represent Q-type asteroids, which are believed to have
fresh surfaces, while red dots represent S/Sr/Sv/Sa-types, which have surfaces affected by
space-weathering. Magenta dots represent Sqg-type asteroids, which are an intermediate class
between S-types and Q-types.
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Figure 4.26: the histogram shows the spectral type according to the Bus and DeMeo classi-
fication of 28 Apollo NEOs studied in my work.
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Figure 4.27: the histogram shows the spectral type according to the Bus and DeMeo classi-
fication of my 28 Amor NEOs studied in my work.
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Figure 4.28: the histogram shows the spectral type according to the Bus and DeMeo classi-
fication of my 28 Aten NEOs studied in my work.
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This thesis focuses on the spectroscopic study of NEAs to better understand their surface
composition. Nowadays (March 127 2024), there are approximately 35,000 known NEAs,
and this number is continuously increasing. Providing a taxonomic classification will aid in
a better understanding of these small celestial bodies and provide important information to
future researchers in the event of their impact on our planet. In this thesis, | observed several
NEAs through the Copernico and Galileo telescopes located in Asiago. The data was then
reduced and analysed for 49 NEAs as part of the NEOROCKS project. Additionally, | studied
the Didymos-Dimorphos system simultaneously with NASA's DART mission. Both studies
provide a better understanding of the surface and structure of asteroids, aiding in planetary
defense against potential impacts with these objects.

For the study of Didymos system, my main goal were twofold: to taxonomically classify the
binary system after the impact of the DART probe on Dimorphos and to analyze the slope of
the spectra of the Didymos system during a complete rotation on itself. In fact, the impact
of DART on Dimorphos allows for the study of the asteroid’s internal composition and the
spectral evolution of ejecta.

Before the impact with the DART spacecraft, there were several taxonomic classifications of
the Didymos binary system. The initial classifications identified it as Xk- and C-type, which
later changed to S-type thanks to observations in NIR. The taxonomy of Didymos is the same
as that of Dimorphos because asteroids with a diameter smaller than a few tens of kilome-
ters can break apart, and the expelled material goes into orbit, leading to the formation of a
satellite. Therefore, it is believed that Didymos and Dimorphos were formed from a common
origin, suggesting the same chemical composition between the two bodies. Additionally, the
contribution of reflected light from Dimorphos during spectroscopic observations from the
ground is only 5% compared to the entire binary system and therefore negligible: it cannot
be confirmed that Dimorphos has the same chemical composition as Didymos.

After the impact, the magnitude of the binary system increased by approximately one order of
magnitude. The system’s brightness increased due to two factors. First, a cloud of gaseous
ejecta containing sodium and potassium moved at a velocity of 1.5 - 1.7 km/s in the oppo-
site direction to DART for a few minutes. Secondly, a slow and long-lasting cloud of ejecta
formed around the body, creating a series of tails that changed in number. My initial spec-
tra were taken approximately 19 days after impact and cover 94% of a complete rotation.
From these spectra, it can be deduced that the taxonomic class of Didymos is compatible
with S-type, confirming the pre-impact literature taxonomy. This taxonomic classification
confirms two other taxonomic classifications of Didymos system observed in the first days
after impact. My spectra are within 30 of error compared to the S-type taxonomic curve
of the Bus and DeMeo classification. Polishook et al.’s spectral observations on September
261" and 271", 2022 confirm the pre-impact S-type taxonomic class, although a slope vari-
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ation was observed in its spectra. Lin et al.’s also observed a change in slope in Didymos’
spectra, but interpreted it differently from Polishook et al.: on September 27t" 2022, the
binary system shows a C-type spectrum, on September 29t" 2022, it becomes a Q-type,
and on September 30%", 2022, it returns to showing S-type characteristics. Despite the
discrepancy between the two authors, both confirm the taxonomic classification of S-type
after September 30%", 2022. This classification was also confirmed by my observations in
October, November, and December 2022. The difference in slope during the initial days is
also related to the increase in brightness caused by the impact of DART on Dimorphos and
the raise of ejecta. In the days following the impact, the magnitude decreased by 0.07 mag
per day, indicating the movement of the ejecta away from the system due to the pressure of
solar radiation. Additionally, Polishook et al. suggests that the variation in the spectrum may
be due to three physical processes: compositional variation of the ejecta material, ejection
of 'fresh’ non weathered material, and ejected material with varied grain sizes. The shallow
slope spectra of Didymos do not exhibit Q-type characteristics, leading to the conclusion
that the surface material excavated by the impact of DART is not as fresh as that of Q-type
asteroids. Instead, after approximately 19 days, | did not observe any changes in slope in
the spectra obtained from the rotation on October 18t7, 2022. All spectral slope values
are within 30 of error. The same values remain unchanged for the spectra obtained on the
following night (October 19'") and on November 18", 2022.

