UNIVERSITA DEGLI STUDI DI PADOVA

DIPARTIMENTO DI ASTRONOMIA

DOTTORATO DI RICERCA IN ASTRONOMIA
CICLO XVIII

SINEO:

SPECTROSCOPIC INVESTIGATION
OF NEAR EARTH OBJECTS

Coordinatore:
prof. GIAMPAOLO PIOTTO
Supervisori:
dott. MONICA LAZZARIN
Dipartimento di Astronomia, Universita di Padova
Ch.mo prof. CESARE BARBIERI
Dipartimento di Astronomia, Universita di Padova
Ch.mo prof. SERGIO ORTOLANI
Dipartimento di Astronomia, Universita di Padova

Dottorando: SARA MAGRIN

2 Gennaio 2006



PADOVA UNIVERSITY
ASTRONOMY DEPARTMENT

PhD in ASTRONOMY
CYCLE XVIII

SINEO:

SPECTROSCOPIC INVESTIGATION
OF NEAR EARTH OBJECTS

PhD Coordinator:
prof. GIAMPAOLO PIOTTO
Supervisors:
dr. MONICA LAZZARIN
Astronomy Department, Padova University
prof. CESARE BARBIERI
Astronomy Department, Padova University
prof. SERGIO ORTOLANI
Astronomy Department, Padova University

External Supervisor:
dr. MARIO DI MARTINO
Torino Astronomical Observatory

PhD Student: SARA MAGRIN

January 2nd, 2006



Contents

Riassunto 1
Abstract 5
Introduction 9
1 Solar System Minor Planets 13
1.1 Thediscovery offirstasteroids . . . . . . .. . .. ... .. 13
1.2 General Propertiesof MinorPlanets . . . . . .. .. ... .. . .......... 14
1.21 RESONANCES . . . . . .t it 5
1.2.2 TheYarkovskyEffect. . . .. ... .. ... ... ... ... ..., 16
1.2.3 Minor Planet distribution and dynamical classifieati . . . . . . . ... .. 20
1.2.4 Asteroid brightness and size constraints . . . . ... .......... 26
1.3 NearEarthAsteroids . . . . . .. .. .. . . . ... e 27
1.4 Meteorites . . . . . . . o 29
2 Asteroid Spectroscopy 31
2.1 Introduction . . . . . . . L e e 31
2.1.1 Asteroid Spectrum . . . . . . L 32
2.2 Surveysofasteroids . . . . . . . . . . .. e 33
221 ECASand52-Color . .. ... ... . ... ... 33
2.2.2 SMASS . . . 33
2.2.3 S30S2 . ..
2.3 TaxonomiCtypes . . . . . . . o i i i e e e e e e 35
2.3.1 Tholentaxonomy . . . . . . . .. 36
2.3.2 BaruccCitaxonomy . . . . . . ... e 48
2.3.3 BUStaxonomy . . . . . ... e
2.4 Principal ComponentAnalysis . . . . . . . . ... .. e 55
2.4.1 Statistical Method . . . . .. ... oL 55
2.4.2 Applicationto Taxonomy . . . . . . . . . .. ... 56
2.5 Linkwithmeteorites . . . . . . . . . . ... ... e 60
2.5.1 Stony Meteorites-Chondrites . . . . . ... ... .. ... .. ..., 60
2.5.2 Stony Meteorites - Achondrites . . . . . . ... L e 64
2.5.3 Ironand Stony-lronMeteorites. . . . . . . . ... ... ... ... ... 67



il CONTENTS
2.6 Spaceweathering . . . . . . . . .. 68
3 Spectroscopy of NEOs 71
3.1 Introduction . . . . . . . L e 71
3.2 SINEO. . . . . e e 17
3.2.1 Observationsand datareduction . . . . . ... ... ... . ... .. 72
3.2.2 Thespectra . . . . . .. . . . . e 6 7
3.3 OtherSurveys . . . . . . . . . . . e 92
3.3.1 SMASSNEO . . . . . . . e 92
4 Data Analysis 95
4.1 Taxonomic Classification . . . . . . .. ... ... ... ... .. .. oo, . 95
4.1.1 Principal ComponentAnalysis . . . . . . ... ... e 98
4.2 Taxonomyof peculiarobjects. . . . . . . . . .. ... ... .. e 101
421 RAYPE. . . 110
422 NYPE . . 610
4.2.3 Comet-likeobjects . . . ... ... ... 113
4.3 Comparisonwith meteorites . . . . . . . . .. ... ... . 113
4.4 SpaceWeathering . . . . . . . . .. e 120
4.4.1 Comparison with ion irradiation experiments . . . . .. ... .. ... .122
4.5 Links between weatheringand dynamics . . . . . . . . . ... .. 135
451 AgeneralapproachtoSW . . . ... .. ... ... .. ......... 136
4.5.2 Results for S-complexasteroids . . . ... ... ... ... ... ... 139
453 Conclusions . . . . . . 144
5 Works in Progress and Future Analysis 145
5.1 Extension the Principal Component Analysis 145
5.2 Deepen the study of the Space Weathering effect . 146
5.2.1 Slope vs. perihelion correlation for planet- crogastermds ......... 146
5.2.2 Space Weatheringon C-complex? . . . . . .. ... ... ... u.. 148
5.3 Modified GaussianModel . . . . . . . .. L e 150
Conclusions 153
157

References



List of Figures

11
1.2

2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
2.10
2.11
2.12
2.13

3.1

4.1
4.2
4.3
4.4
4.5

4.6
4.7

4.8
4.9
4.10
411
412

Distribution of asteroids (sine of the inclinaties. semi-major axis), from 1 to 8U. 15

The Yarkovsky effect: diurnaland seasonal. . . . . ... ...... ... .. .... 17
Spectral reflectance of most important mineral species.. . . . . ... ... ... 32
Examples of Q, S and A-type asteroids. . . . . . .. ... ... ... ..., 37
Examples of R and V-type asteroids. . . . . . . ... ... ... ... ..., 39
Examples of C, B and G-type asteroids. . . . . ... ... ... ... ..... 41
Example of D-type asteroid. . . . . . ... .. .. . ... . e 43
Examples of E and M-type asteroids. . . . . . .. .. ... ... ... ..., 45
Example of T-type asteroid. . . . . . . . . . . . ... e 46
Bus’ mean types belonging to the S-complex. . . . .. ... ... .. ..... 49
Bus’ mean types belongingtothe C-complex. . . . . ... . ... . ... ... 51
Bus’ mean types belonging to the X-complex. . . . . . .. ...... .. ... ... 52
Bus’ mean types not belongingtoanycomplex. . . . ... ... ........ b4
PCA on SMASSII data in the 0.44-0.@thspectralrange. . . . . . ... ... ... 58
Different ways in which space weathering affects tisglé/nearlR spectra of soil. . 69
SINEO Spectra. . . . . . . . . e 79
Restricted definition of PCASlIopePC2) and(PC2/,PC3). . . .. ... ... .. 99
Restricted definition of PCA: histograms of the varia®fSlope, PC2and PC3. . 100
PCA computed in the range (0.52-0188) of the SMASSII and SINEO data. . . . . 102
Comparison of 2001 XR31 with R-type MBAs in the visiblgimn. . . . . . . . .. 103
Comparison of 2001 XR31 with R-type asteroids in theblésand near infrared
FEOION. . . o o o 410
Distribution of ejecta from (349) Dembowska in tfzee) plane. . . . . . . ... .. 107
Comparison between 2003 EG, 2003 FT3, 2003 FU3, 2003 &id@14) Vesta in
thevisibleregion. . . . . . . . . L 108
Comparison of the visible and near-infrared spectreD032EG and (4) Vesta. . . . . 109
Comparison of the visible and near-infrared spectreD032T3 and (4) Vesta. . . . 110
Linear combination of Vesta’s spectrum with laserdraéed olivine (MS-CMP-042-B)111
Meteorite analogsto SINEO spectra. . . . . . . . . . . . . oo oo 116
Distributions of OCs slopes and S-type NEOs slopesh@rOt52-2.4Qum spectral



413
4.14
4.15
4.16
4.17
4.18
4.19
4.20
4.21

51
5.2

5.3

LIST OF FIGURES

Reflectance spectra of virgin and irradiated Eifelstienite and enstatite. . . . . . . . 129
Spectral slope distributions of OCs, NEOs, and MBAs. ..... . . . . ... ... .131
Band | peak position vs. BIlI/Bl area ratio for MBAsand®& . . . . . . ... .. 132
Spectral slope vs. BIll/Bl area ratio for MBAsandNEOs. ... . . . ... ... .. 133
The collisional lifetimes and the Yarkovskytimes . . . .. ... ... .. .... 137
A slope—age relationship for NEAsand MBAs. . . . . ... .. ... ......140
The sloped relationship for MBAs and NEAs. . . . . . .. . ... .. ... .... 141
Mean slope distribution of NEAs as a function of the fmarrow” channels of origin142
A general slope—exposure relationship for “reliaé&As and MBAs. . . . . . . .. 143
PCA example in the 0.44-1.@fnspectralrange. . . . . . . .. .. .. ... .... 146
Fraction of Q-type and (Q+Sq)-type asteroids aboverSpbex versus perihelion
distance. . . . . . L e 481

Application of MGM on a Fayalite sample. . . . . ... ... ... ... .... 152



List of Tables

1.1
1.2

2.1
2.2

3.1

4.1
4.2

4.3
4.4
4.5
4.6

51

List and definition of main groups and familiesofastésoi. . . . . . . . ... ... 21
J2000 heliocentric ecliptic orbital elements for thenbwn Interior Earth Object
(updated August 2005). . . . . . . . 22
Chondrite classification . . . . . . . . . ... L e 62
Asteroid taxonomic types with possible meteorite agiaés. . . . . . . . . ... .. 63
SINEO objectsobserved. . . . . . . . . . .. . . .. 76
NEOsobserved by SINEO. . . . . . . . . . . . . . . . . . i 96
Probability for 2002 UN and (65996) 1998 MX5 to origin inadifferent zones of

the Solar System. . . . . . . . 113
Examples of meteorites best fitting. . . . . . . . .. ..o 115
List of Main Belt asteroid considered, from the SMASS &@etolordata. . . . . . . 123
List of Near Earth asteroids considered from SINEO SMAS&52-color data. . . . 125
Information on the RELAB Ordinary Chondrites meteaitessed from different
Principal Investigators. . . . . . . . . . ... 126
Application of MGM on a Fayalite sample. . . . . ... ... .. ........ 152



Vi

LIST OF TABLES



Riassunto

In questo lavoro di tesi descrivo il progetto SINESpectroscopic Investigation of
Near Earth Objects Studio Spettroscopico di Near Earth Objects), discutt tut
risultati ottenuti finora e presento i lavori attualmentesiolgimento e i progetti
futuri. SINEO & una campagna di osservazioni spettrostepdi asteroidNear
Earth (vicini alla Terra) nel visibile e nel vicino infrarosso f{atno a 0.40-2.5@um)
iniziata nel 2000 dal nostro gruppo di ricerca a Padova.

Gli oggetti Near Earth(NEO) rappresentano una delle piu peculiari ed etero-
genee popolazioni del Sistema Solare. Solo negli ultimi,analtre, & stata seria-
mente presa in considerazione la possibilita di un impsitta Terra da parte di un
NEO.

Questi oggetti sono per definizione asteroidi e nuclei die@naventi orbite con
perielio 1.3 UA. Essi avvicinano o intersecano l'orbita della Terrai eitiene
orbitino nelle stesse traiettorie che portano le metearitadere su di essa. Se un
asteroide di circa un chilometro di diametro collidesseitnastro pianeta porrebbe
a serio rischio la vita sulla Terra. La ricerca di NEO e lo studkttagliato delle loro
principali proprieta risultano quindi essenziali ancleg o sviluppo di strategie di
difesa efficienti.

Limportanza dello studio dei NEO & stata riconosciutavallo internazionale
e una grande mole di risorse e stata utilizzata a riguarduti ldrogrammi spaziali
(ad esempio NEAR e DS1) sono state indirizzate allo studiNEIO, atterrando
anche su uno di essi, e molti altri sono previsti. Anche iltrmgruppo di ricerca
e coinvolto in questi progetti. Le sonde spaziali, perosgpno essere dedicate
solo allo studio di un numero molto limitato di oggetti. Unamgino generale della
popolazione NEO e uno studio delle loro proprieta generaelle loro differenze
pOSsoNno essere ottenuti solo compiendo osservazionimadiann gran numero di
essi.

| dati disponibili finora indicano che i NEO mostrano una mateolto differen-
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2 RIASSUNTO

ziata: sono presenti oggetti con forme molto varie, sisteimari, oggetti con una
complessa rotazionéumbling asteroidge altri con periodi di rotazione particolar-
mente lunghi, difficilmente spiegabili dagli attuali moldeinamici e collisionali.
La differenziazione dei NEO & anche evidenziata dai diffiéirtipi tassonomici pre-
senti nella popolazione (Lazzarin et al. 2004; Lazzarinle2@05; Binzel et al.
2002).

Un altro interessante argomento e la possibile relaziaieNEO e le meteoriti,
in particolare le Condriti Ordinarie (OC), che sono ritematere una composizione
molto simile a quella del disco protoplanetario, avendatsulminime evoluzioni
termiche nell’arco della vita del Sistema Solare (Binzedletl996; Lazzarin et al.
1997; Binzel et al. 2001; Binzel et al. 2002; Lazzarin et #1042, Lazzarin et al.
2005).

L'origine dei NEO e ancora dibattuta. Sappiamo che i NEGen¢ oggi hanno
tempi di vita tipicamente attorno a 10-100 milioni di annidlito minore dell’eta
del Sistema Solare) e che in questi tempi scala essi possseoeeespulsi dal Si-
stema Solare oppure possono collidere con il Sole o con umefg@a Lo studio
della craterizzazione della Luna, poi, sembra indicareithemero di NEO sia
stata praticamente costante negli ultimi 2 miliardi di anQiuesto implica che la
loro popolazione deve continuamente essere rifornita detigda altre sorgenti.
La prima e laFascia Principaledi asteroidi, dove le perturbazioni gravitazionali
dei pianeti giganti producono risonanze dinamiche che dangda vere e proprie
vie di fuga per gli oggetti al loro interno. La seconda ¢ r&@gentata dalle comete
estinte (oggetti originariamente provenienti dalla FastiKuiper e dalla Nube di
Oort). Un esempio di questo e dato dall'asteroide 4015 onésponde alla cometa
Wilson-Harrington. Non sono ancora del tutto chiare le effice dei vari mec-
canismi che potrebbero condurre questi oggetti nella zaidN&EO come non e
conosciuta perfettamente la percentuale di NEO che puteao origine dall’'una
o dall'altra sorgente.

Un modo di avere informazioni su questi ed altri argomerdi earatterizzare
i NEO spettroscopicamente, per studiare la loro mineralegper poterli classifi-
care tassonomicamente. Data la loro differenziaziondtaiswecessario condurre
un’ampia campagna osservativa, per essere in grado di oaamgi il maggior nu-
mero possibile di NEO.

In questo contesto abbiamo iniziato una osservazionensaditea di Near Earth
Objects: “SINEQO”. Negli ultimi cinque anni ci sono state @gsate complessiva-
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mente 28 notti al telescopio ESO-NTWéw Technology Telescaodea Silla, Cile)

e al TNG (Telescopio Nazionale Galiletsole Canarie) in otto periodi osservativi.
Abbiamo ottenuto un totale di 117 spettri di asteroidi, di@Bi sia nel visibile che
nel vicino infrarosso (Lazzarin et al. 2004; Lazzarin et24105).

Abbiamo classificato tassonomicamente questi oggetti pazondi un con-
fronto con i tipi spettrali medi definiti da Bus (1999) sugbiettri osservati dal pro-
getto SMASSII. Un secondo metodo applicato allo scopo tadtanalisi delle
Componenti PrincipaliRrincipal Component Analysi®CA), con la quale abbia-
mo ottenuto quasi tutte le classi spettrali individuatéenilscia principale. Entram-
bi questi metodi utilizzano la parte visibile dello spettrdati nel vicino infrarosso,
guando disponibili, si sono rivelati essenziali per distnare tra sottoclassi aventi
simili caratteristiche nel visibile.

In particolare abbiamo classificato degli oggetti peculidbbiamo osservato
guattro tipi V e un tipo R (raro nella Fascia Principale e, @efermato, unico tra in
NEO) e abbiamo avanzato delle ipotesi preliminari su un fmrssibile legame ge-
netico con dei corpi “genitori” come Vesta e Dembowska, etipamente (Marchi
et al. 2004; Marchi et al. 2005). Abbiamo anche osservatcodgetti le cui orbite
suggeriscono un’origine cometaria. | loro spettri mostrana composizione primi-
tiva consistente con un’origine di questo tipo (Lazzarialet2005). In tutti questi
casi la spettroscopia € in grado di dare suggerimenti itaptralla dinamica.

Per capire meglio la mineralogia degli asteroidi abbianfetefato un confronto
con le meteoriti. Abbiamo selezionato una serie di piu d) 8pettri di meteoriti
dal catalogo RELAB, disponibile in rete. Per ogni oggettdlSD abbiamo cer-
cato il miglior analogo meteorico, trovando nella maggiartp dei casi una buon
soluzione. In alcuni casi, comunque, in particolare nebadisasteroidi di tipo
S particolarmente rossi, non € stato possibile trovarerabnalogo. Questo dato
puo in parte essere spiegato considerando gli effettivdidohiamento subiti dalle
superfici asteroidali esposte all’'ambiente spazisp@a¢e weathering

Abbiamo quindi cominciato ad approfondire lo studio di goesffetto innanzi
tutto analizzando le pendenze degli spettri di meteoit €O e di oggetti apparte-
nenti alla Fascia Principale. Abbiamo iniziato una coll@zmne con il prof. Straz-
zulla e il dott. Brunetto (Osservatorio di Catania) che taafiettuato esperimenti
in laboratorio di bombardamento ionico di condriti ordilgarQuesto esperimento
e in grado di simulare gli effetti dellspace weatheringovuto al vento solare. At-
traverso il confronto degli spettri dei NEO di tipo S da nosesvati con gli spettri
di laboratorio abbiamo ottenuto importanti suggerimentl’sfficienza di questo
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effetto di invecchiamento su diversi composti (Marchi et24105).

Con il prof. Paolicchi (Universita di Pisa) e il prof. Mod®lli (Osservatorio
di Nizza) abbiamo confrontato le eta degli oggetti deddtlo space weathering
con quella calcolata dalla dinamica (eta collisionalifobfamo iniziato ad esami-
nare possibili implicazioni sull’evoluzione degli ast&ho trovando una relazione
generale e unica, valida sia per i NEO che per gli oggettiadédiscia Principale
(Marchi et al. 2006).

Tutti i risultati ottenuti finora ci hanno spinto ad approftire ulteriori aspetti
degli argomenti analizzati. In particolare stiamo collebwo ora con il dott. Nes-
vorny (SwRI, Boulder, Colorado), la dott. Moroz (DLR, Bien), il dott. Folco
(Universita di Siena) e nuovamente con I'Osservatorio atia@ia.

Assieme al dott. Nesvorny ci stiamo concentrando sulldistdella distribu-
zione in funzione del perielio di NEO e Mars Crosser di tipot# enostrino o
meno segni di invecchiamento superficiale. | primi risultabstrano che il nu-
mero di oggetti di tipo Q (con superficie piu giovane) rigpetl numero di oggetti
dell'intero complesso S cresce al diminuire del perielia:pbpolazione di NEO
sembra, in media, piu giovane all’'aumentare del numeratérsezioni dell’orbita
con le orbite dei pianeti interni. Questo ci ha portato aistiedla possibililita di un
effetto di ringiovanimento superficiale degli asteroidivdto ad avvicinamenti piu
0 meno stretti con i pianeti interni. Sono comunque neces#ariori studi sugli
effetti mareali necessari per un processo di questo tipo.

Il dott. Folco ci ha aiutato a selezionare dal Museo Nazem!l'Antartide
(Siena) una lista di campioni meteorici appartenenti adiedeiti carbonacee (CC),
alle enstatiti (EC), alle acondriti (AC) e meteoriti fereosll dott. Brunetto sta ora
eseguendo esperimenti di bombardamento ionico su quesgioai.

Con la dott. Moroz stiamo analizzando la possibilita degffdi space weath-
ering visibili anche su composti primitivi, su asteroidi del colegso C e del com-
plesso X.

Il nostro gruppo sta inoltre acquisendo abilita nell’asiadli spettri meteorici
e asteroidali attraverso Modified Gaussian ModdMGM). Questo metodo € in
grado di decomporre gli spettri in due contributi: contiraibande di assorbimento.
Il suo utilizzo dovrebbe aiutarci a comprendere meglio aiedmposizione superfi-
ciale che il grado dspace weatheringei corpi osservati.



Abstract

In this thesis | describe the SINEGgectroscopic Investigation of Near Earth Ob-
jectg project and | discuss all ongoing results and future woB$EO is a spec-
troscopic survey of Near Earth Asteroids (NEOSs) in the Vesidnd near infrared
(about 0.40-2.5um) started in 2000 by our group in Padova.

Near-Earth Objects (NEOS) represent one of the most pecutid heteroge-
neous population of the Solar System. It is only in recentyéaat the threat to
Earth from Near Earth Objects (NEOs) has been recognised.

These objects, by definition asteroids and comet nuclei bitsowvith perihelion
distances g 1.3 AU, periodically approach or intersect the orbit of theath and are
believed to be on the same dynamical routes which deliveeonigé¢s to the Earth.
Moreover, because impact of a km-sized asteroid with ourgilposes a significant
risk to life on Earth the exploration of NEOs is particulartiyportant. In fact,
to be able to develop effective strategies requires det&itowledge of the gross
properties, structure and composition of these objects.

The importance of studying NEOs has been recognised waitkelveind a great
deal of resources are being used for this task; several gpageams (e.g. NEAR
and DS1) have targeted NEOs landing also on one of them ardmiksions are in
program to investigate NEOs. Our group is also involved esthstudies. However,
space probes can, by necessity, only visit a very limitedlvenof objects. So if we
want a picture of the whole NEO population, to study theirbglloproperties and
their diversity, we must observe NEOs from ground-base@agories.

Available data indicate that NEOs population is very diedrsnature (objects
with unusual shapes, binary systems, objects with a complex—principal axis
rotation statetUmblingasteroids), some others with very long rotational periods,
which are not easily explained by the current dynamical avitisctonal models,
etc.). NEO diversity is also reflected by the different taswmc types present in the
population (Lazzarin et al. 2004; Lazzarin et al. 2005; RBiret al. 2002).
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6 ABSTRACT

Another interesting issue is the relationship between NEBEO meteorites, in
particular the Ordinary Chondrites (OC), that are thoughtepresent samples of
the primitive solar nebula that have undergone modest thleewolution over the
age of the Solar System (Binzel et al. 1996; Lazzarin et @71Binzel et al. 2001,
Binzel et al. 2002; Lazzarin et al. 2004; Lazzarin et al. 2005

The question of NEO origin is also not well understood. Wekrtbat the
present NEOs have typical life-times of 10-100 My (much shothan the age of
the Solar System), and that over these time scales NEOseutee@jfrom the So-
lar System or collide with the Sun or a planet. Because th&eieng record on
the Moon suggests a fairly constant NEO population duringt gabillion years,
new NEOs must be continuously supplied by some sources er twanaintain the
present steady state. The principal one is the Main Belt,revgeavitational per-
turbations by the major planets cause dynamical resonawitciet provide escape
routes. The second source is represented by extinct cowigec{s coming from
the Kuiper Belt and the Oort Cloud). An example is the asteAgollo 4015 which
was the comet Wilson Harrington in 1949. It is not clear, hesvewhat the effi-
ciency of the delivery mechanisms is, and what percentagedf{EOs we observe
today comes from the one or from the other source. One way drieading many
issues related to NEOs is to characterise them spectrasdlypin order to derive
their mineralogy and to classify them taxonomically. Owtogheir heterogeneity
it is evident the importance to carry on a large survey in otdenvestigate the
physical properties of an as large as possible sample of NEOs

In this contest we started a spectroscopic survey of NedahExjects (SINEO)
and my thesis describe all analysis done till now, ongoimggats and future works
we are going to carry on.

In the last five years observational time was allocated boESD-NTT (New
Technology Telescopeka Silla, Chile) and at TNGTgelescopio Nazionale Galileo
Canary Islands) in eight observing runs. We have obtainéitinow a total of 117
asteroid spectra of which 63 have both visible and NIR rahgeZarin et al. 2004;
Lazzarin et al. 2005).

We performed a first taxonomic classification for most of th@nmncipally by
means of a best fit with mean taxonomic types defined by Bus9j1&® SMAS-
Sl spectra and through thrincipal Component Analys{®CA), obtaining all the
classes defined by main belt asteroids. Both these methfeitdwehe visible part
of the spectra. Where available near infrared data havealedeessential to dis-
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criminate between subclasses with similar visible feature

In particular we classified some peculiar objects. We olezkfour V-type and
an R-type, rare in the Main Belt and even more rare in the NEf@espand we gave
some preliminary hypothesis on their possible genetic Vinth Vesta and Dem-
bowska, respectively (Marchi et al. 2004; Marchi et al. 2008k also observed
two bodies whose orbits suggest a cometary origin. Theictspshowed a primi-
tive composition also consistent with that origin (Lazraet al. 2005). These are
cases where spectroscopy can give important hints on dygsami

To better understand asteroids mineralogy we compared wigmmeteorites.
So we selected a set of more than 800 meteorite spectra f@RELAB catalogue
and we performed a best fit for every SINEO object observedfgith many cases
good agreements. However in some cases, in particular ainste8-type asteroids,
we could not find any meteorite analogue. This can be in pataéed considering
thespace weatheringffect.

We therefore started a deep study of this effect princigallgnalysing the spec-
tral slope of meteorites, NEOs and Main Belt Objects. Wetathba collaboration
with Prof. Strazzulla and Dr. Brunetto (Observatory of @édd who made labo-
ratory experiments of ion bombardment on Ordinary Choedriible to simulate
the effect of space weathering due to solar wind. Throughctmeparison of our
S-type NEOSs’ spectra with laboratory ones we obtained ingmbrhints on space
weathering time scale on different compounds (Marchi e2@05).

With Prof. Paolicchi (Pisa University) and Prof. MorbiddINice Observa-
tory) we also started to examine possible implication orrasd history, mainly
by comparing age deduced from space weathering with agecddday dynamics
(computed from asteroid collisional lifetime) and findingr@ique general relation-
ship valid both for NEOs and MBOs (Marchi et al. 2006).

All results obtained till now led us to deepen some other etspef the topics
studied. In particular we are now collaborating with Dr. Masy (SwRI, Boulder,
Colorado), with Dr. Moroz (DLR, Berlin), with Dr. Folco (S University) and
again with Observatory of Catania.

With Dr. Nesvorny we are concentrating on the distributasrweathered and
non weathered S-type NEOs and Mars Crossers as a functidrefgerihelion
distance. First results showed that the fraction of Q-tyfjpesh surface) above
the whole S-complex increases as perihelion become shdmeNEO population
looks younger, in average, as the number of intersectioh imiter planets orbit
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increases. This led us to study the efficiency of a possilsierfacing effect due to
close and/or very close encounters of asteroids with oneayenmner planet. A
more quantitative assessment of the (tidal) effect of aeckwsounter to remove the
space weathered surface layers of a typical km-sized agdtisreequired.

Dr. Folco helped us to select from the “Museo Nazionale Aellartide” a list
of meteorite samples comprising some Carbocaneous ChesdC), Enstatite
Chondrites (EC), Achondrites (AC) and Iron meteorite. Druietto is now apply-
ing laboratory experiments of ion bombardment on these &ssnvith Dr. Moroz,
we are working on the analysis of possible optical effectpHce weathering on
primitive compounds, on C-complex and on X-complex Neatltand Main Belt
asteroids.

We are also acquiring abilities in analysing meteorite astdraid spectra through
the Modified Gaussian Model (MGM). The method is in principlde to decom-
pose spectra in continuum part plus absorption bands sd tat help us to better
understand mineralogy, surface composition and spaceéhesmiad) degree of minor
bodies observed.



Introduction

In this thesis | will describe the SINEGSpectroscopic Investigation of Near Earth
Objectg project and | will discuss all ongoing results and futurerkgo SINEO
is a spectroscopic survey of Near Earth Asteroids (NEOshéwisible and near
infrared started in 2000 by our group in Padova.

Near-Earth Objects (NEOs) represent one of the most pecarid heteroge-
neous population of the Solar System. These objects, byiti@fiitomposed by
asteroids and comet nuclei on orbits with perihelion distsng<1.3 AU, periodi-
cally approach or intersect the orbit of the Earth and areetet] to be on the same
dynamical routes which deliver meteorites to the Earth.

The importance of studying NEOs has been recognised watkelvend a great
deal of resources are being used for this task; several gpageams (i.e. NEAR
and DS1) have targeted NEOs landing also on one of them, bat otissions are
in program to investigate NEOs. Our group is also involvethese studies. How-
ever, space probes can, by necessity, only visit a verydunitumber of objects.
If we want a picture of the whole NEO population, to study thgobal proper-
ties and their diversity, we must observe NEOs from grouasell observatories.
Available data indicate that NEOs population is very diedrsnature (they can be
objects with unusual shapes, or in binary systems, or somastiwith a complex,
non—principal axis rotation statéuMmblingasteroids), some others with very long
rotational periods, which are not easily explained by theent dynamical and col-
lisional models, ...). NEO diversity is also reflected by thifferent taxonomic
types present in the population (Lazzarin et al. (2004);zban et al. (2005);
Binzel et al. (2002); see also chapter 2 and 4 in this thesis).

Another interesting issue is the relationship between NBEO meteorites, in
particular the Ordinary Chondrites (OC), that are thoughtepresent samples of
the primitive solar nebula that have undergone modest thleevolution over the
age of the Solar System (Binzel et al. 1996; Lazzarin et @71Binzel et al. 2001;

9
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Binzel et al. 2002; Lazzarin et al. 2004; Lazzarin et al. 2005

The question of NEOs origin is also not well understood. Wevkrhat the
present NEOs have typical life-times of 10-100 My (much shothan the age of
the Solar System), and that over these time scales NEOs ttantdathe Sun, or
collide with inner planets or the Moon, or they can be scattan a hyperbolic
orbit and escape from Solar System. Because the crateramyd®n the Moon
suggests a fairly constant NEO population during past 2obilyears, new NEOs
must be continuously supplied by some sources in order totaiai the present
steady state.

The principal one (maybe for about 80% of NEOS) is the Mairt Bethere grav-
itational perturbations by the major planets cause dynalmésonances (both mean
motion and secular resonances) which provide escape rotites second source
(probably for less than 20% NEOS) is represented by extioctets (objects com-
ing from the Kuiper Belt and the Oort Cloud). An example is Apollo NEO 4015
which was the comet Wilson Harrington in 1949. It is not cléawever, what the
efficiency of the delivery mechanisms is, and what percentdighe NEOs we ob-
serve today comes from the one or from the other source (abeIXEO-comets re-
lations and probabilities see for example Weissman et BDZP Wetherill (1988);
Rabinowitz (1997); Cochran & Barker (1984)). One way of adding many issues
related to NEOs is to characterise these objects specpimsdly. These objects are
usually faint, so the use of medium to large-sized telessoprecessary.

In this contest in 2000 we started a spectroscopic surveyeaf [Earth Objects
in visible and near infrared (NIR) wavelengths. Our obsgove were performed
at European Southern Observatory with New Technology €eles (ESO-NTT) at
La Silla, Chile and at Telescopio Nazionale Galileo (TNGLianary Islands in the
spectral range of about 0.40-2.AM In chapter 3 all our observations are described
in detail.

We have obtained until now a total of 117 asteroid spectraha¢63 have both
visible and NIR range. The observed objects were almostrallassified and the
classification of the reduced data has been performed by sra&dprincipal Com-
ponent Analysis (PCA), a best fit with Bus’ mean taxonomicety/(Bus 1999) and
a comparison with Tholen taxonomy definitions (Tholen (1)984d followings).
The infrared data have revealed essential for the taxonolassification since in
some cases (for example in some higher noise spectra)diiffetasses can share
similar features in the visible but different charactedstat longer wavelengths.
With NEOs we have obtained almost all the taxonomic clasedsnath PCA we
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obtained that our data distribute in the same cluster defaye8MASSII data (Bus
1999).

An interesting result obtained from the survey is the classion of some pe-
culiar objects. In particular we have obtained the spectribar V-type objects
very similar to Vesta, the spectrum of a NEO probably belogdo the rare R-class
and two objects of primitive composition that could be, adawg to their orbital
elements, of cometary origin.

We have also performed a comparison with meteorites (a seboé than 800
spectra) finding interesting results from the comparisaihwie OC and other me-
teorites. From the analysis of the NIR we got also indicatiahout the effects of
space weathering on NEOS’ spectra.

We have also recently started other analysis connectedN&tbs dynamics and
the space weathering process (i.e. the alteration of dpioperties of asteroid sur-
faces due to space environment). For the dynamics we stanmeg collaboration
with Nice Observatory and Pisa University (prof. Morbidelhd prof. Paolicchi;
see Marchi et al. (2006)); while together with the Obsematd Catania we are
studying the space weathering with new dedicated expetsng@nof. Strazzulla
and coll., see Marchi et al. (2005)). Both approaches areigirgg new important
results, but more data are needed. In particular, regasiyage weathering, it is
now evident the importance of investigating small objewatisich generally means
younger bodies: they are too faint to be observed in the Maih But more easily
detectable in the Near Earth space. For this reason NEOrepeapic investigation
provides a unique possibility of studying such physicalesses.
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Chapter 1

Solar System Minor Planets

Physical evidences relating to the period of first 200 nmllj@ars of the Solar Sys-
tem history are not preserved on Earth nor on other planesuse of the geologic
processes that took place in these large bodies: investigat the oldest terres-
trial and lunar rocks provide information on the early pliamg evolution of these
objects, but a substantial part of the earliest evolutippariod has been erased by
erosion, metamorphism and remelting.

Asteroids and meteorites are well-preserved samples fhanfiftst post-accre-
tionally period of the Solar System, being residual rockgenplanetesimals or
fragments of the bodies accreted from that population.

Plausible models describe the general nature of the magestof the Solar
System formation. A major purpose of meteorite and astestidies is to provide
the physical database to check and constrain such models.

1.1 The discovery of first asteroids

Johann Daniel Titius in 1766 noted a regularity in the spgeimetween planets. The
sequence of the distances from the Sun of the seven knowastplaauld fit with
a geometric progression, published by Johann Elert Bode/#21 The modern
formulation of theTitius-Boddaw is:

fn=0.4+0.3-2" (1.1)

wherer, is the distance (in astronomical units) of thi8 planet, once we identify
Mercury withn = —oo, Vlenus withn = 0, the Earth witm = 1, Mars withn = 2,
Jupiter withn = 4 and Saturn witm = 5, skipping then = 3 value.

13
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This regularity in planetary location was considered to béngportant primary
feature of the Solar System, especially after the discovagde by Sir William
Herschel in 1781, of the planet Uranus at a solar distanceedo the solution
obtainable witm = 6. With this the hunt for the “missing planeti & 3) began.

In 1801, the abbot Giuseppe Piazzi discovered the small Bedgs at just the
right distance. In 1802 Heinrich Olbers discovered anobloely, Pallas at the same
orbital distance. They both were too small to be classifikel ilanets, but the gap
was finally filled.?

At that epoch only comets were known to be small objects witldependent
orbit about the Sun, but their main characteristic is to appi&e diffuse objects.
In 1802, Herschel coined for these new objects the vestéroid(from Greekas-
teroeide$ that means “star-like”, to underline their different appence (they were
unresolved point sources) from the aspect of comets (whiolwextended comas
when present in the warmer inner Solar System).

In following years other asteroids were discovered at atioeisame solar dis-
tance. With the number of these new findings the hypothesaighiey could be frag-
ments of an exploded planet grew. This idea became very pppaot remained so
for a long time. In the middle of the $bcentury Otto Johannes Schmidt proposed
that asteroids represented an arrested stage of planedtiomand have never been
assembled into a large body. This is now the most accreditpdthesis.

1.2 General Properties of Minor Planets

Since now more than 285 000 asteroids are known at differstdrttes from the
Sun. Most of them have orbits between Mars and Jupiter amd Vanat is called
theMain Belt(from about 20 to about 33AU).

Many other groups of asteroids are present at differenadcss from the Sun.
In Tab. 1.1 the dynamical definitions of the main asteroicugsoand families are
summarised.

In the following we will describe the principal characteéits of most important
ones. Their definitions are often related to the resonanttedupiter and with Nep-
tune, while other groups (i.eNear Earth Object@nd Mars Crossersdefinitions
refer to the intersection of their orbits with the orbit of Epet (in this case Earth

INeptune (discovered in Johann Galle in 1846) and Pluto ¢dimed by Clyde Tombaugh in
1930) do not fit the law very well. In fact, Pluto fits the spotest Neptune should be.



1.2. GENERAL PROPERTIES OF MINOR PLANETS 15

or Mars respectively).

1.2.1 Resonances

Figure 1.1 shows the distribution of known asteroids as atfan of the semi-major
axis (in the range between 1 and\@).

]
Jupiter; Trojans

sin(i)

£ Hildas

| I
51 4:1 31 s273 2:1 53 32

Figure 1.1: Distribution of asteroids (sine of the inclinatis. semi-major axis), from 1 to 6
AU. Data reported comes froithe Asteroid Orbital Elements Databassdated 2005/07/18.
Edward Bowell - Lowell ObservatoyyResonances reported (batteanandsecula) are related to
Jupiter’s orbit. Secular resonances are also a functiorcoérmricity. Curves plotted here refer to
e=0.05 (Gaffey et al. 1993).

The general structure of the asteroid distribution is ealdb orbital resonances
with a major planet. These resonances are mainly dividesvanrhajor classes:
mean motiorandsecularresonances, but other exist.