In the days following the impact, a long tail was formed due to the radiation pressure and the
movement of the binary system, along with other minor tails in different directions, indicating
that the dust environment surrounding the system is non-uniform. From a photometric point
of view, it is evident that two weeks later, when the twin tails had disappeared, there was
only a decrease in magnitude of 0.04 mag per night: this indicates that most of the ejecta
were swept away from the system. To confirm this fact, on the night of December 261",
2022, more than two complete rotations of Didymos were observed. The binary system
consistently showed the same slope within a 30 error, which is consistent with the values
found in October 2022. The change in slope in the spectra after the initial impact may
be due to the dense dust cloud formed by the impact in front of the binary system. The
evolution of ejecta is complex: immediately after the impact, the distribution is more uniform
compared to the following days. The tail is composed of grains of different sizes, ranging
from finer to larger ones. Finer grains are dispersed faster during the first few hours/days. |
expected that a change in slope could be due to the presence of larger grains. However, the
observations show that even the larger grains have dispersed into the long tail as early as 19
days after impact, as no variation in spectral slope has been observed. Therefore, in about
three weeks, the dense dust cloud observed in the first few days has diluted and become
less dense, forming a long tail in the opposite direction of Didymos’ motion. Furthermore,
based on the albedo calculated in literature and the absolute magnitude H, | estimated the
diameter of Didymos to be approximately 769 m, which is consistent to the value 780 m,
obtained before impact and available in literature [267], and represents a better estimates
that the value of 720 mderived by Polishook et al. [3].

During the study of Didymos’ rotation, the importance of the slit orientation with the direc-
tion of atmospheric refraction of the observed object was investigated. A hardware issue with
the Copernico telescope’s guide camera probe caused differential tracking to malfunction,
resulting in Didymos exiting the slit. For this reason, | was chosen to not orient the slit along
the direction of the atmospheric refraction of the object so that Didymos would remain in
the slit for a longer time to obtain spectra with a higher S/N ratio. The atmosphere plays a
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fundamental role in the spectroscopic observation of any celestial object. From the literature
and my obtained spectra, it is evident that the greater the airmass, the wider the spectrum
due to atmospheric refraction. Therefore, the spectrum width between red and blue wave-
lengths is much greater at high airmass than at low airmass. My results show that there is
a variation in the spectra slope of the spectra acquired in August, October, and November
2022. The lower value of the slope was achived in October. This difference in slope is due to
Didymos reaching a maximum altitude of 22° in August 2022, between 26° and 28° in Oc-
tober, and between 28° and 49° in November. Therefore, a higher altitude means a smaller
airmass and consequently a narrower spectrum width due to atmospheric refraction between
blue and red wavelengths. In general, during the same evening, a lower variation is expected
because of the incorrect orientation of the slit along the direction of the atmospheric re-
fraction of the object. The slope variation | found was very high because Didymos exited
the slit after each exposure, requiring a reposition of the binary system in the slit. The new
position in which it was placed inside the slit was different from the previous one because of
the inevitable human error. Therefre, for each position, a different portion of the spectrum
was placed in the slit because of atmospheric refraction of the target: at each spectrum
acquisition, randomly put either the reddest or the bluest part of the spectrum in the slit.
Due to this fact, the spectral slope obtained was much higher than expected. Additionally, in
the spectra obtained in December 2022, Didymos had an altitude between 52° and 72°, with
a very low airmass (about 1.0 - 1.2). The spectral slope of these spectra remains unchanged
because the effects of atmospheric refraction are negligible. Previous literature shows that at
an altitude greater than 50°, the width of the spectrum due to atmospheric refraction is less
than or approximately equal to 1", which is smaller than the values of seeing during those
observations (1" - 2") and the width of the slit (1.69"). Therefore, no effect of slope change
due to atmospheric refraction is observed. In conclusion, the incorrect orientation of the slit,
combined with the issue of the differential tracking, forced to reposition Didymos after each
acquisition, resulting in a high variation of slope in our spectra. Additional analysis of the
effects of atmospheric refraction at the Asiago Observatory will be done after submission of
this thesis. Furthermore, after the differential tracking issues encountered in October 2022,
they were resolved in December 2022, improving all future observations.