Mean Motion resonances: Mean motion resonances take place at solar distances
where the orbital periods are some small integer fractioa pfanet period. This
occur mainly with Jupiter’s one, especially in the innersaystem. In the asteroid
Main Belt many of these resonances are present. They arecallgol Kirkwood
Gaps in honour of Daniel Kirkwood who first recognised them in 487n the
outer solar system mean motion resonances are mainly delate Neptune orbit
(see Tab. 1.1 for further details).
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Secular resonances: Secularesonances are due to relations between the asteroid
and the major planet frequencies of precessions and toartabetween asteroid
and planet frequencies of variation of eccentricity andima¢ion. In Fig. 1.1 there

are reported the three major secular resonanegsvg andvig, see Williams &
Faulkner (1981)). They refer to Jupiter and Saturn and dsfnee important aster-

oid boundaries.

Diffusive resonances: In addition to the few wide mean motion resonances with
Jupiter described above, the main belt is also crisscrdsgédindreds of thin res-
onances: high-order mean motion resonances with Jupiteerevthe orbital fre-
guencies are in a ratio of large integer numbers), thregrbegbnances with Jupiter
and Saturn (where an integer combination of the orbitalfezgries of the asteroid,
Jupiter, and Saturn is equal to zero) and mean motion resesamith Mars. The
typical width of each of these resonances is of the order efaf0-* — 103AU.
Because of these resonances many main belt asteroids atechihe effect of this
chaoticity is very weak, with an asteroid eccentricity andination slowly chang-
ing over time. The time required to reach a planet-crossibg (Mars-crossing in
the inner belt, Jupiter-crossing in the outer belt) rangemfseveral 10 years to
billions of years, depending on the resonances and thégjatcentricity.

Since asteroids in resonant positions experience closeuaters with a major
planet more often than the other asteroids in random locatiey feel the attrac-
tion of this planet powerful gravity more frequently. Thine resonances provide
potential escape route for most of the flux of asteroids antkonges. In Fig. 1.1
shows that the main belt population is split in different ywe byvg resonance
besides mean motion resonances; therefore, for examplegatia and Phocaea
groups are well defined amomngg, Vs andvg secular resonance and 5:1, 4:1, 3:1
mean motion resonance.

Wetherill (1985), Wetherill (1987) and Wetherill (1988)Jaargued that the
terrestrial meteorite flux andEApopulation will contain contribution mainly from
objects near the 3:1 resonance and then from objects neag teesonance.

1.2.2 The Yarkovsky Effect

The Yarkovsky effect is a force felt by a body caused by thes@nopic emission
of thermal photons, which carry momentum. It is usually ¢desed in relation to



1.2. GENERAL PROPERTIES OF MINOR PLANETS 17

meteoroids or small asteroids (about 10 cm to 10 km in diarpeds its influence
is most significant for these bodies.

The effect was discovered by Ivan Osipovich Yarkovsky (:8882). Yarkovsky
noted that the diurnal heating of a rotating object in spageld/.cause a small force
on the object that could lead to large long-term effectssmibits. This would affect
especially meteoroids and small asteroids. Yarkovskyesidias then recalled by
Ernst J.Opik (1893-1985) who discussed the possible importandee¥arkovsky
effect for moving meteoroids about the solar system (1951).

The Yarkovsky effect is a consequence of the thermal inétitiee needed for
the surface to warm up or cool down). In general there are twopgonents to the
effect:

Diurnal effect. On a rotating body (e.g. an asteroid) illuminated by the S,
on the Earth, the surface is warmer in the afternoon and esglyt, than in the
morning and late night. The result is that more heat is radian the evening side
than the morning side, leading to a net force due to radigieasure in the direction
opposite to “evening” one. For prograde rotators, this ihmdirection of motion
on their orbit, and causes their semi-major axis to steaddyease, spiraling away
from the Sun. Retrograde rotators spiral inward (see figleftpanel).

d>
“r

P

Figure 1.2:The Yarkovsky effect: diurnal (left panel) and seasonaripanel).
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Seasonal effect. This is easiest to understand for non-rotating bodies iodpthe
Sun, for which each year consists of exactly one day. Asvetsaaround its orbit,
the evening hemisphere which has been heated over a longdimgdime period is
in the direction of orbital motion. The excess of thermaliaéidn in this direction
causes a braking force which always causes spiraling inteavdrd the Sun (see
fig. 1.2 right panel).

For rotating bodies, this seasonal effect increases witlainal tilt. It dominates
only if the diurnal effect is small enough. This may occurdese of:

- very fast rotation (no time to cool off on the night side, beran almost
uniform longitudinal temperature distribution);

- small size (the whole body is heated throughout) or
- an axial tilt close to 90.

The seasonal effect is more important for smaller asten@igrmients (from a few
metres up to about 100 m), provided their surfaces are notredvby an insu-
lating regolith layer and they do not have exceedingly slotations. Addition-
ally, on very long timescales over which the spin axis of tbeyomay be repeat-
edly changed due to collisions (and hence also the directidhe diurnal effect
changes), the seasonal effect will also tend to dominate.

The above details can become more complicated for bodigmoimgdy eccentric
orbits.

The effect was first measured in 1991-2003 on the asteroif9)6&olevka.
The asteroid drifted 15 km from its predicted position ov2rykars (the orbit was
established with great precision by a series of radar obsens in 1991, 1995 and
1999).

In general, the effect is size dependent, and will affectsmi-major axis of
smaller asteroids, while leaving large asteroids praltyicamaffected. For kilometre-
sized asteroids the Yarkovsky effect is very small overgberods: (6489) Golevka
is estimated to be subjected to a force of about O2@ton for a net acceleration
of 1071%m/s?. But it is steady so that over millions of years an astercidksit can
be perturbed enough to transport it from the main belt to tinei solar system.

For a specific asteroid, it is very hard to predict the exagiaot of the Yarkovsky
effect on its orbit. This is because its magnitude dependsany variables that
are hard to determine from the limited observational infation that is available.
These include the exact shape of the asteroid, its oriemtadind its albedo, along



1.2. GENERAL PROPERTIES OF MINOR PLANETS 19

with its variations over the surface and with wavelengthlcGlations are further
complicated by the effects of shadowing and thermal "raiilation”, whether

caused by local craters or a possible overall concave sh@pe. Yarkovsky ef-

fect also competes with radiation pressure whose net affagtcause similar small
long-term forces for bodies with albedo variations andfam4spherical shapes.

As an example, even for the simple case of the pure seasoriaveky effect
on a spherical body in a circular orbit with 90 obliquity, Semajor axis changes
could differ by as much as a factor of two between the case offann albedo and
the case of a strong north/south albedo asymmetry. Depgwdithe orbit and spin
axis, the Yarkovsky semi-major axis change may be reversegly by changing
from a spherical to a non-spherical shape.

The YORP Effect The Yarkovsky-O’Keefe-Radzievskii-Paddack effect, orRi®©
effect for short, is a second-order variation on the Yarkgwsffect which causes a
small body (such as an asteroid) to spin up or down. The tersmcmaed by Dr.
David P. Rubincam in 2000.

Imagine a rotating spherical asteroid with two wedges h#éddo its equator.
The reaction force from photons departing from any giveriesigr element of the
sphere will be normal to the surface, such that no torqueddymced. Energy rera-
diated from the wedges, however, can produce a torque betagisvedge faces are
not parallel to the sphere’s surface. An object with somerasgtry can therefore
be subjected to small torque forces that will tend to spirpitou down as well as
make its axis of rotation precess. Note that the YORP eftezero for a rotating
ellipsoid.

In the long term, the object’s changing obliquity and raiatrate may wander
randomly, chaotically or regularly, depending on many dast

Observations show that asteroids larger than 125 km haetiootrates that
follow a Maxwellian frequency distribution, while smallasteroids (in the 50 to
125 km size range) show a small excess of fast rotators. Théeshasteroids (size
less than 50 km) show a clear excess of very fast and slovorstand this becomes
even more pronounced as smaller populations are measunede Tesults suggest
that one or more size-dependent mechanisms are depojtiagicentre of the spin
rate distribution in favour of the extremes. The YORP efisa prime candidate.
It is not capable of significantly modifying the spin ratedarfje asteroids by itself,
however, so a different explanation must be thought fordasteroids.



20 CHAPTER 1. SOLAR SYSTEM MINOR PLANETS

1.2.3 Minor Planet distribution and dynamical classificaton

In this paragraph we will expose asteroid classification igitoups and families.
This classification is also summarised in Tab. 1.1.

Minor planets are divided into groups and families basedheir orbital char-
acteristics. It is common use to name a group of asteroids e first member of
that group to be discovered (generally the largeGtpupsare relatively loose dy-
namical associations, wherdasiliesare tighter and result most probably from the
catastrophic breakup of a large parent asteroid sometittteeipast. They were first
recognised by Kiyotsugu Hirayama in 1918 and are often dédieayama families
in his honour.

To better understand what reported in the following we ridoate the analytic
definition ofaphelionandperihelionof an orbit:

{Q:a(1+e) aphelion (1.2)

g=a(l—e) perihelion

wherea ande are respectively the semi-major axis and the eccentriditigeorbit.

Near Earth Objects

Here we list just few characteristics of this minor planedug. In the following
there will be a more complete description of the dynamical plnysical character-
istics of these objects.

Near Earth Objectgin the following NEO9 are asteroidsNEA9 and comets
(NEC9 moving in orbits whose perihelion is smaller than Mag% 1.3 AU.

According to the relation between their orbit and the Eantle they are cata-
logued in different sub-group#tensandApollosare Earth Crossers whilkmors
approach the Earth but never intersect its orbit. Atens hewemi-major axis
smaller than the Earth ona & 1 AU) while Apollos havea > 1 AU.

There is also one another class of Near Earth Objectstntier Earth Objects
or Interior to the Earth OrbitIEOS). They are asteroids with an orbit completely
inside the Earth one (asteroid aphelion is smaller thanhEaetihelion). Thelet
Propulsion Laboratoryonsiders this as a separate class and enumerates four aster
oids (see Tab. 1.2). Thdinor Planet Centeclassified them aaten

Up to now (August 2005) there are 3443 NEAs (288 Atens, 167dllap, 1482
Amors) and 74 NECs known.
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population a q Q comments
NEAs
IEOs <1 < 0.983
Atens <1 > 0.983 Earth crossers
Apollos >1 <1017 Earth crossers
Amors >1 ]1.017,1.3]
Mars Crossers [1.3,1.666
population a e [ resonances
Hungarias [1.78,2.06) < 0.18 (16,34 [5:14:1]
MBAs [2.06,3.28 [4:1,2:1]
Inner MB [2.06,2.50] [4:1,3:1]
Phocaeas [2.25250] >0.1 (18,32
Middle MB [2.50,2.82] [3:1,5:2
Outer MB [2.82,3.28] [5:22:17
Koronis (282,294 <0.12 <35 [5:27:3
Eos [2.99,3.05 <0.13 (8,12 [7:39:4
Themis [3.05,3.22] <0.22 <3 9:4,2:17
Cybeles [3.28,3.70] < 0.3 <25 [2:15:3
Hildas ~3.97 > 0.07 <20 3:2
Jupiter Trojans  ~ 5.20 1:1
Centaurs [5.4,30]
Neptune Trojans ~ 30 1:1Nep
TNOs (or KBOs) > 32
~ 35 4:5Nep
~ 39 2:3Nep
~42 3:5Nep
~ 48 1:2 Nep

Table 1.1:List and definition of main groups and families of asteroi@iemi-major axis, perihelion
and aphelion are expressedAld, inclination is in degrees. Where not specified mean resmesgn
refer to Jupiter orbit. In last five cases, as reported, teésrito Neptune.

Mars Crossers

Mars Crossersare objects that cross Mars orbit (bodies whose periheoasn-
cluded between Mars perihelion and aphelion).
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Object a e [ a Q P H

1998DK36 0.69 0.416 2.0 0.404 0.98 0.58 25.01
2003CP20 0.74 0.322 256 0502 0.98 0.64 16.41
2004 JG6 0.64 0.532 189 0.298 0.97 051 18.96
2004 XZ130 0.62 0.455 3.0 0.337 0.90 0.49 20.12

Table 1.2:This table provides J2000 heliocentric ecliptic orbitaraknts for the 4 known IEOs
(Interior Earth Objec} sorted by object number/name. The semi-major axibe periheliorg and
the apheliorQ are expressed iAU, the inclinationi is in degreese is the eccentricity of the orbit,
P is the orbital period in Julian years ahtis the absolute V-magnitude. Updated August 2005.

In this group we list also 6 asteroids once thought tdaes Trojans. The lists
of Trojans are extracted by tidinor Planet Cente(MPC) using cuts in osculating
element space. This technique works very well for Jupitel Bieptune Trojans,
but it has been known to be problematic for Martian Trojanke Tist of Martian
Trojans is then removed from the MPC web site with the intanto list only those
that are confirmed (by long-term integration of good orbitspe Trojans. At this
time this list is not available yet.

It has been shown that the population of asteroids on Massang orbits,
which is roughly four times the size of the NEO populationpiedominately re-
supplied by diffusive resonances in the main belt (Mighoat al. 1998; Morbidelli
& Nesvorny 1999; Michel et al. 2000; Bottke et al. 2002). Ti@gion is called the
“intermediate-source Mars-crossing region”, or IMC foogh The IMC is brack-
eted by the main belt, the NEA population, theresonance and @< a < 2.8AU,
while they are split in two sub-population (“inner” and “eut regions) by the 3:1
mean motion resonance gap (see next paragraph for furtbesje

IMC asteroids can escape the main belt via mean-motion ees@s with Mars,
three-body mean-motion resonances (i.e. Jupiter-Satsteroid) and theg reso-
nance.

Main Belt Asteroids

Asteroids are located mostly between the orbits of Mars amitekr. Figure 1.1
shows the distribution of known asteroids in thgsin(i) space (semimajor axis
versus sine of the inclination). The strong concentratibasteroids are located

2For more information offrojan asteroiddefinition see paragraph at page 24 abiugiter and
Neptune Trojans
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between 2.0 and 38U (between 4:1 and 2:1 mean motion resonances): this is the
Main Asteroid Belt

Jupiter’'s gravitational influence, through orbital resoeoe, clears Kirkwood
gaps in the asteroid belt. As a result of these gaps the a&itdrothis region are
divided into a large number of groups, sub-groups and fasilHere we describe
only the larger.

Hungaria asteroids have a semimajor axis between 1.78 AU and 2.06 AU, a
eccentricity less than 0.18, and inclination betweehdrtd 34. Named after 434
Hungaria, these are just outside Mars orbit, and are pgsaiblacted by the 2:9
resonance.

Inner Main Beltasteroids have a semimajor axis between 2.06 AU and 2.50 AU.
These bound are defined by the 4:1 and the 3:1 mean motiorareses Inside this
group: Phocaeaasteroids have a semimajor axis between 2.25 AU and 2.50/AU, a
eccentricity greater than 0.1, and inclination betweehd@l 32. Named after 25
Phocaea.

Middle Main Beltasteroids have a semimajor axis between 2.50 AU and 2.82
AU. These bound are defined by the 3:1 and the 5:2 mean mosonaaces.

Outer Main Beltasteroids have a semimajor axis between 2.82 AU and 3.28 AU.
These bound are defined by the 5:2 and the 2:1 mean motioramses Inside the
group: Koronis EosandThemisare families, each derived from a common ancestor
object, 158 Koronis, 221 Eos and 24 Themis, respectively.

Cybeleasteroids have a mean orbital radius between 3.28 AU andARJ7/@n
eccentricity less than 0.3, and an inclination less thah 2%is group appears to
cluster around the 4:7 resonance with Jupiter. Named ahi€ybele.

Hilda asteroids have a mean orbital radius between 3.7 AU and 4,2Aldc-
centricity greater than 0.07, and an inclination less thaih Zhese asteroids are in
a 3:2 resonance with Jupiter. Named after 153 Hilda.

Asteroidfamiliesare an important additional aspect of the main belt. They are
dynamical associations which origin as fragments of a siolti af a parent body.
When family members have compositions which are consistatht a common
origin these associations are callégnetic Families The study of these genetic
families provide constraints on collisional disruptionlafge bodies, on the colli-
sional lifetime of asteroids as function of size and on therimal composition of
their parent bodies.
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Jupiter and Neptune Trojans

Another very interesting class of bodies are those lyingiadothelL4 andL5 la-
grangian points of a planet, i.e. placed 60 deg ahead andd#e planet, on the
same orbit. About Jupiter these regions were called thelkzed Trojan nodes re-
spectively; objects in each node are named for members b$itha of the conflict
(actually there are some misplacements: 617 Patroclustiseifrojan node and
624 Hektor is in the Greek one). Altogether they are now ddleipiter Trojans”.

Although the existence of trojan-like asteroids is not aaiyical prerogative
of Jupiter (every single planet of the Solar System coulcersable zones around
their L4 andL5 lagrangian points), for a long time no other planets werseoled
to have objects like these.

Finally in 1990 the first Mars Trojan was found, (5261) Eurékam the greek,
meaning: “l| have found it”). Other five asteroids were found ghought to be Mars
trojans. As reported in previous paragraph they are nowidersd as simple Mars
Crossers, since the orbit solutions and perturbations em ttill have to be studied
in detail. However in 2001 the first Neptune Trojan was alamfb2001 QR322
and since then other 3 Neptune trojans were found, so thataépt searches for
trojans of other planets are in progress. Our group was algahied with these
searches.

Jupiter Family Comets

Comets are usually categorised into two groups: the lonpg@eomets and short
period comets.

The short period comets have orbital pericd®0 years and low inclination.
They also have 2 Tj < 3, beingT; the Tisserand Invariant

1/2
T = %J+2coqi) [a%(l— ez)} (1.3)

wherea anda; are the object and Jupiter orbit semimajor axis respegtiaetie is
the orbit eccentricity of the object.

Since their orbits are controlled by Jupiter they are aldedalupiter Family
comets (JFCs). The short period comets are believed tonatigifrom the Kuiper
Belt, the large reservoir of small icy bodies just beyond tdep. These Kuiper
Belt objects also have very low inclinations. From collissoor gravitational per-
turbations some Kuiper Belt objects escape the Kuiper Bultfall towards the
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Sun. Because the orbit crosses that of Jupiter, the comethaay gravitational
interactions with it. The orbital evolution of Jupiter-fdgncomets (JFCs) under
the gravitational influence of planets can lead these abgecget typical asteroid
orbits. JFCs can get NEO orbits more often than typical asterbits.

The probability of a collision of one of such objects, whiclova for millions
of years inside Jupiter’s orbit, with a terrestrial planahde greater than analogous
total probability for thousands other objects. The obtdiresults show that during
the accumulation of the giant planets the total mass of ididsodelivered to the
Earth could be about the mass of water in Earth’s oceans.

Centaurs

The Centaurs are bodies orbiting between Jupiter and Neftun 54 < a < 30),
but with not yet a clear definition from a dynamical point oéwi Dynamical stud-
ies of their orbits indicate that centaurs are probably aarmediate orbital state
of objects transitioning from the Kuiper Belt to the Jupit@mily comets. Objects
may be perturbed from the Kuiper Belt so that they become INeptrossing and
interact gravitationally with that planet. They then beeooentaurs, but their or-
bits are chaotic, evolving relatively rapidly (lifetime§the order of 16 yr) as the
centaur makes repeated close approaches to one or moremftérglanets. Some
centaurs will evolve into Jupiter-crossing orbits and tllegir perihelia may be-
come reduced into the inner solar system. They are probabthroloser to comets
than asteroids, and one of these (Chiron) has shown a litrestary activity.

Trans Neptunian Objects

Objects witha > 30 (more than 900 objects, up to now) are broadly defined as
Trans-Neptunian Objects (TNOs) which are divided dynattyiga the following
groups.

Kuiper Belt Objects: include objects between 41 and 47 AU, having nearly cir-
cular orbits and low inclinations. The outer boundary of kneper belt is not de-
fined arbitrarily: there appears to be a real and fairly sluagp in objects beyond a
certain distance.

Plutinos objects are in (3:2) resonance with Neptune, just like Plltey have
a semi-major axis of about 39.4 AU, eccentricities up to @Bd high inclination.
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A few objects are trapped in (2:1) and (5:3) resonances, stdjpe (2000 CQ104)
in (4:3) resonance.

Cubewanosare Kuiper belt object, orbiting beyond about 41 AU and nat-co
trolled by resonances with the outer planets. The odd nanderised from the
first trans-Neptunian object found, (15760) 1992 QB1. Laflgects were called
"QB1-0s”, or cubewanos. They are also known as classical KBO

Scattered-Disk Objects (SDOs): these objects generally have very large orbits
with a ranging from 50 to 675 AU. They are assumed to be objbatsencountered
Neptune and were “scattered” into long-period, very eldigit (0.34 < e < 0.94)
orbits with perihelia that are still not too far from Neptiserbit.

Oort Cloud Objects (OCOs): The Oort cloud is a postulated spherical cloud of
comets situated about 50 000 to 100 000 AU from the Sun. Aacgitd the hypoth-
esis, the Oort cloud contains millions of comet nuclei, viarace stable because the
Sun radiation is very weak at their distance. The cloud glesia continual supply
of new comets, replacing those that are destroyed.

1.2.4 Asteroid brightness and size constraints

Asteroid brightness, in the 0.40-2.p@nspectral range, is entirely due to reflected
solar light. Asteroid apparent magnitude depends fromH=@lpject distance, Sun-
object distance and from body physical and optical propgstuch as its size and
albedo. After that we have to consider the phase angle, $iooethe Earth in
general we see only a part of its irradiated surface.

The apparent magnitude ynof the object in the visible spectrum can thus be
expressed with:

pv (3) (a)
2.24‘521)016R2A2> (3.4

my = Myg —2.5Iog<
wheremy . is the Sun V apparent magnitudg, is the V geometric albed® is the
asteroid diameter (expressedkim), ®(a) a function of the angle phase aRdtand
A are Sun-object and Earth-object distances respectivejyéssed irAU, thanks
to the 224. 10 factor).
Asteroidabsolute magnitude li$ defined for distancd®= A =1 AU and phase
anglea = 0 (visible face completely illuminatéj

3This definition is obviously only analytical, since no gedrioal point can satisfy at the same
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From astrometric and photometric observations of asteraiel can findH, be-
ing:
R2A2
with RandA expressed ilU. Once we knovwH we can compute:

H— m/+2.5log(q)(a>) (1.5)

log (pvD?) = 6.259— 0.4H (1.6)

with D expressed ikm Notice that with photometry only the produsg D? can be
determined, it is not possible to know the two variablespedidently.

1.3 Near Earth Asteroids

Near-Earth Objects (NEOSs) represent an heterogeneoudatimpuwhich com-
prises asteroids and extinct comet nuclei in orbits withiion distances <1.3
which periodically approach or intersect the orbit of thetBaGiven their vicinity
to the Earth, NEOs are believed to be a source for most méteawhich arrive on
our planet.

The importance of studying NEOs has been recognised waitkelveind a great
deal of resources are being used for this task, both for grdased facilities and
space missions.

Available data indicate that NEOs population is very diedrsnature (objects
with unusual shapes, binary systems, objects with a complex—principal axis
rotation statetUmblingasteroids), some others with very long rotational periods,
which are not easily explained by the current dynamical avitisctonal models,
etc.).

The question of NEO origin is also not well understood. We\krtbat the
present NEOs have typical life-times of 10-100 My (much grothan the age
of the Solar System), and that over these time scales NEOsjected from the
Solar System or collide with the Sun or a planet. Because rditering record on
the Moon suggests a fairly constant NEO population duringt gabillion years,
new NEOs must be continuously supplied by some sources er twanaintain the
present steady state.

The principal one is the Main Belt, where gravitational pdsations by the
major planets cause dynamical resonances which providgesoutes (i.e. mean

time the three conditions.
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motion, secular and diffuse resonances). The second smsurepresented by dead
or dormant comets (objects originally coming from the Kuielt and the Oort

Cloud) that is devolatilised cometary nuclei and/or comet®se icy surface is
covered by a subtle non volatile crust which inhibits polesdms emissions. An
example is the apollo asteroid 4015 which at the time of disog in 1949, was the
comet named Wilson-Harrington.

It is not clear, however, what the efficiency of the delivergahanisms is, and
what percentage of the NEOs we observe today comes from th@®wofiom the
other source. Although this global picture of NEOs origimv widely accepted,
a detailed knowledge of their physical properties has bdeaimed only for less
than 10% of them.

One way of addressing many issues related to NEOs is to deasscthem
spectroscopically in order to derive their mineralogy amdlassify them taxonom-
ically. Owing to their heterogeneity it is evident the imfaorce to carry on a large
survey in order to investigate the physical properties chsfarge as possible sam-
ple of NEOs.

The different nature of these bodies is particularly evideom their taxonomy
(Lazzarin et al. 2004; Lazzarin et al. 2005; Binzel et al. 200In fact almost
all taxonomic classes identified among MB asteroids hava bé&m found among
NEOs, including the C, P and D classes that are typical ofrddRasteroids. The
most common taxonomic class among NEOs is however the S-type

Besides a possible selection effect (being this class datexihby high albedo
objects), this could indicate that Near Earth Asteroidsveéemostly by the inner
MB, via thevg resonance, where S-types are the most common asteroidevdow
other sources have been proposed like the 3:1 resonande(szample Morbidelli
et al. (2002) and Bottke et al. (2002)), which is surroundgdCh and S-type
asteroids in almost equal quantity.

Other sources of Near Earth asteroids can be the Mars-Gso8séeroid pop-
ulation through the Intermediate Source Mars-Crosser<{lsind the Outer Main
Belt (OB) population, while other secondary contributarstie NEA population
can be the evolved Mars-crosser population, Mars-crossera@ds derived from
Hungaria population and from Phocaeas population and krassers witha >
2.5AU and highi (above thevg resonance, see Fig. 1.1).

Finally, another interesting issue is the now evident refathip between NEOs
and meteorites: understanding the sources of NEOs meamsoalsyderstand the
origin locations for most meteorites.
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1.4 Meteorites

A meteoroidis a natural small object orbiting in space. Meteoris the visual
phenomenon associated with the passage of a meteoroigjthtbe Earth’s atmo-
sphere. Ameteoriteis a recovered remnant of a meteoroid that has survived to the
transit through the Earth’s atmosphere.

At the beginning of their study meteorites were thought t@atreospheric phe-
nomena or volcanic ejecta. Ernst Chladni in 1794 arguedHerfirst time that
meteorites were from extraterrestrial origin.

Iron meteoritesonsist almost entirely of nickel-iron metal alloys, whesstony
meteoritesare composed mostly of silicate and oxide miner&sony-iron mete-
oriteshave nearly equal proportion of metals and silicates.

Stones can be divided in two categories: chondrites andnalthtes. Achon-
drite is an agglomeration of early solar system materials wittelitf any, chemical
change since its formation. Aachondriteis an igneous rock, the product of partial
melting, changes in composition and crystallisation.

The proportion of iron and stony-iroialls are very small, only 5% and 1% of
the total. The ratio between irons to stofiesisis much larger, because irons better
survive terrestrial weathering processes and are moreggnesable as something
unusual on the Earth surface.

The meteorites represent fragments chipped from surfate pa bodies in the
present solar system. In particular the presence of iroreonges requires a dis-
ruption large enough to expose core material. Also smaéragt are probably
fragments of bigger parent bodies. Studies of the surfacnaill bodies can pro-
vide information on internal layers and on the evolutionhe# parent bodies and on
the processes which broke them.

The best direct information on asteroid collisional prasssis probably the
study of asteroid genetic families (i.e. Eos, Koronis, Tiefamilies).
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Chapter 2

Asteroid Spectroscopy

2.1 Introduction

The study of the surface mineralogy of individual aster@dd groups of asteroids
can provide the data base for improving our understandinigesf origin and evolu-
tion. Asteroid surface can be studied by the interpretadioobservable properties
to determine presence, abundance and, where possiblejrieeatngical composi-
tion.

Visible and near-infrared reflectance spectroscopy has gdely used to de-
termine asteroid composition since it can characterisestimace composition of
most asteroid types. Diagnostic features in reflectancetispihat come from elec-
tronic and vibrational transitions within minerals or moldes are detectable in the
(0.35-2.50umrange.

Most important mineral species present in asteroid sp@cgaolivine, pyrox-
ene (clino- and ortho-pyroxene), Iron-Nickélg— Ni) metal, spinel, feldspar and
hydrated phyllosilicates and organic compounds. Sincg #ne characterised by
unique composition or limited compositional differenceach of them produces a
characteristic reflectance spectrum with, in some casescyar spectral features.

Most asteroids are composed of mixture of these mineralsceSihe spectral
parameters of the different absorption features (i.e. baosltion and the ratio
between band areas) are related to a specific composititve afdividual mineral,
spectral analysis of the asteroid surface is able in mostsdasdetect mineralogical
signatures characteristic of a particular species.

So it is possible to establish tipeesenceof specific mineral phases such those
listed before. The possibility of revealing a feature dejsean the abundance of
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Figure 2.1:Spectral reflectance of most important mineral speciesingi(Ol), pyroxene (Px),
Iron-nickel metal (Fe-Ni) and spinel (Sp).

the particular species so that the strength of the featunebeadetected over the
spectrum noise.

In some high quality spectra of some simple mineral mixttinesaverageom-
position and relative abundancesan be also determined (several procedures by
many authors have been developed to extract these infamati

Therefore the analysis of reflectance spectra can provigeiaty of composi-
tional data on asteroid surface materials.

2.1.1 Asteroid Spectrum

The incident flux arriving on an asteroid surface (functidrthee heliocentric dis-
tance) is split in two contributions: the reflected and theaabed part, whose ratio
depends on the surface albedo. The absorbed part warmsdiiestidace. It there-
fore emits black-body radiation at the reached temperatBecethe Earth receives
both the “solar” flux reflected from the body surface and itscktbody emission.
In asteroid spectra, reflected sunlight dominates the flom fthe ultraviolet to
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the near-infrared (0.35-2.50m), while at longer wavelength (2.5-5.n depending
on the surface temperature) the contribution due to theadtelack-body emission
becames detectable.

2.2 Photometric and Spectroscopic Surveys of aster-
oids

2.2.1 ECAS and 52-Color Photometry

The two most notable surveys in the 1980s to measure therapetaracteristics of
a large number of asteroids were the Eight-Color Asteroid/8u(ECAS, Zellner
et al. (1985)) and the 52-color survey (Bell et al. 1988). B served 589 objects
in the visible while the 52-color survey measured 120 olsj@tctthe near-infrared
(0.9 to 2.5um).

ECAS data are the basis for the asteroid taxonomy (Thole84)1 $ee para-
graph 2.3.1) that is still used today. The 52-color survesuS®d on S asteroids,
which later allowed Gaffey et al. (1993) to divide the S clede a number of sub-
classes with interpreted surface compositions that vdrged olivine-dominated to
olivine/pyroxene mixtures to pyroxene-dominated. Theermatogical characterisa-
tion of these objects was made using the band centre of fima feature and the
ratio of the areas of the 1 and.@nfeatures.

However, both surveys could only make measurements of neltrabteroids
with diameters greater than 20 km. The low number of objeoét have been
observed in this wavelength region is due primarily to thet taat very few obser-
vatories are at altitudes high enough for these obsenation

2.2.2 SMASS: Small Main-Belt Asteroid Spectroscopic Surwe
SMASS I and Il

Between 1991 and 1993, the first phase of the Small Main-bstkkraid Spectro-
scopic Survey (SMASSI) was carried out, resulting in sgdatreasurements for
316 different asteroids (Xu et al. 1995). The goal of SMAS&kwo measure the
spectral properties for a large sample of small- to mediiraesasteroids (mainly
with diameters< 20 km), primarily focusing on those objects located in theein
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main belt € 2.6 AU), as a means of addressing questions about the ilatigore
ships between meteorites and asteroids.

Significant results from this survey include the discoverglgiects in the Vesta
family and between Vesta and the 3:1 resonance with Vdstaspectra (Binzel &
Xu 1993).

The second phase of the Small Main-belt Asteroid Spectms&urvey (SMAS-
Sll, see Bus & Binzel (2002b) and Bus & Binzel (2002a)) foclsa producing an
even larger, internally consistent data set, with the spkcobservations and reduc-
tions being carried out in the most uniform manner possible.

The primary observational goals of SMASSII were to clasgfch new ob-
served asteroid within the Tholen taxonomy, the samplinglafet-crossing aster-
oids (both near-Earth asteroids and Mars-crossing ast®rdhe continued study of
dynamical families, with particular emphasis on the Vestaify, and an in-depth
study of several families located in the middle of the mailt between 2.7 and 2.8
AU (Bus 1999).

The significant differences between the SMASSII and the EGQAt3 sets, lead
the authors of SMASSII to explore new options for classifyasteroids (Bus (1999),
see paragraph 2.3.3). Mainly the differences regard thetspeoverage: SMAS-
Sl spectra cover a narrower wavelength range then ECASh@®wther hand, the
greater spectral resolution obtained with CCD spectrogeepeals subtle details
like faint features, which are hardly identified with ECAS asarements.

They obtained the visible-wavelength spectra for 1341 rhaih asteroids (ob-
jects with perihelia greater than 1.3 AU). A list of obsen®dASS | and Il objects
may be found at http://web.mit.edu/thb/www/smass/srhass.

SMASSIR

To complement SMASS and to better characterise the mirgied@f asteroids, the
Small Main-Belt Asteroid Spectroscopic Survey in the nie&iared (SMASSIR)
was initiated at the IRTF, the NASA Infrared Telescope F3c{IRTF) on Mauna
Kea on the island of Hawaiii.

Results for main belt asteroids and for near-Earth objeetslscussed in Bur-
bine et al. (002a) and Binzel et al. (2001) respectively.

SMASSIR has a wavelength coverage fren0.9 to ~ 1.65 umand focuses
on asteroids thought to have interesting surface compaositbased on their visible
spectra. These objects included olivine-dominated asigrobjects with V (or J)
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designations, and proposed meteoritic spectral analogs.

Compared to the 52-color survey, the advantage of SMASSI®Ras much
fainter main-belt objects (with estimated diameters aslisasaa few kilometres)
can be observed, being the predicted V- magnitude limit.1Tke disadvantage
of SMASSIR is that reflectance data can only be obtained ost 1665 pum com-
pared to 2.5umfor 52-color, allowing only part of the Pmfeature due to pyrox-
ene to be characterised. The SMASSIR spectral waveleng@rage allows full
characterisation of the Imfeature of olivine and pyroxene. However, the quantita-
tive mineralogical determination of the relative abundsmaef pyroxene and olivine
(Cloutis et al. 1986) and the composition of the pyroxeneaid 1974) requires
full measurement of the gmfeature.

2.2.3 S30S2: Small Solar System Objects Spectroscopic Saw

The purpose of the Small Solar System Objects Spectros&apiey - S30S2, was
to contribute to increase the database of known superfioraposition of asteroids
in the visible range.

The S30S2 was performed at the European Southern Obssn(a®iSilla,
Chile) under the agreement with the Observatorio Naciohnd@rasil, using the
1.52-m telescope equipped with a Boller & Chivens Specaplgrand a CCD. The
survey was carried on from November 1996 up to September 200 Yisible spec-
tra, in the range 4900-9208, were obtained for 843 asteroids. All these spectra
are available at the page http://www.daf.on.br/ lazza8@'S2-Pub/s30s2.htm of the
Observatorio Nacional. The taxonomic classification offal sample is also avail-
able at the same site.

The spatial distribution of S30S2 range from the Near Eagtfian, around 1.5
AU, up to the Trojan region, around 5AJ. Several families have been studied as
well as several groups, all of which have been object of $igepapers (see for
example Florczak et al. (1998), Florczak et al. (1999), baazet al. (1999),
Carvano et al. (2001), Michtchenko et al. (2002), Angeli &karo (2002) and
Florczak et al. (2002)).

2.3 Taxonomic types

Taxonomy is the classification of objects into categoriefindd by some charac-
terising parameters. Since 1970s many authors defineaehtfeaxonomic classes
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on the basis of some observable properties. The principalsto identify groups
of asteroids that share similar surface composition andrtaehistories. In the
following we shall name just the principal of them.

The most widely used taxonomy was made by Tholen (1984) .ermh&IBarucci
(1989), Tholen (1989), who used a minimal tree clusterirggpadhm on a set of
more than 400 spectra from the Eight-Color Asteroid SUNEgAS) in the 0.3-1.1
pmrange (Zellner et al. 1985). The peak position of the eighAE®road band
filter is: 0.31, 0.32, 0.43, 0.54, 0.70, 0.86, 0.95 andpin®

Eleven of these classes (A, B, C,D, F, G, Q, R, S, T and V) cosldibtin-
guished by ECAS spectra. Other three classes (E, M and P)dgahdrate ECAS
spectra and could only be separated by using albedos. Whedainformation
was not available, the E, M and P-type were grouped into argeXdype.

After that Barucci et al. (1987) used seven spectrophotoo&tlours plus the
albedos from IRAS. In this way nine broad classes were obthiand for each one
fine subclasses were identified according to the detailecttsire of the spectra.
Moreover, we mention the Tedesco (Tedesco et al. 1989) tamgrdone with the
help of the Johnson U-V colour, the ECAS colour v-x and the 8abedos.

Finally, we cite the new taxonomy proposed by Bus derivechfrecent spec-
trophotometric data (see Bus & Binzel (2002b), Bus & BinZ0@2a)). We will
analyse in detail Tholen’s, Barucci’'s and Bus’ taxonomyeéxtrparagraphs.

2.3.1 Tholen taxonomy

Each of previous mentioned taxonomies separates astemadifferent classes
whose members have similar reflectivity and visual albeddthough no specific
mineralogical criteria were used in defining the classesyrtamy can be used to
derive mineralogical characterisations for individuakasids in each class.

In the following, we shall briefly describe the main charastes for each
Tholen’s class and their relationships with meteoritesthBinext sections, a more
detailed analysis of spectra information and the latestltesn terms of asteroid
classification will be given (taken mainly from Gaffey et §1993) and McSween
(1999)).

Taxonomic class A

A-asteroids exhibit a strong decrease in reflectance shadtef 0.7um related to
metal compounds, and a strong broad absorption featureeceméar Jumwith no
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significant 2umabsorption (characteristic of pyroxene). Although thecspen of
olivine is unambiguous, it is difficult to specify exactlywmanuch metal is present
in these bodies. Among the asteroids classified as A-typegtils a spreading of a
factor 3 in the albedo distribution. If the albedo range &l réhe differences may
be a function of metal abundance, with higher metal contesulting in a darker
surface material. Regarding the origins, these astergglsagssemblages of either
mono-mineral olivine or olivine-metal from the mantles are-mantle regions of
differentiated parent bodies.