The DART mission has demonstrated the effectiveness of the 'kinetic impactor’ technique
for deflecting a small asteroid approaching Earth. The DART spacecraft collided with the
leading hemisphere of Dimorphos, changing its revolution period from -33 £ 1.0 minutes to
a new period of 11.372 4+ 0.017 hours. The upcoming Hera mission will study the binary
system after impact, including measuring the mass of Dimorphos, characterizing its external
and internal surface, and examining the possible crater formed by the impact.

NEOROCKS is a project aimed at improving our understanding of the physical characteris-
tics, origin, and evolution of NEOs for planetary defense. For this second project, | observed
98 NEAs and, 49 of which were selected for investigation. To classify them, | compared the
spectral data with the curve of the respective taxonomic type using the x2 method. Their
taxonomic classification is based on the Bus and DeMeo and Mahkle taxonomy. The 2
method allowed to classify the selected NEAs with S/N > 10, while it was not possible to
classify those with S/N < 10. The S/N was obtained using different methods. The first
method considered the signals and noises across the entire spectral range used, deriving a
S/N ratio that is much loer in respect to the other two methods, which take into account the
spectral range between 5700 and 7700 A. Method 2 considers the one-dimensional spectrum
after division by the solar analog, while method 3 considers it before division. Comparing the
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S/N ratio of these two methods shows very similar results. From the 49 NEAs analysed, 12
of them have a spectrum with an S/N < 10, which means that their taxonomic classification
cannot be confirmed, affecting the statistical analysis in this work. As expected, most of the
observed NEAs belong to the orbital type of Apollo, followed by Amors. Observing Atens is
challenging due to their proximity to the Sun, making statistics even more negligible. Mw
NEA database does not include Atiras. This is due to the challenging in their observation,
since they can only be oberved at the morning or evening at elongations from the Sun not
exceeding 90°. Mahkle's taxonomic classification for our NEOs does not match the percent-
ages obtained in their study. This is because | analyzed only 49 NEAs, while their database
contains data on 2125 asteroids. In my study, | compared the percentages of asteroids in
a certain taxonomic group and found them to be very similar to those of Hromakina. As
expected, half of the NEOs belong to the S-complex, which is the most common among all
NEOs in all surveys. My research shows that the number of carbonaceous objects decreases
as their size increases, while the number of silicate objects is more common in smaller ob-
jects and decreases rapidly for objects with a diameter greater than 1 km, as confirmed by
Hromakina et al. Such distribution is most probably caused by the bias towards higher albedo
objects. Our taxonomic percentages are consistent with those found by Popescu et al. Ad-
ditionally, | have identified several rare types, including 3 A-types, 2 K-types, 2 L-types, 2
O-types, and 1 R-type. Additionally, the B/C-complex group is more challenging to observe
than the Q/S-complex due to its low albedo. My observations confirm that the B/C-complex
is @ minority compared to the Q/S-complex.

In conclusion, my main goal is to taxonomically classify NEOs to contribute to the NE-
OROCKSs project and understand the chemical composition and physical parameters of NEAs.
Nowadays, new NEAs are discovered thanks to sophisticated astronomical tools. Studying
NEAs provides a better understanding of the formation of the Solar System and their con-
tribution to the amount of water and organic-rich material brought to early Earth. It is
important to study them to understand how to prevent them from falling on our planet and
causing a global disaster like the one that occurred approximately 66 million years ago respon-
sible of the dinosaur mass extinction. the comprehesive characterization of NEOs would thus
prevent a key element for planetary defence programs. Therefore, it is crucial to determine
the orbit of a NEO to assess the probability of impact on our planet, its chemical composition
and its physical properties in order to predict the impact on Earth and the possible crater it
could form.
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