The meteorite analogues of the A-type objects would be ridvachondrites
and/or pallasites.
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Figure 2.2:Examples of Q, S and A-type asteroids. Reflectance spe@racamalised at 0.55
pm In parentheses the albedo range is reported in percerdagadh class.

Taxonomic class S

The S-class constitutes the second most abundant astiresd @nd is characterised
by spectra with moderate to steep reddish slopes shortwdd gumand weak to
moderate absorption features near 1 anah? The absorption bands are weaker
than those of V and R-class. The IRAS albedos vary from 0.130 Dhe typical
S-asteroids spectrum indicates the presence of some migfwlivine, pyroxene
and Fe-Ni metal.

However, it has long been recognised that S-class inclugtesyadiverse group
of objects. For example, Gaffey et al. (1993) carried out angjtative spectral
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analysis of 52-channel survey set (Bell et al. 1985). As alteseven mineralogical
subtypes (designed S(I)-S(VII)) were identified based upampositions derived
from the spectral analysis. These subclasses correspaonoh&valogically distinct
subtypes produced by different degree of melting, ignediferentiation, and may
include some unmelted objects.

Although the spectral analysis performed by studying Baadd Il is useful to
identify asteroid counterparts of meteorites, it shoulabed that this do notimply
a strict similarity among the asteroids spectra and the onéés ones. For example
the spectra of the Main Belt asteroid 6 Hebe, suggested afdyp@parent body for
the OCs, has a spectra less curvaceous and more highly irefléetddened) that
those of OCs. A number of possible explanations have beeneoff but the most
likely one seems to be space weathering (see, for exammeer®iet al. (2000),
Gaffey (2001), Ueda et al. (2002b) and Ueda et al. (2002a))eW\an asteroid’s
surface live in the space environment for millions of ye#@rsindergoes chemical
and physical changes as a result of bombardment by metsoaoid interaction
with the solar wind. A direct evidence of the activity of tlegsrocesses has been
shown by the spacecraft Galileo. In fact, it found on the axafof asteroid 243
Ida reddened material except in the vicinity of youngerergtthat have excavated
materials that have not been exposed on the surface for @egytime.

Taxonomic class Q

The problem connected with this class is the scarcity of @ragls in the Main
Belt. In fact, till now, only few objects have been proposetélong to the Q-class
(all NEOs, none belonging to the Main Belt). On the other hainldas long been
recognised that Q-type spectra are similar to those of O$ asteroids could
be thought of as parent bodies for at least part of those migso

This class is well represented by the NEO 1862 Apollo. Itxspen is strongly
reddened shortward of Op@mand has a strongdmabsorption feature characteris-
tic of a mixture of olivine and pyroxene, and NIR data implyoatCa pyroxene.

Among the other classes of the Main Belt, the S(1V) provideltktter spectral
match to OCs. Moreover, this relationship seems to be inglicalso by the orbital
distribution of S(IV)-objects, because of their relatiancentration adjacent to the
(3:1) orbital resonance at 24J.

In this respect, it is of particular importance to analyse NEOs, in order to
find out the abundance of Q and S(IV)-type within them. Altjlouhe spectral
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information of NEOs is still too poor to make a detailed sttital analysis of their
taxonomic types, it results clear (Binzel et al. 2001) thaytpossess spectral prop-
erties to fill the gap between the OCs and the S(IV). NEOs haea lbound with
spectra ranging from OC-like objects to S-class passimyutin the Q-class. As a
consequence, a natural process able to produce contimamsgion, such as space
weathering, has been invoked to explain the spectral digtan of such NEOs. On
this topic we shall return later on.

Taxonomic class R

This class was firstly proposed with the sole member 349 Derska. Its re-
flectance spectrum exhibits strong 1 anad2absorption features similar to those of
Vesta. Dembowska, differently from Vesta, has featurestbeoed toward longer
wavelength while the Zimfeature is narrower and centred at shorter wavelength.
The spectrum of Dembowska indicates a pyroxene-olivinerabtage (in approxi-
mately equal part) with little or no metal.

Type R (34%) - (349) Dembowska
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Figure 2.3:Examples of R and V-type asteroids. Reflectance spectraoaneatised at 0.55m
In parentheses the albedo range is reported in percentagadb class.

Taxonomic class V

This class was proposed for the asteroid 4 Vesta. Its sprdscharacterised by
two strong symmetric absorption features centred near 12gnd with a weaker
feature near 1.2-1.Am The 1 and umfeatures are due to pyroxene, and their



40 CHAPTER 2. ASTEROID SPECTROSCOPY

positions indicate a predominantly iron-bearing low aafgipyroxene or piogenite.
The weaker feature is probably due to plagioclase feldspar.

As discussed previously, the spectra of eucrites have ctaaistics that com-
pare favourably with the spectrum of Vesta, although thé&serof this 530 km di-
ameter body shows differences in composition. A detailadysof its surface, both
photometrically and spectroscopically, has been perfdrmigh the HST (Binzel
etal. 1997; Thomas et al. 1997; Cellino et al. 1987). It ressthlat Vesta’s surface
is covered with eucritic basalts. Moreover, two large aréasing spectra similar
to those of diogenites or olivine-rich ultramafic rocks, é&een identified: they are
apparently underlying rocks exposed in the floors of largeess.

For a long time Vesta was the only asteroid with such kind afcsum, but
now we know other analogs, the so-called Vesta chips (oroitst. These are
small asteroids near Vesta, the (3:1) agdesonances. Notice that in spite of the
large known sample of Main Belt asteroids’ spectra (mora th&400 objects), all
Vesta-like objects found are in the vicinity of Vesta, witletonly exception of 1459
Magnya detected in the outer Main Belt (Michtchenko et ab2)0

It seems likely therefore that the Vesta chips are effeltifragments delivered
by Vesta itself. Regarding 1459 Magnya, Michtchenko et 200@) had shown
how it could be an highly perturbed Vesta chip (by means ofitagder two-body
and three-body mean motion resonances and nonlinear sesst@ances). Among
NEOs, bodies having spectra similar to that of Vesta hawelzen identified, con-
firming the efficiency of the delivery mechanisms from the MBelt.

Taxonomic class C (B, F, G and P)

In literature usually the authors refer to the C-group asaevget of asteroid spectra,
representing dark and primitive objects. The C-class agtethave nearly feature-
less ECAS spectra longward of Qun but have different UV absorption intensity.
Within this set, several subclasses have been distingliistaenely C, B, F, G and
P.

The P-class has no UV absorption feature (and also a redpéstiram, see in
the following), the F-class has a weak one, the B- and C-etaksve a slightly
stronger one, and the G-class has the strongest UV absoratge of the C-group.
The B-class has flat to slightly bluish ECAS spectra while@ieclass has flat to
slightly reddish spectra. The B-class also tends to havieehiglbedos than the C
one. Bell et al. (1989) proposed a model for understandiegdiliersity in the
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Figure 2.4:Example of C, B and G-type asteroids. Reflectance spectracamsalised at 0.55
pm The vertical plot scale is amplified to better show differemamong classes. In parentheses the
albedo range is reported in percentage for each class.

C-group by means of metamorphic evolution: the classes Bid<awould be the
result of such alteration from C-class parent material. Ffatass, which are mainly
located in the outer part of the belt, is believed to be pnraitnaterial that contains
a large amount of organics, and may be a transitional clasekea the C-class and
the very primitive D-class.

About two-thirds of C-group appear hydrated as result ofy@wisiaround 3um
and in the visible region, probably indicating that they evbeated to the point that
liquid water became in contact with surrounding minerals t@e other hand, the
dry C-type asteroids may never have had liquid water thrabhgim, or may have
been heated so much that any hydrated mineral reverted anmogbhosed, or may
never have contained much water to produce observablerésatu

More in detail, as suggested by Feierberg et al. (1985)etseems to be a
correlation with the strength of the UV absorption featunel ghe presence of the
hydrated minerals. The G-class, which has the strongestddtufe, exhibits the
3 pumhydration feature. C and F asteroids with moderate UV festurclude both
hydrated and non-hydrated bodies. Among the P-class, wauthUV absorption
features, the imhydration band is absent.

Another important feature observed is the absorption-&.7 um similar to
features present in the spectra of Cl and CM meteorites. elfeegures appear to
be due to iron oxides or to oxidised iron in phyllosilicatesguced by aqueous
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alteration processes. However, it has been shown (Bus &eBip@02a) that the
correlation among asteroid with |Bn band (associate with water) and those with
0.7 um feature is not perfect. For this reason we cannot concludeah object
without the 0.7umfeature is dry. These features are common in the C, G and B
objects but rare in the F and P ones.

The general C-group thus includes a variety of assemblapehwverlap with
the Cl and CM meteorites, and some C-type objects seem toudeadent to those
meteorites, namely those with absorption band due to hgdmainerals (especially
G and B-types). Other C-objects, like 2 Pallas, have spdiatiaclosely resemble
that of CR chondrites, suggesting that it might be the pdvedy for this chondrite
group. The F and P classes appear to have experienced ondy arino aqueous
alteration, and may represent ice-depleted samples ofafempassemblages.

Taxonomic class D

The spectra of the D-asteroids are generally featurelessneutral to slightly red
spectra shortward of 0.55m and very red spectra longward of 0.6 They also
have very low IRAS albedo< 0.05) and are found predominantly in the outer part
of the Main Belt. For these reasons D-asteroids (as well@a€thand Ps) are be-
lieved to be composed of some complex mixture of organic rizaseand regolith.
This organics are usually referred to as kerogen-like, bad ather materials are
used for comparison. Nikolaeva et al. (1991) proposed tdheseontinuous series
of the natural carbonaceous materials ranging from oilsipgsoy asphaltite, to an-
thraxolite. A spectroscopic analysis of such material stabtirat they may be used
as spectral analogs of extraterrestrial organics.

The D-asteroids dominate the trojan asteroids comprisiogerthan 60% of the
classified objects in that area. (Vilas & Smith 1985) did s¢observations of D
and P asteroids in the visible range and concluded that Sesms to be a grad-
ual reddening in the spectra slope with heliocentric distamwhich implies varying
composition and/or thermal histories with increasingahse from the Sun. This
fact can be interpreted, from laboratory analysis, as aequsnce of a gradual
changes in H/C content and in the relative content of aliphatd aromatic com-
ponents of the organic compounds. It should be emphasis¢dhé presence of
both aliphatic and aromatic groups seems to be needed taprthe red spectra of

1The regolith is the layer of fragmental incoherent rocky riekhat nearly everywhere in the
Solar System forms the surface terrain.



2.3. TAXONOMIC TYPES 43
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Figure 2.5: Example of D-type asteroid. Reflectance spectrum is nosedlat 0.55m In
parentheses the albedo range is reported in percentage.

this type of asteroids, being the first with high H contenpressible for the high IR
reflectance; while the PAH’s yield red slope in the NIR. Thggested change of
organic materials with solar distance could result fromadgent of temperature in
the solar nebula and/or as a result of a subsequent evalution

We discussed about the fact that the meteorites are belteveome from as-
teroids, except for known lunar and martian meteorites. el@wy, there are sev-
eral spectral types of asteroids whose meteorite countsrpave not been found.
Among them there were for a long period the P and D asteroids the fall of the
so called Tagish Lake (Canada) meteorite in 2000. The splestalysis of the two
chips found (Hiroi et al. 2001), reveals a typical trend $amio those of D and P
type; among them, the spectrum of the asteroid 368 Haiddwibetter fit to the
Tagish Lake one, although the albedo of the Tagish Lake (pid$omewhat lower
that 368 Haidea (3.2%). This discrepancy may either mearhbaurface regolith
of 368 Haidea is more fine grained than this Tagish Lake sarapthat the asteroid
surface returned more specular reflection (or, simply, dbedo is wrong).

The asteroid 368 Haidea is located at aboutAXRinside a huge asteroid va-
cancy at the (2:1) mean motion resonance with Jupiter, asgipssible that frag-

2et us note that the laboratory ion irradiation of variougantic targets indicates that the increase
of ion flux causes the darkening and the reduction of the sgexibpe in VIS-NIR region due to
carbonisation. Therefore, the bombardment of the astersiniface by solar fast ions (wind and
flares) could be in part responsible of such behaviour.
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ments of it have been injected in the resonance (like fora/esid Vestoids, see
below), and after that they acquired orbits colliding witletEarth. On the other
side, we did not find NEOs in our sample with the spectral pryp®either of P nor
D-class, and the problem of the origin of the Tagish Lake orétis still open.

Taxonomic class E

E-asteroids exhibit featureless or very weakly featurettdalightly reddish spec-
tra, and have high albedo (mear0.44), which distinguishes them from the M and
P type. The nearly absence of absorption features indithéepresence of very
iron-poor or iron-free silicate (e.g. enstatite, forsteror feldspar). This asteroid
class has been identified as probable parent bodies of thatinschondrites or
aubrites (Zellner et al. 1977). At least one of the E astar¢/d Nysa) also has
a weak 0.85-0.9Qum pyroxene feature consistent with low- iron enstatite seen i
some meteorites (Gaffey et al. 1989). Moreoveyr observations of 44 Nysa
showed the presence on hydrated silicates on this astenaking its composition
closer to that of C-class. Another interesting issue rdl&bethe E-type is the pres-
ence of an absorption band centred atjihtsshown by some asteroids belonging to
this group (see, for instance, Fornasier & Lazzarin (2001))

The Hungaria asteroid region, which is located between AJ%nd 1.98 is
dominated by E-type asteroids and contains about half d&&-&pes known in the
Main Belt. From a general point of view, we can state that traposition of Hun-
garia asteroids is consistent with the predicted compsitf the protoplanetary
disk at roughly 2AU from the Sun.

In the NEOs group, the E-types are rare, the first discovenedxas 3103 Eger
(roughly 1.5 km size), which was thought to be the parent bimdyor at least
connected with, the aubrites. The orbit of 3103 Eger has pineleon distance of
1.905AU (within the Hungaria zone), and this fact appears to indi¢hat Eger
was most probably derived from that region. These resulitdo@present the first
plausible link between a meteorite group and a particularsoregion (Burbine &
Bell 1993).

As we shall discuss in the next chapter, in our sample of olesdlEOs at least
another E-type body has been found.
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Figure 2.6:Example of E and M-type asteroids. Reflectance spectra arsatised at 0.5%m
In parentheses the albedo range is reported in percentagetfoclasses.

Taxonomic class M

The M-type asteroids have reddened and weakly featuredrapesflectance curves,
similar in shape to those of the E and P-asteroids, but héeslak intermediate be-
tween the E and P-classes. All the data concerning the M-al@sconsistent with
Fe-Ni metals, so that these asteroids have generally beemghih to be exposed
metallic cores of differentiated parent bodies which swffiecatastrophic disrup-
tion. For these reasons they are related to iron meteoffiesie M-asteroids show
a 3umabsorption feature, suggesting the presence of claysjwviia partial con-
trast with a metallic composition. They could have been gaed by incompletely
denuded parent bodies and/or from rubble pile asteroids.

The diversity within the M-class derives from a weaknesshef ¢lassification
system, because the objects which are classified as M-typmtdexhibit strong
features in the spectral interval used in the taxonomicsdiaation. As a result, ob-
jects with different composition can be grouped togethesrédver, the featureless
spectrum of iron metal makes quantitative estimation ofain@intent impossible.
Radar imagery offers a more definitive analysis for metatots, but it is applicable
only for large objects or in near Earth orbits.
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Taxonomic class T

T-asteroids have low albedos 0.10) with spectra that are slightly red shortward
of 0.85um They are interpreted as made by highly altered (eithemtladly or
aqueously) carbonaceous material and also as physicalirainf S and C-type
material.
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Figure 2.7: Example of T-type asteroid. Reflectance spectrum is nosealat 0.55um In
parentheses the albedo range is reported in percentage.

Britt et al. (1992) noted the similarity of the spectrum dfilite (FeS) and the
spectra of some T-asteroids. As we discussed, troilite mancon meteoritic min-
eral found in almost all iron meteorites, with abundancesineng 60%. It has been
suggested that troilite-rich regions should be presenhéninteriors of differenti-
ated asteroids. Since M and T class asteroids have simllachetric distributions,
Britt et al. (1992) suggested that T-asteroids may be ¢ofiadly evolved differen-
tiated asteroids.
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Summary of Tholen’s Taxonomy

A Extremely reddish shortward of Opin strong absorption feature longward of Qui, centred
near the 1.0pm Albedo: moderately high.

B Higher albedo variant of C class with a tendency toward Iorgélectivities at the red end of the
spectrum. Albedo: moderately low.

C UV absorption feature shortward of O.4n generally flat to slightly reddish longward of Quin
Albedo: low.

D Generally featureless spectrum; neutral to slightly reddihortward of 0.55m, very red long-
ward of 0.55um Albedo: low.

E Featureless spectrum; flat to slightly reddish over enti@t0 1.1umrange; differs from the
spectrally identical M and P classes in albedo only. Albddgh.

F Featureless spectrum; flat to slightly bluish over enti@t0.1.1umrange; differs from the C
class in the weakness of the UV absorption feature. Albeal@: |

G Very strong UV absorption feature shortward of Qu#, flat longward of 0.4un differs from the
C in the strength of the UV absorption feature. Albedo: low.

M Featureless spectrum; flat to slightly reddish over entiget0 1.1umrange; differs from the
spectrally identical E and P classes in albedo only. Albedaderate.

P Featureless spectrum; flat to slightly reddish over enti8a® 1.1lumrange; spectra are interme-
diate between C and D classes. Albedo: low.

Q Strong absorption features shortward and longward ofi@i/band centred between those of A
and V classes (1862 Apollo is the type example). Albedo: mateé high.

R Strong absorption features shortward and longward ofu®i7band centre between those of A
and V classes (349 Dembowska is the type example). Albeddenately high.

S Moderate to strong absorption feature shortward off0ry and moderate to nonexistent absorp-
tion feature longward of 0.jdm Albedo: moderate.

T Moderate absorption feature shortward of 0% and generally flat longward of 0.8am
Albedo: low.

V Strong absorption feature shortward of Quiand strong absorption feature longward of Qi
centred near 0.96m Albedo: moderately high.

| Used for inconsistent data (e.g. a low albedo but an A-typetspm).
K This letter has been reserved to represent a class of olsjettar to 221 Eos.

U Appended to the classifications of those objects that fafirfan the cluster centre,indicating an
unusual spectrum for that class.

X The class for the degenerate E, M and P classes when albedostavailable.
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2.3.2 Barucci taxonomy

A revised version of the G-mode multivariate statisticsr@ini et al. 1977) has
been used to classify the 438 asteroids for which the ECAS aladl IRAS albedo
are available.

The G-mode classification technique separates a samplebfects intal ho-
mogeneous classes containidgobjects. Each object is described Myvariables
i. Initial data are arranged inx M matrix and for each variablieghe mean value,
the varianceX;, g;) and the correlation matrix are computed. The method is iter
ative: a sample is considered to belong to a particular ¢fagsme conditions on
mean, variance and correlation matrix are verified and aquaar class is defined
by its component.

The onlya priori choice of the method is the definition of the confidence lavel i
the determination of the taxonomic classes. At a confidesas bf 99.7%, seven
taxonomic units of asteroids are separated by the methate wtih higher values
of the confidence level no separation occurs in the adopteglea Decreasing
the confidence level (i.e. accepting a higher probabilityaofirong decision in
classifying the asteroids), Barucci et al. (1987) obtainaeardetailed grouping,
which results in a successive subdivision of the first uratsd.

They therefore found that the asteroid population sepaiate nine major tax-
onomic classes (C, S, M, D, B, G, E, A, V) and that three of th{&eD, B) can
be further subdivided into subclasses. In total, 18 groupsbfects can be dis-
tinguished, showing small deviations from the trend of tigioal groups. The
method gives a quantitative estimate of the significancéefvariables used. A
comparison with the results obtained by Tholen (1984) shitnasthe nine princi-
pal units coincide with the Tholen’'s homonym classes. Theglliy interpret the
obtained results in terms of natural processes which cterisaed the history of
asteroid population.

2.3.3 Bus taxonomy

The SMASSII data provided a basis for developing a new aistéagonomy. Bus &
Binzel (2002b) and Bus & Binzel (2002a) constructed a cfecsdion system based
on the robust framework provided by existing asteroid taries. In particular,
they defined three major groupings (the S-, C-, and X-congdgthat adhere to
the classical definitions of the S-, C-, and X-type asterokigotal of 26 classes
are defined, based on the presence or absence of specificaspemtures. Defini-
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tions and boundary parameters are provided for each cllswjirsg new spectral
observations to be placed in this system. Of these 26 clak3bégar familiar single-
letter designations that follow previous conventions: ACBD, K, O,Q, R, S, T, V,
and X. A new L-class is introduced to describe objects withcs@ having a steep
UV slope shortward of 0.75m but which are relatively flat longward of 0.{bn
Asteroids with intermediate spectral characteristicseamsigned multi-letter desig-
nations: Cb, Cg, Cgh, Ch, Ld, Sa, Sk, Sl, Sq, Sr, Xc, Xe, and Miembers of
the Cgh- and Ch-classes have spectra containing ariféature that is generally
attributed to hydration.
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Figure 2.8:Bus’ mean types belonging to the S-complex. Spectra are alead at\ = 0.55um

S-complex

A Very steep to extremely steep UV slope shortward of ui#band a moderately
deep absorption feature, longward of Offi% The shape of the reflectance
maximum around 0.7@mcan either be sharply peaked or can be quite broad,
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with the shape of the peak possibly being tied to the shapeamainess of
the lumfeature. A subtle absorption feature is often present at@ua3um

K Moderately steep UV slope shortward of 041% reaching a maximum relative
reflectance of about 1.15. The spectral slope becomes flag balg negative
(blue) longward of 0.7%m, showing little or no concave-up curvature in the
1 pmabsorption band;

L Very steep UV slope shortward of 0. #n becoming approximately flat, with a
relative reflectance of about 1.2 longward of Opi§

Q Moderately steep UV slope shortward of Qui and a deep, rounded jim
absorption band that reaches a minimum reflectance levédaited.9. Re-
flectance maximum is relatively broad, with an average peditevof about
1.12;

R Very steep UV slope shortward of Opfn, and a deep absorption feature long-
ward of 0.75um The shape of the spectrum, near maximum reflectance,
is more sharply peaked than is typical for S-type spectraiarsbmewhat
skewed due to the strength of theufinabsorption band that reaches a mini-
mum at roughly 0.umwith a relative reflectance level of 0.9. An additional
small absorption feature can be seen centred neanOrb2

S Moderately steep UV slope shortward of Qui and a moderate to deep ab-
sorption band longward of 0.76m Average S-type spectrum has a peak
reflectance of about 1.2 at 0.73. The spectral slope is alatastys slightly
steeper over the wavelength interval from 0.44 to uBghan it is from 0.55
to 0.7um, and often there is a broad, but shallow absorption featentred
near 0.63um

Sa Spectrum intermediate between S and A-types. Very steeplopé shortward
of 0.7um The reflectance peak is typically broader than it is in Aetygpec-
trum;

Sk Intermediate between S and K-type spectra. Absorptiorufedongward of
0.75umshows moderate concave-up curvature, as compared to thpds;t
where the spectrum over this interval tends to be approxipéibear. Com-
pared with other S-types, the 0.@&feature can be strong;
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S| Intermediate between S and L-type spectra. Absorptionifeddngward of 0.75
is shallow to moderately deep, as compared to L-types, wtesespectral
interval is essentially flat;

Sqg Spectrum intermediate between S and Q-types. Compareditidr S-types,
these spectra can contain a relatively strong ué3eature;

Sr Intermediate between S and R-type spectra. Very steep Wédbortward of
0.7pumand a deep absorption feature longward of Quib Reflectance peak
is broader and more symmetric in shape than it is in R-typetspe
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Figure 2.9:Bus’ mean types belonging to the C-complex. Spectra are aised at\ = 0.55um

C-complex

B Linear, featureless spectrum over the interval from 0.4319@um with negative
(blue) to flat slope;

C Weak to medium UV absorption shortward of 035, generally flat to slightly
red and featureless longward of O.5&
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Cb Generally linear, featureless spectrum over the intemaahf0.44 to 0.92um,
with a flat to slightly red slope;

Cg Strong UV absorption shortward of 0.%8nand generally flat to slightly red-
dish slope longward of 0.58m Occasionally a shallow absorption feature is
seen longward of 0.8am

Cgh Similar to Cg spectrum with addition of a broad, moderatélglkow absorp-
tion band centred near Opmn

Ch Similar to C spectrum with addition of a broad, relativelyaBbow absorption
band centred near Opn
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Figure 2.10Bus’ mean types belonging to the X-complex. Spectra are alised ai\ = 0.55um

X-complex

X A generally featureless spectrum, with slight to modeyatetldish slope. A
subtle UV absorption feature, shortward of 0j5%, can be present, as well
as an occasional shallow absorption feature longward & 008
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Xc A slightly reddish spectrum, generally featureless exdéept gentle convex
curvature over the middle and red portions of the spectrum;

Xe Overall slope that is slightly to moderately red, with a esiof subtle absorption
shortward of 0.55um This feature exhibits a concave-up curvature, most
visible in the spectrum of 64 Angelina, where the band ceistlecated at
about 0.4um

Xk Moderately red slope, shortward of about O#g and generally flat longward
of 0.75umwith a peak relative reflectance of roughly 1.2, the changtdpe
occurring very gradually. Similar in spectral shape to Xat, fedder in overall
slope.

Other Classes

D Relatively featureless spectrum with very steep slopeightsbecrease in spec-
tral slope (less reddened) is often seen longward of Q5

Ld Very steep UV slope shortward of Opim becoming essentially flat, with a
relative reflectance of about 1.3 longward of O#§

O Moderately steep UV slope from 0.44 to 0.ah becoming less steep over the
interval from 0.54 to 0.7um, and reaching peak relative reflectance of 1.05.
Deep absorption feature longward of O jTi%

T Moderately steep UV slope shortward of O @& becoming flat with a relative
reflectance between 1.15 and 1.2 longward of u85The change in spectral
slope occurs very gradually;

V moderate to very steep UV slope shortward of Qri@with a sharp, extremely
deep absorption band longward of O & that usually reaches a minimum
relative reflectance level between 0.7 and 0.8. The spesivak between
0.44 and 0.59umis usually steeper than that over the interval from 0.55 to
0.7 um An additional small absorption feature, centred near bR is
occasionally seen. The largest member (4 Vesta) is anomatothat its
slope and band depth is less extreme than for other memb#rs alass;
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Figure 2.11:Bus’ mean types not belonging to any complex. Spectra armaiised at\ =
0.55um

Although at the beginning taxonomy was created with dataicgritom Main
Belt asteroids, it is natural to extend it to the NEOs popakgtwith the main pur-
pose of obtaining information on their origins. In fact, vema@easonably expect that
if the NEOs originate in the Main Belt they should belong te groups which are
common in this region (e.g. S, C, V, M), while a membershightoD or P primitive
groups would be highly suggestive of a cometary origin (deoMB too). Unfortu-
nately, not enough visible plus near infrared spectralnmfation has been gathered
about these objects, especially in the near infrared, Isectheir faintness calls for
the use of medium to large-sized telescopes, which normaadiyiot systematically
devoted to this type of research. However, these measuterasnfundamental to
address the origin of these objects and their relations egthets, Main Belt aster-
oids and meteorites. A recommendation for the necessityhpdipal and chemical
characterisation of NEOs has been issued and addresseslwimtid governments
and to the international agencies and organisations ieddlv space and astronom-
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ical research. In order to contribute to the investigatibthese objects, we started
in 2000 a visible and near infrared spectroscopic investigaof NEOs. The aims
of this work are both to improve the background knowledgestariook for a link
with NEOs, MBAs, extinct cometary nucleus and meteoritesthie next chapter
we shall present our data.

2.4 Principal Component Analysis

Principal Component Analysis (in the following: PCA) is awerful instrument,
widely used for problems related to taxonomy, and it is wwitthe to briefly de-
scribe how it works.

2.4.1 Statistical Method

PCA is a classical statistical method, based on the statistepresentation of a
random variable.
Suppose we have a random vector populakiohn variables:

K= (X1,...,%n)" (2.1)
and themeanof that population is:
Wk = E{X}. (2.2)
Thecovariance matriXsymmetric) of the same data set is:
Ck= E{(Y—Hz) (X_UX)T} (2.3)

The components;; = cji of C, represent the covariances between the random vari-
able components andx;j, while ¢ is thevarianceof the component; (the spread

of the component values around its mean value). If two coraptax; andx; are
uncorrelated, their covariance is zero:

Cj =Cji=0 (2.4)

Suppose to make many measurements of the variables. So wealsample of
vectorsxy, ..., Xm. We can calculate the sampieeanand the sampleovariance
matrix.
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From that(n x n) symmetric matrix we can transform the matrix in a diago-
nal one A) with simple linear combinations of the original variablege can thus
calculate an orthogonal basis by findingetgenvector¢e, i =0, ...,n) andeigen-
values(aj = &, i =0,...,n). This means that we computed somngcorrelated
componentg;, each one with the varianeg.

By ordering the eigenvectors in order of descending eigeleg(largest first),
one can create an ordered orthogonal basis with the firshesgéor having the
direction of the largest variance of the data. In this way @&e find directions in
which the data set has the most significant amouenefrgy(dispersion).

Instead of using all the eigenvectors of the covariance imjatre may sum-
marisethe data set in representing it in terms of only a few basisoref the
orthogonal basis. The number of eigenvectors consider@dasnpromise between
simplify the problem and preserve as much as possible ofrigéal information
content.

So, PCA is a mathematical technique which describes a mautite set of data
using derived variables. The derived variables are fortedlaising specific linear
combination of the original variables. The derived vargabare uncorrelated and
are computed in decreasing order of importance: the firsalbe (first principal
component: PC1) accounts for as much as possible of thetiearia the origi-
nal data, the second variable (PC2) accounts for the seeogést portion of the
variation in the original data, and so on (PC3P(). PCA attempts to construct
a small set of derived variables which summarise the origilaéa, reducing the
dimensionality of the original data and losing as littleamhation as possible.

2.4.2 Application to Taxonomy

Principal component analysis is a commonly used methoddectsal parametri-
sation. PCA was used by Tholen (1984) to visualise the Higion of taxonomic
classes he had assigned to the ECAS asteroids. SMASSII @ataalso analysed
by means of this technique (Bus & Binzel 2002b).

In applying this method to spectra, the different sampledlae observed aster-
oids and the variables correspond to the values of reflégtiken at given wave-
lengths (named channels). The choice of the displacemdweba two adjacent
channels is arbitrary. The PCA applied on SMASSII data (BuBid&zel 2002b)
refer to 49 channels covering the wavelength range from @ £492umat steps of
0.01pm
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Because of the noise on the asteroid spectra, the samplisgbewone on a
cubic spline of the original spectra. To ensure the norratibs, the fitted spectra
were renormalised, so each spectrum has reflectivity of 4t@055um

Since the power of principal component analysis lies inhiitg to parametrise
the gross characteristics of a data set, it is often advantagto first fit and remove
the primary features of the data (if known) and use PCA torpatase any residual
characteristics. For asteroid spectra, it has long beevgresed that the average
spectral slope is strongly correlated with the first primtipomponent.

Based on these considerations, it is now common to calcaladeemove the
average slope from each spectrum before applying PCA. Toalofor each spec-
trum, the least squares fit to the equation

R=1.0+slope (A —0.55) (2.5)

is found, whereR is the reflectivity,A is the wavelength of the channels in micron
andslopeis the slope of the fitted line, forced to unity at 0.6 To remove the
slope, each spectrum is divided by its best fit line, prodgitive residual spectrum,
whose value at 0.5amis still 1.00, with a mean value over all channels approx-
imately 1.0. The value aflopeis recorded as a spectral parameter, replacing the
first principal component (PC1) in describing the spectrum.

Finally, all the residual spectra are parametrised using,Rfetting PC2 and
PC3 as first two principal componerits

Notice that the results of the PCA strongly depend on thamalglataset. This
mean that if we have to compare different spectra we canrepreviously com-
puted principal components: we have to create a new mattix ali the samples
(asteroids) data and compute a new PCA.

A deep inspection of the method reveals that the secondrapecmponent
PCZ is most sensitive to the presence (or absence) ofpanibsorption band.
In fact, the spectra distribution on thel¢pe PC2) plane clearly shows a broad
bimodal distribution, being the most part of the asteroidstered into two regions.
One of these is called the S-complex, and the other has beidedinto two regions
for which the terms C-complex and X-complex have been intced. Of course,
the C and S-complex include the previous C and S-type adteravhile the X-
complex is representative of those objects with spectrédaino E and M-classes

3This nomenclature was made to minimise confusion, sincevdini@bles PC1, PC2, and PC3
refer to the more traditional principal components comgutethe manner described by Tholen
(1984), where no slope was removed prior to the applicatfd?@A.
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that, without any albedos information, are degenerate Kgge2.12). Notice that
PCZ and PC3have been standardised, i.e. with mean and standard deveual
to 1.
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Figure 2.12:PCA on SMASSII data in the 0.44-0.@@nspectral range. Upper paneitopevs.
PC2. Lower panel: PCBvs. PC3. In both plots positions of Bus’ mean types are reported and i
the first panel clusters defined by taxonomic complexes argnmvidence.
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The third spectral component PO8 more complex, indicating it is sensitive
to higher order variations in the spectra. Bus & Binzel (200@und that PCBis
especially useful in isolating those asteroids whose specintain either a strong
UV absorption band shortward of 0.pnor a 0.7umphyllosilicate feature.

The three major complexes are only the first product of thetBysnomy, since
many objects lie outside of the nominal ranges defined folGh¥ and S- com-
plexes. These objects are mostly clustered in two opposgmms. The first of
these region is located in the lower left-hand with respethé S- complex. Many
objects belongs to this region: Vesta and Vesta-like objptis four bodies that
have visible spectra consistent with that of L6 and LL6 oatynchondrites. For
them the V and O-class are used, respectively.

The second region lies in the upper right-hand with respethé S- complex.
Those objects defined by Tholen as T and D-type belong todlgisn. Moreover,
a new class (Ld-type) has been introduced for those bodmMadnapectra similar
to L-types (see later on) but with much steeper UV slopes, Dktypes.

Concerning the S-complex, it contains asteroids havingtspsimilar to Tholen
S-type. However, with the help of the large SMASSII data gdtas been possi-
ble to identify many subclasses. The task of dividing theo8yalex into smaller
classes was accomplished by targeting objects that appeardround the perime-
ter of the complex. Among these objects some classified as and)R-type by
Tholen have been found: for them the previous class namedesretained. For
others, placed at the upper perimeter of the S-complex,dhekhand L-type have
been introduced.

Also for the C-complex some subclasses have been introd#oedhe analysis
of the C-complex, Bus and Binzel found that the (PC3’,PCR} pan be useful.
In fact, in this plot the variation of some distinct spectiedtures produces linear
trends. The principal features are a significant UV absormptersus linear spectra
and the depth of the 0 fmfeature. Asteroids which do not show the absorption
at 0.7um and have a slight convex curvature in the middle of the spectare
still called C-types. Around these, the classes Cg, Cgh,BCénd Cb have been
introduced.

Finally, subclasses also for the X-complex have been intted. However in
this case, owing to the subtle nature of the features obdenvthese spectra, the
boundaries of X-complex do not identify well defined classSése main feature for
a subdivision is the presence of a absorption band arourtdudprobably due to
troilite: these objects are indicated by Xe. The other ottaréstic used in dividing
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the X-complex is a broad, convex curvature that extends irmnghly 0.55 to 0.8
pm Those exhibiting the curvature are grouped into Xk and Xaoesheling on their
slope. The remaining asteroids (having linear spectrapased in the X-class.

2.5 Link with meteorites

Meteorites are (by definition of their orbital intersectjarear-Earth objects prior
to their arrival, thus correlations between NEOs and méeorepresent the most
direct link for achieving an understanding of asteroid-@oeite relationships.

Investigation of asteroid compositions can identify patdrparent bodies of
specific meteorite types. While mineralogical and petradalgproperties of mete-
orites can define the original condition of the Solar Systasteroid actual orbits
can sometimes lead to the knowledge of their formation z&wethe link among
meteorites and their asteroidal or planetary parent bathesprovide the basis to
better understand the early Solar System history.

2.5.1 Stony Meteorites - Chondrites

The only records of the origin and the early evolution of then&nd planets are
the chondrites. This name derive from the ancient Gieendros meaning grain

or seed, a reference to the appearance produced by numenails ®unded in-
clusions callecchondrules Those chondrules are small droplets of olivine and py-
roxene condensed and crystallised from the hot primordiirsebula in form of
small spheres. They accreted with other material that awsebk from the solar
nebula forming a matrix.

The chemical composition of the Solar System is often reteto as theosmic
abundanceof the elements. The Solar System composition is reallyvadgmt to
the chemistry of the Sun, since it contains most of the massgrthan 99%) of
the whole System. So, since the solar abundances are knadyroarthe other
hand, chondrites composition are studied fronfX&ntury (the first publication
was made by Antoine Lavoisier), a chemical comparison camdwe.

The abundances of different elements vary over many ordersagnitude, but
the correspondence between the Sun and chondrites is vedy o kind of terres-
trial rock would show such an agreement because the chgnoistocks changes
every time they have geologic processing. By the way theg same discrepancies
involving the lightest elements (hydrogen, helium, carbaitrogen and oxygen):
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under most conditions these so-callealatiles elementgxist primarily as gases
and are more abundant in the Sun. Other elements, likeritlaind boron, are more
abundant in chondrites than in the Sun. This can be expldip¢de fact that these
elements are utilised in fusion reaction by the Sun so tfeat #olar abundance have
been reduced. This mean that chondrites actually recordrigmal chemistry of
the Sun (and of the Solar System) even better than the prdagr&un does (except
for volatiles).

However minor concentration differences are present withiondrites so that
they are classified igroups(probably formed from the same parent body) alahs
(sets of groups with common properties, inferred to haveéa in the same region
of the Solar System).

Principal clans areordinary chondritesso named because they are the most
abundant clan; thearbonaceous chondriteactually misnamed when they were
believed to have much higher carbon contents than otherdthies;enstatite chon-
dritesnamed for their high abundances of enstatite, a magnesiigatsimineral.
Each of last two clans are formed by a single grodpmurutiandKakangari chon-
dritesare named from the only meteorite fall of that type.

Different clans also have different degrees of oxidati@test Increased oxida-
tion is reflected, for example, in an increase in the relapik@portions of olivine
over pyroxene. Olivine is more abundant in carbonaceousidifiies (the most
highly oxidised clan) and in Rumuruti. Ordinary chondrite® moderately oxi-
dised and have twice as much olivine as pyroxene and lesd.métkangari is
intermediate between ordinary chondrites and enstatibadtites (least oxidised
and mostly pyroxene with abundant iron metal).

Within enstatite and ordinary chondrites clans differeagmes of oxidation
are generally specified by different lettetd: as high,L as low and, for ordinary
chondrites L as very low. Among carbonaceous chondrites groups refessrtee
geographic localities in which some falls were found.

Because rocks are poor conductors of heat, the original deragrated inside
a chondritic planetesimal could not readily escape. Irswddemperatures in the
interior causeanetamorphisnthe adjustment of the minerals in chondrites to hotter
conditions.

Different levels of metamorphisnpétrologic typey have been distinguished
with numbers from 1 to 6. The least metamorphosed chondiftasy group is type
3. From 4 to 6 the metamorphic grade increases that is refléatan increasing
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alteration of the chondrules. It is important to say thattthermal metamorphism
that creates petrologic types 4 to 6 doesn’t involve any imgeltRecrystallisation
takes place in the solid state.

Type 1 and 2 are represented only by some groups of carbomsichondrites
that experienced a processing caliglieous alterationvith the result that type 1
chondrites don’'t show any chondrules (they are virtuallgeati even though the
meteorite is of chondritic composition and certainly coméa chondrules in its
early history).

Table 2.1: Chondrite classification: grid of meteorite clans, groujpeitified by letters) and
petrologic types (identified by numbers).

Petrologic Types
1 2 3 4 5 6
Carbonaceous Cl1

CM2
CR2
Cv3
CO3
CK4
Rumuruti R3
Ordinary H3 H4 H5 H6

L3 L4 L5 L6
LL3 LL4 LL5 LL6
Kakangari K3
Enstatite EH3 EH4 EH5 EH6
EL3 EL4 EL5 EL6

Carbonaceous Chondrites have composition that most glosatich that of the
Sun, and theCl group is commonly taken as the best approximation of cosmic
element abundances.

An important chemical component of chondriteiganic matter These are
complex materials composed mostly of carbon, with hydrogspgen, nitrogen or
sulphur. Such materials occur in all chondrites, but haventstudied particularly
on carbonaceous chondrites. Itis a complex mixture ofgtitaid slightly branching
hydrocarbon chains (alkanes), rings (aromatic hydroaaspand carbocyclic and
amino acids.
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Table 2.2:Asteroid taxonomic types with possible meteorite analsgue

Class Possible Meteorite Analogues

A Olivine Achondrites
Pallasides
Olivine-metal partial melt residues

B Cll1-type assemblages
C ClI1 and CM2 Chondrites

D Tagish Lake meteorite
Organic-olivine cosmic dust particles

E Enstatite Achondrites
Iron-bearing Enstatite
Fe-bearing Aubrites

CI1 and CM2 assemblages (organic-rich)
Highly leached Cl1-type assemblages
CV3 and CO3 Chondrites

Iron meteorites
Enstatite Chondrites

S X O

Organic-olivine cosmic dust particles
Ordinary Chondrites

Olivine-pyroxene cumulates

w T O T

Ordinary Chondrites
Pallasites with accessory py.
Olivine-dominated stony-Iron

T Troilite-rich iron

\/ Howardites
Eucrites
Diogenites

S-types and Ordinary Chondrites

The spectra of S-type asteroids provide the closest linkéoordinary chondrites,
with some differences. Gaffey et al. (1993) and Gaffey e{#993) have carried
out a systematic analysis of the spectra of S-type asterdlusy found that only a
small part of this class show an evident correlation is digtwhondritic. Only one
class, S(1V), out of six provides a match with ordinary chotes. Other classes do
not show any meteorite analog, or seem to be related to adtesnd
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A number of possible hypothesis have been proposed to exjtia discrep-
ancy, but the most likely seems to be gpace weatheringSee paragraph 2.6 for
further detalils.

C-types and Carbonaceous Chondrites

C-type objects (together with G, B and F-types) have neagétureless spectra
from 0.4 to 2.6um, but most of them show a prominent absorption band ngan3
indicating the presence of hydrated minerals such as piljtiates. Some C-type
asteroids also exhibit other weak absorptions caused hyimrphyllosilicates and
possibly by organic matter. All these spectral features thiedcomposition they
suggest are similar to those of carbonaceous chondritpscedly the Cl and CM
chondrites that have suffered aqueous alteration.

2.5.2 Stony Meteorites - Achondrites

The wordachondriteis used to describe a stony meteorite without chondrules, an
this lack of chondrules is the primary characteristic usedlistinguish the two
major stony groups. Within the process of accretion ancebfiitiation of larger
asteroids and planets, this primordial chondritic mattaswnelted in magma and
recrystallised to form achondrites. The igneous origirhefse rocks imply a partial
or total melting of small inclusions such as chondrules. ddetes that are residues
of the partial melting are termgatimitive achondrites

Primitive achondrites are nearly chondritic in compositigith an age similar
to the primordial chondrites. They are the residues frontiglamelting that took
place on small parent bodies having chondritic composstidfollowing an initial
heating phase, they were quickly cooled to become geollhgioactive.

Igneous processes are the primary means by which planetary dvolve. 1g-
neous activity also means planetary and asteroid resngagid transport of mate-
rial from the interior. So igneous rocks potentially givédnmation of the compo-
sition of their internal source region and the internal gllotharacteristics.

Howardite, Eucrite, Diogenite Achondrites

The howardite-eucrite-diogenite (HED) association is nin@st abundant class of
achondrites. It represent a collection of rocks formed flmasaltic magmas. Even
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if terrestrial basalts contain minor amounts of hydratedemals HED achondrites
contain no water.

The crystallisation ages of HED meteorites are very old-#45Gyr), indicating
that the parent body had a relatively short but quick ignduosi®ry.

Eucrite. The plagioclase in eucrites is rich in calcium, poor in sodithe com-
mon pyroxene is pigeonite (an iron-magnesium silicate waty little calcium).

Diogenite. The diogenites are composed mostly of magnesium-richiucakpoor
orthopyroxene and only small amounts of olivine or plagksel

Howardite. Most eucrites and some diogenites are actually brecciastélof
rock cemented by pulverised mineral grains). Large impattsa parent body, able
to excavate inner material, can mix eucrite and diogenégrfrents. Achondrites
breccias containing both eucrite and diogenite clastsatecchowardites.

Aubrites

The aubrites are achondrites composed primarily of neadyg-ifree magnesium
pyroxene (enstatite), in contrast to the pyroxene comjowsih other igneous me-
teorites. They also contain small but variable amount af-inacckel metal, olivine
and troilite all formed in extremely reducing conditionsoM of them are breccias
with clasts commonly composed of enormous enstatite dgysta

Other Achondrites

There are other achondrites. Here we just list some of thethpwt going in detail
about their composition and aspect.

Shergottite-Nakhlite-Chassignite (SNC) meteorites. All these meteorites de-
fine a common oxygen isotope fractional line and they alsoesbiner geochemical
characteristics that indicate they could come from the saanent body.

Detailed modelling of their structure indicates that SN@Iddhave been pro-
duced by several generation of melting and crystallisadimhthat their parent body
must have been large and geologically complex. This alsomgat they are rel-
atively young (compare with HED): various radiogenic igmsystems define age
varying between 1.3 and 0.2 Gyr.
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Achondrites of the SNC group are believed to have their ormi the planet
Mars. These meteorites represent highly evolved rocks asdmble terrestrial
rocks more than any of the other achondrites.

Lunar Meteorites. The cratered face of the Moon indicates that it has been re-
peatedly target of massive impacts. Lunar rocks can beegjdny such collision
and a tiny fraction of that can reach the Earth.

An example is ALH81005, the first lunar meteorites found 82 %1ear Allan
Hills, Antarctica. To confirm its origin, this meteorite lFabeen compared with
lunar rocks collected by Apollo missions (i.e. the mangearniesiron ratios of in
ALH81005 resemble those in lunar rocks and are significagifferent from ter-
restrial basalts and other achondrites).

The meteorite presents some white clasts of igneous roakt(esites, com-
posed almost wholly of calcium-rich plagioclase with onlynor of olivine and
pyroxene) and some dark clasts of basalt.

Other lunar meteorites have been found since 1982. Mosteof thre breccias
composed of materials rich in anorthosite.

Acapulcoites and Lodranites. They form a coherent group with continuously
varying characteristics. They are primitive achondritegh achondritic textures
but with nearly chondritic compositions. They are largebmposed of olivine,
pyroxene, with minor plagioclase, iron-nickel metal arallire.

Ureilites This is the second largest group of achondrites. They comsigipally
of the minerals olivine and pyroxene in a matrix of graphiteiamond, iron-nickel
metal and troilite. They seem to be formed in the deep intesfatheir parent
bodies and they are probably unmelted residues left betiiadapartial melt was
extracted.

The presence of diamonds indicate that they have expederazéble but typ-
ically intense shock metamorphism. This shock can alsaidiighe isotopic clocks
in ureilites: the olivine and pyroxene assemblage app@anate formed 4.5 Gyr
ago, but some radiogenic isotopes were redistributed a0
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2.5.3 Iron and Stony-Iron Meteorites
I[ron Meteorites

Prior to the modern meteorite hunting in deserts and théiotio recovery in the ice
fields of Antarctica, most meteorite finds were irons. Duehrtmetallic compo-
sition and their extraordinary weight they are easily reusgd as foreign intruders.
Moreover, most iron meteorites are quite resistant to semied weathering, permit-
ting them to be preserved much longer than any other type ¢éonige. Finally,
irons are usually much larger than stony or stony-iron miées Irons rarely are
fragmented upon entering the atmosphere and suffer mustirtas the effects of
ablation during their passage through the atmosphere.

All iron meteorites taken together represent approxinyad&.3% of the entire
mass of all meteorites known. Despite these facts, iron onéts are rare since
they represent just 5.7% of all withessed falls.

Iron meteorites are composed largely of nickel-iron megalgd most contain
only minor accessory minerals. These accessory minertads accur in rounded
nodules that consist of the iron-sulfide troilite or graphivften surrounded by the
iron-phosphide schreibersite and the iron-carbide cdbeni

Stony-lron Meteorites

This category comprises several chemically and geneficallelated classes of
meteorites that are composed of approximately equal parnkel-iron metal and

different types of stony components. Several groups of dhites and achondrites
would fit into this definition and several silicated irons bbe regarded as true
stony-irons too. However, modern meteoritics assignstjustgroups to this het-
erogeneous class, the pallasites and the mesosiderites.

Stony-iron meteorites are less abundant than their stodyiran cousins are.
Taken together, all pallasites and mesosiderites compris¢gal known weight of
about 10 tons, representing approximately 1.8% of theentass of all meteorites
known. This low abundance is also reflected by their faileratvthen compared to
the other major types of meteorites, stony-irons are exaeally rare, representing
just 1.5% of all witnessed falls.
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2.6 Space weathering

It is now widely accepted that space environment alters fteca properties of
airless bodies’ surfaces. A number of physical processee haen proposed to
be relevant in this context (e.g. micrometeoroid impaagrswind bombardment,
etc.). The result of all these effects on airless bodies tswmnasspace weathering

Space weathering effects were initially studied on lunalssandeed it was
found that lunar soils returned from Apollo missions hadagtproperties that dif-
fered significantly from those of pristine lunar rocks (Cb&eNash 1970). The
presence of metallic iron particle coatings on lunar soisswsuggested by Cas-
sidy & Hapke (1975); these coatings should be produced bgsigpn of atoms
sputtered by solar wind particles and deposition of gasepesies produced by
micro-meteoritic impacts. More recently, Pieters et al0Q@) analysed the prod-
ucts of space weathering of lunar soils, and demonstrasgchimophase reduced
iron is produced on the surface of grains by a combinatiorapbur deposition and
irradiation effects.

Since '80s space weathering effects were suggested to beriralso on other
bodies, like asteroids (as well as on planets, like Mercueyy. see the detailed
review by Chapman (2004). This idea was due to a mismatchdegtwaboratory
spectra of freshly cut ordinary chondrites (OCs) and rensetesing spectra of S-
type asteroids, which were thought to represent their pidredies.

Recently, thanks to an increasing number of high qualitgragd spectra, along
with dedicated laboratory experiments, new insights ardse importance of labo-
ratory experiments to simulate space weathering processasteroid-like materi-
als is widely established. Experiments have been perfosmadlating solar wind
and cosmic ion irradiation by keV-MeV ion irradiation, ansisaming that micro-
meteorite bombardment can be simulated by laser ablation.

The first experiments simulating space weathering of OC®werformed by
Moroz et al. (1996); they used micro-pulsed laser irradiaand the effect was to
redden and darken reflectance spectra, and produced algbad 8fe peak position
of the 1pumabsorption band. Other laser ablation experiments werfepeed by
Yamada et al. (1999) and Sasaki et al. (2001): they assuna¢dnibrometeoroid
impacts could be simulated by using a nanosecond pulsed AGi{gser (1064
nm) on pellets of pressed silicate powder. Such experimgmnigved progressive
(with increasing shots number) darkening and reddeningetV-Vis-NIR silicate
spectra. They attributed the observed spectral weathésifigrmation of coating
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enriched in vapour-deposited nanophase iron (Sasaki 20@l).
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Figure 2.13Different ways in which space weathering affects the visdnd near-infrared spectra
of soil. Space weathering processes alters the propettideoil that covers the surface of all
bodies which are not protected by an atmosphere.

On the other hand, ion irradiation using Hind He" ions (Dukes et al. 1999;
Hapke 2001), and high energy (MeV) proton implantation (#dan et al. 1999)
produced only small changes in the spectra. A differentltegas obtained by
Strazzulla et al. (2005), who performed ion irradiation adioary chondrite Epinal
(H5) with Art* 60 keV, that produced strong darkening and reddening of the V
NIR spectra. A plausible explanation of this discrepancthat irradiation effects
are much more efficient with high mass ions than low mass.

Consequently, Brunetto & Strazzulla (2005) have performoedrradiation ex-
periments of bulk silicates, using different ions(HHe", Ar™, Artt) with dif-
ferent energies (60-400 keV). They found an increasing eflthamband spectral
slope, which turned out to be strongly related with the nundfedisplacements
caused by colliding ions inside the sample, i.e. the elasticsions with the target
nuclei.

One point to be underlined is that solar wind irradiation ocasiden reflectance
spectra by two processes: creation of displacements (Bau&eStrazzulla 2005)
and sputtering of iron from silicates and the depositionariagphase neutral Fe on
adjacent grains (Hapke 2001). These two processes take giaery different ion
fluences: creation of displacements acts as main procefisdace lower than 10
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ions/cnt, while sputtering of iron is relevant for fluence higher tHan® ions/cn?.



Chapter 3

Visible and Near Infrared
spectroscopy of NEOs

3.1 Introduction

As already discussed in paragraph 1.3, NEOs have a shantdafter which they
can collide with inner planets or with the Sun or they can ypkeed in hyperbolic
orbits and thus escape from the Solar System. So, sinceribaiber is almost
constant, it is now accepted that they have to be replenigbed other sources,
mainly from comets and the Main Belt. Moreover, given theécinity to the Earth,
they are believed to be a source for most meteorites whicveawn Earth.

So their study is essential to obtain information on the othimor bodies and
the Solar System origin and evolution.

Spectroscopy gives the possibility to study the asteroithsa composition and
mineralogy and so the taxonomic classification and the limiorag different dy-
namic groups of Solar System minor bodies. This can giveshimparticular on
NEOs origin and on the formation, dynamic and evolution efwhole Solar Sys-
tem.

3.2 SINEO: Spectroscopic Investigation of Near Earth
Objects

In this contest, in 2000, we started a spectroscopic inyastin of Near Earth Ob-
jects SINEQ. Here we present the results obtained until now from oug ltarm
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survey in the visible and Near Infrared Region (NIR).

Up to now we have obtained a data set of 113 spectra of whiclmnli®é visible
range (0.40-0.95im) and 70 in the near infrared region (most of them in the whole
0.40-2.5umrange). In the following we will present the results of a tagmic
classification of the objects, their linkage with meteariémd the influence of space
weathering.

3.2.1 Observations and data reduction

The observations, both in the visible and in the near inftagectral range, have
been performed with the ESO-NTT in Chile (4 runs) and the S&pio Nazionale
Galileo (TNG) at the Canary Islands (4 runs).

Telescopio Nazionale Galileo

47 spectra have been recorded with the TNG in the course ofrtms performed
in December 2002, July 2003, May 2004 and June 2005 for aabtE? nights, 6
in the visible and 6 in the NIR.

In the visible we used theow Resolution Spectrograph (LR®jth the LR-R
Grism which provides a resolving power of about 300, in tH#60.95umrange.
We used a slit aperture of’5n order to minimise effects due to atmosphere dif-
ferential refraction. For the same reason the slit was tegkalong the parallactic
angle, for both asteroids and solar analogues.

In the near-infrared (NIR) we usa@diCS (Near Infrared Camera Spectrometer)
equipped with the AMICI prism, which provides a resolvingnas of about 50
almost constant through out the range 0.842% In the NIR we used a’2slit
width. As the influence of the differential refraction is$a®levant in the NIR, we
oriented the slit along the direction of the motion of evesyeaoid and along the
parallactic angle for solar analogues.

For both visible and NIR, to minimise the possibility of Ingiobjects, we de-
cided to check the position of each moving target on the gétye15-20 minutes,
depending on the velocity of the asteroid. Longer exposuresded on fainter ob-
jects, have been split in shorter ones, repeated as many éseeeded to reach the
required S/N ratio.
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ESO - New Technology Telescope

70 spectra have been recorded with the ESO-NTT during fows iuOctober 2000,
November 2001, May 2003 and December 2004, for a total of ¢btsj 6 in the
visible and 10 in the NIR.

For the visible observations the NTT was equipped ViEiMIMI (ESO Multi—
Mode Instrumentin low resolution spectroscopy mode. The disperser elenvast
the Grism #1 which gives a dispersion of 0.59 nm/pix, and {heca obtained
are in the range 0.38-1jm with a resolution of 270 (for a slit of”). As for
TNG+LRS we used a slit aperture of 5We oriented the slit along the parallactic
angle for all objects, for both asteroids and solar analsgue

In the NIR we used NTT equipped wiOFI (Son OF Isaaap the low resolu-
tion mode with two different dispersers: the Grism Blue tinahe range 0.95-1.64
umgives a resolution of 1000 with a slit of@'; the Grism Red for the range 1.53—
2.52 um with the same resolution. As for TNG+NICS we used’sskt width for
all objects. We oriented the slit along the direction of thetion for every asteroid
observed and along the parallactic angle for solar anakgue

Data Reduction

For the data reduction we used the software ESO-MIDAS, apglthe general
procedures that can be described in the following stepgractinn of the electronic
background signal for each row frame, correction for the morformity of the
images, cosmic rays removal and sky subtraction.

At this point the two dimensional spectra were collapsedie-aimension and
then calibrated in wavelength. The latter procedure wa®dming spectra of cal-
ibration lamps, namelye, Th, Ne, Adamps. The resulting uncertainty in the
wavelength position is less than4

Particular care has been paid to the correction for atmogpétinction. To do
that several Landolt G stars (Landolt 1973) and Hyades 64 wbserved during
the nights at different airmasses. As proof of the accurd@uo method we com-
puted the ratio between the solar analogues’ spectra,roigea low noise, almost
constant curve with a maximum deviation of 5% arouhdTlhe ratio between stars
shows a P—Cygni profile around 0.7#n due to the atmospheri®,, but this ar-

1They were also observed in previous runs together with ther smalogue star P330E (Colina
& Bohlin 1997) and they present similar spectra in the irdthregion, so we used them as solar
analogues for both visible and NIR.
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tificial feature is restricted to a narrow wavelength insrand does not affect the
behaviour at other wavelengths.

Finally, we obtained the reflectivity by dividing the asterepectrum by the so-
lar analogue’s. The uncertainty on the reflectivity introdd by the division of the
asteroid’s spectra by analogues’ spectra is estimateddbthe order of 5% at most.

In the NIR image owing to the high luminosity and variabilitiithe sky, special
precautions were used. During the acquisition the teleseogs moved by few
arcmin in order to obtain a sequence of spectra locatedfatelift positions on the
array. LetA andB be the images corresponding to the two different positidike
telescope. To reduce rapid sky variations, every image sitipn A is the result of
the average of many consecutive subframes made autorhabigahe instrument.
The telescope then moves to posit®and repeats the same procedure, completing
a cycle. Then a new cycla — B starts and so on, until the total exposure time
is reached. At the end of the acquisition a sequence of imagd, A2, B;... is
produced. The frequency of switching between the posiki@mdB was typically
of few minutes.

The reduction has been performed by using the MIDAS packagsically, the
reduction consists of a complex sequence of addition, aatddn and alignment of
all the framesA;, Bj. The resulting spectrum corresponds to that with the regluir
total exposure time, and at this stage the presence of th@reltyding the random
fluctuations) is almost completely removed. This is becahsesky and the ran-
dom fluctuations cancel each other when enough images aesladthe resulting
uncertainty due to the sky is estimated to be of the order @/4.—At this point,
the collapse of the spectra and the wavelength calibratioocged as in the visible,
resulting in an uncertainty in the wavelength position ks 4A. Onthe contrary,
the atmospheric extinction in the NIR cannot be done as ini#ible, owing to the
rapid changes of the atmospheric absorption. The strategfollowed to reduce
the effect of the atmosphere was to observe solar analoguekse as possible
(in term of airmass) to the asteroids. Finally, the spectrthe asteroids were di-
vided by the solar analogue ones to get the reflectivity. Bygarison of the solar
analogues taken for each night, we estimated an uncertairibe order of 6-8%
introduced by this division. More precisely:

- The bias subtraction is performed By = A; — B;, for each pair of the se-
guence. As a consequence, also the sky is at the same tinmactatit How-
ever, due to the rapid variation of the sky, its subtractgalways not perfect
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at this stage;

- The imagedD; contain two spectra (one positive and one negative, corre-
sponding to théy; andB; respectively), so the next step is to algebraically add
them all. In practice, this is done by subtracting to the ig&D; a shifted
Di, that we callD; sh. The shift has to be done in such a way to exactly su-
perimpose the positive spectra of tBe with the negative one of thB; s
S = Dj — Djsh At this point the mean level of the sky around the spectra
is almost zero, except for the random fluctuations. The tiegulincertainty
due to the sky is estimated to be of the order of 1-2%;

- All the spectra in the image8 have been adde® = %; S, after their align-
ment. The resulting spectrum corresponds to one with tlaésposure time
required and at this stage the presence of the sky (also tama fluctua-
tions) is almost completely removed. This is because theéaarfluctuations
cancel each other when enough images are added;

- Collapsing the two dimensional spectra to one—dimenglosame as in the
visible;

- The wavelength calibration proceeds as in the visiblajltes in an uncer-
tainty in the wavelength position less thah.40n the contrary, the atmo-
spheric extinction in the NIR cannot be done, owing to thedrapanging of
the atmospheric absorption. The strategy we followed tacedhe effect of
the atmosphere was to observe solar analogues as near ddep@sterm of
airmass) to the asteroids;

- Division of the asteroid spectrum by the solar analogue tonget the re-
flectivity. By comparison of the solar analogues taken fazhemight, we
estimated an uncertainty of the order of 6—8% introducedis/division.

All the spectra have been smoothed with a median filter calimg the average
over a 3 pixels window around each pixel, and replacing thgiral value by the
average value only if the average differs more than 1/10theforiginal intensity.
The resulting small reduction in resolution does not afteatinterpretation of the
asteroids’ spectral behaviour. The visible, NIR blue an& K¢d spectra have not
been acquired simultaneously (intervals of about one dayve implicitly assume
that the surface of the objects is homogeneous.
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Table 3.1: SINEO objects observed.

num name Spec. range Telescope
(719) Albert 0.41-2.45 NTT
(1916) Boreas 0.41-0.97 NTT
(2063) Bacchus 0.41-0.94 NTT
(3102) Krok 0.41-2.45 NTT
(3103) Eger 0.41-0.98 NTT
(3122) Florence 0.41-0.94 NTT
(3362) Khufu 0.41-0.98 NTT
(3553) Mera 0.76-2.49 TNG
(3753) Cruithne 0.41-2.53 NTT
(4587) Rees 0.50-2.47 TNG
(4660) Nereus 0.41-1.65 NTT
(5143) Heracles 0.41-0.94 NTT
(5645) 1990SP 0.43-0.93 NTT
(5751) Zao 0.41-1.61 NTT
(6489) Golevka 0.41-252 NTT
(6491) 19910A 0.41-0.94 NTT
(7336) Saunders 0.51-1.03 TNG
(7341) 1991VK 0.41-250 NTT
(8013) Gordonmoore 0.50-2.45 TNG
(8567) 1996HW1 0.51-2.49 TNG
(11054) 1991FA 0.41-2.49 NTT
(25330) 1999KV4 0.41-1.34 NTT
(26379) 1999HZ1 0.41-0.93 NTT
(31210) 1998BX7 0.41-0.97 NTT
(33342) 1998WT24 0.41-2.36 NTT
(35107) 1991VH 0.51-2.49 TNG
(35396) 1997XF11 0.51-2.49 TNG
(48603) 1995BC2 0.51-2.49 TNG
(52340) 1992SY 0.51-2.49 TNG
(54071) 2000GQ146 0.41-2.49 NTT+TNG
(54789) 2001MZ7 0.76-2.49 TNG
(65674) 1988SM 0.41-1.65 NTT
(65996) 1998MX5 0.51-2.47 TNG
(66251) 1999GJ2 0.50-2.49 TNG
(68346) 2001KZ66 0.50-2.45 TNG
(68372) 2001PM9 0.51-2.43 TNG

continued on next page
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Table 3.1 — continued from previous page

num name Spec. range Telescope
(68548) 2001XR31 0.40-1.65 NTT
(85989) 1999JD6 0.52-2.47 TNG
(86667) 2000FO10 0.76-2.49 TNG
(87024) 2000JS66 0.52-2.49 TNG
(87684) 2000SY2 0.41-150 NTT
(88710) 2001SL9 0.41-2.48 NTT+TNG
(98943) 2001CC21 0.51-2.49 TNG
(99935) 2002Av4 0.41-2.52 NTT
1991BN 0.76-2.49 TNG
1993FS 0.41-0.93 NTT
1997UH9 0.41-0.97 NTT
1998KG3 0.41-0.93 NTT
2000EZ148 0.41-2.48 NTT
2000QN130 0.41-2.42 NTT
2000RL77 0.41-0.98 NTT
2000RS11 0.41-0.95 NTT
2000SA10 0.41-2.39 NTT
2001CL42 0.41-1.65 NTT
2001Fz6 0.41-1.65 NTT
2001LF 0.41-1.65 NTT
2001RB18 0.41-2.53 NTT
2002AL14 0.51-2.47 TNG
2002DB4 0.76-2.49 TNG
2002NX18 0.51-2.49 TNG
2002QE15 0.51-2.49 TNG
2002TB9 0.50-0.99 TNG
2002TD60 0.51-2.49 TNG
2002TP69 0.51-2.49 TNG
2002TS67 0.51-2.49 TNG
2002TX68 0.51-0.92 TNG
2002UN 0.51-2.49 TNG
2002VP69 0.41-2.49 NTT+TNG
2002VvX17 0.76-2.49 TNG
2002XK4 0.76-2.49 TNG
2002YB12 0.51-2.48 TNG
2003AJ73 0.41-0.94 NTT
2003BT47 0.41-0.94 NTT
2003DP13 0.41-0.94 NTT
2003EG 0.41-1.65 NTT

continued on next page
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Table 3.1 — continued from previous page

num name Spec. range Telescope
2003FH1 0.41-0.94 NTT
2003FS2 0.51-1.03 TNG
2003FT3 0.41-2.49 NTT
2003FU3 0.41-0.94 NTT
2003GA 0.41-1.65 NTT
2003GJ21 0.41-0.94 NTT

2003KR18 0.50-2.46 TNG
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Figure 3.1: SINEO spectra (continued).
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Figure 3.1: SINEO spectra (continued).
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Figure 3.1: SINEO spectra (continued).
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Figure 3.1: SINEO spectra (continued).
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Figure 3.1: SINEO spectra (continued).
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Figure 3.1: SINEO spectra (continued).
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Figure 3.1: SINEO spectra (continued).

3.3 Other Surveys

3.3.1 SMASS on Near Earth Objects (SMASS NEO)

SMASS NEO consist in an internally consistent data set ablsnd near-infrared
spectroscopic measurements of about 310 Near Earth Olglestsved from 1994
through 2002 as a complement to the Small Main-Belt AsteSpedctroscopic Sur-
vey (SMASS, http://smass.mit.edu/). The spectra are andlin several published
SMASS results (see for example Xu et al. (1995), Bus (1999 B Binzel
(2002Db), Binzel et al. (2001), Binzel et al. (2004), Binzeak (2004)).

For SMASS observations prior to 1997, visible wavelengtlasueements were
made almost exclusively with the Mark Il long-slit speg@raph coupled to the
Michigan- Dartmouth-MIT Observatory (MDM) 2.4-m teles@focated on the
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southwest ridge of Kitt Peak, Arizona.

In 1998 the SMASS visible wavelength measurements begae todale using
the Double Spectrograph on the Palomar Observatory 5-mtelgscope. SMASS
NEO visible wavelength measurements were also begun useW&CSP spectro-
graph on the Kitt Peak National Observatory 4-m Mayall tetge in 1999 (Binzel
et al. 2001). While spectra obtained at MDM, Palomar, and Réak generally
ranged only out to 0.9Am a program to extend measurements out toyhrérvas
begun at the NASA Infrared Telescope Facility (IRTF) in 19SMASSIR).

Some results are from a one night visible spectroscopy rutnernkeck Il 10-
m. LRIS (low resolution imaging spectrometer) was utilise@btain spectra over
the wavelength range of 0.5- to 1n Finally, some results are from the newly
operational Magellan | 6.5-m telescope at Las Campanase,Ghith a Boller and
Chivens spectrograph, able to cover the wavelength ran@eseto 0.9pum

The MIT-UH-IRTF Joint Campaign for NEO Reconnaissance

Recent Observation (from September 2004) were obtainettiet“The MIT-
UH-IRTF Joint Campaign for NEO Reconnaissand®ichard P. Binzel (MIT),
Andrew S. Rivkin (APL), Alan Tokunaga and Schelte J. Bus (ldwdii)).

The IRTF (Infrared Telescope Facilitygpn Mauna Kea, Hawaii, is operated by
the University of Hawaii in cooperation with the NASA, Officé Space Science,
Planetary Astronomy Program: the MIT, the University of Haiwand the NASA
IRTF are being combined in a joint campaign to perform roaitgpectroscopic
reconnaissance of near-Earth objects (NEOs). All spextys observations ob-
tained in this joint campaign are being made publicly akddan near-real time via
the website http://smass.mit.edu/minus.html.

The spectra present a 0.8-ZuBrwavelength range measured using the instru-
ment "SpeX” on the NASA IRTF. When available, visible wavei¢h spectral data
are also included from the MIT SMASS observing program. 8pegresented in
the website are considered to be in the public domain and radyekly used for
any purpose.
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Chapter 4
Data Analysis

All the spectra acquired and analysed with MIDAS are thetect#d in a data set
and utilised for further analysis: the taxonomic classtfaa thePrincipal Com-
ponent Analysisthe comparison with meteorite spectra, the study of slojss-
bution and of the possible effects of the space weatherirgstaroids.

In the following all these topics, and other works still irogress, will be de-
scribed in detail.

4.1 Taxonomic Classification

The taxonomic classification of the observed NEOs has aafigriieen obtained
by performing a best fitting between our data and the meartrspaiceach spectral
class proposed by Bus (1999) on SMASSII data.

Bus taxonomic definitions are restricted to visible dataysapplied this anal-
ysis only to SINEO spectra for which visible measurementgsevavailable. We
looked for a best fitting between each of our spectra (theaaansidered was
0.52-0.92um) and each of the Bus’ mean types restricted to the same rahige.
overplotted the first four solutions to the NEO spectrum teakhthe best solution
by eye, avoiding errors due for example to the high noise ersgectrum.

In tab 4.1 we summarise the classification done till now oiSENEO spectra.

NEOs spectra for which only the NIR was available were exetuilom the pre-
vious analysis. However, the “taxonomic” information cained in a NIR spectra
are so important that we attempted a rough classificationidiyaVinspection. As
reported in table 4.1 we divided them only in terms of compk(S-, C-, X-) as a
more detailed classification cannot be done.
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Table 4.1: NEOs observed with TNG and NTT. For each astetwd t

orbit type, inferred taxonomy, absolute magnitude, spéctinge and

meteorite analog, where available, are reported.

a: AM = Amor, AP = Apollo and AT = Aten.

b:v=visible; n=NIR with NICS@TNG; b,r=blue and red part, pes-

tively, of the NIR with SOFI@NTT;

€. OC = ordinary chondrites; EC = enstatite chondrites; CC rboaa-

ceous chondrites; SW = possibly space weathered objectap-analog

found (see text for further details). Within brackets "( ietre is a pro-

posed analog where the observed NIR spectral range is nqgiletem
NEO Orbit? Tax H Spectralrange® Meteorite Analog®
(719) Albert AM S 15.8 v+b+r SwW
(1916) Boreas AM S 1493 % -
(2063) Bacchus AP Sq 171 v -
(3102) Krok AM S 15.6 v+b+r SwW
(3103) Eger AP E 15.38 % -
(3122) Florence AM Sa 14.2 \ -
(3362) Khufu AT Xe 183 % -
(3553) Mera AM S-  16.49 n ocC
(3753) Cruithne AT S 151 v+b+r SW
(4587) Rees AM Sr  14.98 v+n SW
(4660) Nereus AP E 18.2 v+b AC
(5143) Heracles AP Sk 14.0 % -
(5645) 1990 SP AP Xe 17.0 % -
(5751) Zao AM K 14.8 v+b+r CcC
(6489) Golevka AP Sq 19.2 v+b+r SW
(6491) 19910A AM  Xc 185 v -
(7336) Saunders AM Sr 18.77 \ -
(7341) 1991 VK AP Sr  16.7 v+b+r ocC
(8013) Gordonmoorg AM Sr  16.63 v+n oC
(8567) 1996HW1 AM 15.3 v+n
(11054) 1991 FA AM  Sa 172 v+b+r Sw
(25330) 1999 KV4 AP C 16.8 v+b -
(26379) 1999 HZ1 AP Xc 184 v -
(31210) 1998 BX7 AM Sq 16.2 % -
(33342) 1998 WT24 | AT Xe 17.9 v+b+r cc
(35107) 1991 VH AP S 16.57 v+n SW
(35396) 1997 XF11 AP K 16.76 v+n SW
(48603) 1995 BC2 AM Xe 17.42 v+n -
(52340) 1992 SY AM Q 17.65 v+n ocC

continued on next page
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Table 4.1 — continued from previous page

NEO Orbit? Tax H Spectral range® Meteorite Analog®
(54071) 2000 GQ146 AM S 17.28 v+n SW
(54789) 2001 MZ7 AM X-  14.67 n EC
(65674) 1988 SM AM Xk 18.3 v+b (CC)
(65996) 1998 MX5 AM Xk 18.22 v+n -
(66251) 1999 GJ2 AM  Sa 16.82 v+n SW
(68346) 2001 KZ66 AP S 16.48 v+n SW
(68372) 2001 PM9 AP B 18.71 v+n CcC
(68548) 2001 XR31 | AP R 17.0 v+b -
(85989) 1999 JD6 AT Cg 16.99 v+n ccC
(86667) 2000 FO10 AT S 17.30 \ -
(87024) 2000 JS66 AP Xc 18.64 v+n cC
(87684) 2000 SY2 AT Q 164 vV+b (0C)
(88710) 2001 SL9 AP Q 1743 v+n ocC
(98943) 2001 CC21 | AP Sk 18.39 v+n SW
(99935) 2002 AV4 AP Xc 15.72 v+b+r CC
1991 BN AP S-  18.99 n AC
1993 FS AM X 19.06 v -
1997 UH9 AT S 19.69 v —
1998 KG3 AM Sqg 22.30 Y -
2000 EZ148 AP Sq 14.88 v+b+r oC
2000 QN130 AM Cc 17.78 v+b+r ccC
2000 RL77 AM Sq 16.74 v -
2000 RS11 AP Sa 18.86 \Y —
2000 SA10 AM K 18.07 v+b+r oC
2001 CL42 AP X 17.10 v+b (iron)
2001 FZ6 AM VvV 18.22 v+b (AC)
2001 LF AM B 17.74 v+b (CC)
2001 RB18 AM C 18.41 v+b+r

2002 AL14 AT Sl 17.67 v+n SW
2002 DB4 AT S- 1641 n oC
2002 NX18 AM C 17.24 v+n CcC
2002 QE15 AM A 16.19 v+n SW
2002 TB9 AP Sk 16.22 \ -
2002 TD60 AM S 19.24 v+n SW
2002 TP69 AM Sk 21.63 v+n SW
2002 TS67 AM Xe 18.71 v+n -
2002 TX68 AM X 1791 v+n -
2002 UN AM B 17.12 v+n CC
2002 VP69 AP Sq 17.79 v+n

continued on next page
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Table 4.1 — continued from previous page

NEO Orbit? Tax H Spectralrange® Meteorite Analog®
2002 VX17 AM S-  21.76 n oC
2002 XK4 AP S-  15.53 n oC
2002 YB12 AP Sq 18.34 v+n SW
2003 AJ73 AM S 18.49 \Y -
2003 BT47 AM S 17.55 \Y —
2003 DP13 AM S 17.20 v -
2003 EG AP V  16.38 v+b (AC)
2003 FH1 AP Sk 18.03 v —
2003 FS2 AM Cg 18.78 % -
2003 FT3 AM vV 18.44 v+b+r oC
2003 FU3 AT vV  20.90 v —
2003 GA AM Sr 21.07 v+b -
2003 GJ21 AM vV 2284 Y -
2003 KR18 AM S 17.76 v+n SW

4.1.1 Principal Component Analysis

Afterwards, to have another confirmation of the taxonomassification, we ap-
plied the Principal Component AnalysBCA) 