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Abstract: The fundamental goal of the planetary sciences is to uratetshe formation and
evolution of the Solar System. For achieving this goal, tter@ids are of a special interest to
the astronomical community as a possible window back to dugnming of the planetary for-
mation. Being the only remnants of the early stages of playéiatory they recorded the com-
plex chemical and physical evolution that occurred in thiarseebula. Thus, the knowledge
of both dynamical and physical properties of the currer¢ragd population brings valuable
information for understanding the Solar System and moreigédly other planetary systems.

In this thesis | present the project Modeling for AsteroidsrOnym M4AST). M4AST is
an on-line service that | developed for modeling surfacesstdroids using several theoretical
approaches. M4AST consists into a database containing thane2,500 spectra of asteroids
together with a library of routines which can model and esttseveral mineralogical param-
eters. The database M4AST could be accessed via its own welhmagface as well as via
the Virtual Observatory (VO-Paris) protocols. This seevis available to the web address
http://cardamine.imcce.fr/m4ast. It allows several iroeg for modeling spectra: taxonomic
classification, space weathering effects modeling, corsparto laboratory spectra of mete-
orites and minerals, band centers and band area computing.

| have participated to more than 10 observational campémnsebserving both physical
and orbital parameters of asteroids. The objective of splenins was to characterize the
mineralogical properties of these bodies based on thegataihce spectra. Astrometry was
mainly devoted to the confirmation and secures orbits of neaogered asteroid.

During the thesis | observed and characterized near-gdrapectra of eight Near Earth
Asteroids namely 1917, 8567, 16960, 164400, 188452, 201a4TB620, and 2001 SG286.
These observations were obtained using the NASA telesédpe équipped with the spectro-
imager SpeX, and the CODAM-Paris observatory facilities. Basethese spectra mineralog-
ical solutions were proposed for each asteroid. The taxanolassification of five of these
objects was reviewed and a corresponding type was assigried bther three asteroids that
were not classified before. Four of the observed objects talia - V lower than 7 km/sec,
which make them suitable targets in terms of propulsion ffutare spacecraft mission. The
asteroid (5620) Jasonwheeler exhibits spectral behasumitar to the carbonaceous chondrite
meteorites.

| observed and modeled six Main Belt Asteroids. (9147) Kouesik (854) Frostia, (10484)
Hechtand (31569) 1999 FL18 show the characteristics opé-ybjects, while (1333) Cevenola,
(3623) Chaplin belong to S-complex. Some of them have somdipeproperties: (854) Fros-
tia is a binary asteroid, (10484) Hecht and (31569) 1999 Fha& pairs, (1333) Cevenola,
(3623) Chaplin show large amplitude lightcurves. The taxoiccclassification, the compar-
isons to the meteorite spectra from the Relab database andribealogical analysis converged
to the same solutions for each of these objects, allowingntbifnportant details for the chem-
ical compositions and resemblances to the Howardite-EsBriogenite class of meteorites.






Résumé:L objectif fondamental des sciences planétaires est lgoeéhension de la forma-
tion et de I'évolution du Systeme Solaire. Pour atteindteobgectif les astéroides présentent
un intérét tout particulier pour la communauté scientifigie. effet, nous pouvons regarder
la population astéroidale comme une fenétre vers le papaééaquelle nous regardons les
débuts de la formation du systéme planétaire. lls sont hesités des premiers moments de
la formation des planétes gardant dans leur structure Igplexité chimique de la nébuleuse
primordiale. Pour cette raison, les études physiques eirdijues de ces corps nous appor-
tent des informations essentielles sur I'histoire et li@tion de notre Systéme Solaire et plus
généralement sur la formation des systémes planétaires.

Pendant ma these j'ai développé I'application Modelling&steroids (acronyme M4AST).
MA4AST est un service en libre service sur internet permet@modélisation des surfaces
d’astéroides en utilisant plusieurs approches théoriqud4AST est composé d’'une base
de données contenant quelques 2500 spectres d'astérbidesie bibliotheque de routines
permettant la modélisation et I'obtention de plusieursapatres minéralogiques. La base
de données est accessible aussi bien par les biais desgestate I'Observatoire Virtuel
(OV-Paris) que par sa propre interface. Le service est aittesdepuis I'adresskt t p: / /
cardam ne.intce. fr/ mlast. MA4AST permet plusieurs types d'analyses : classifi-
cation taxonomique, modélisation de I'altération spati@glomparaison avec les spectres des
météorites et des minéraux terrestres, calculs des cetitoes surfaces des bandes.

J'ai participé a plus de 10 campagnes d’observations pouoaractérisation physique et
dynamique des astéroides. Les observations spectrosegpant servi a la caractérisation
minéralogique des surfaces d’astéroides. L'astrométpkii@t servi a la confirmation et la
sécurisation de nouvelles découvertes d’astéroides. aReia these, j'ai observé et carac-
térisé les spectres en infrarouge proche de huit astérgémsoiseurs : 1917, 8567, 16960,
164400, 188452, 2010 TD54, 5620, and 2001 SG286. Ces obses/ant été obtenues
avec le télescope IRTF et du spectrographe SpeX, en emplbydrastructure CODAM de
I'Observatoire de Paris. Pour chaque astéroide j'ai pr@ples solutions minéralogiques. Une
révision de leur taxonomie a aussi été effectuée pour citdgades de mon échantillon. Qua-
tre des objets sont des objets a faible delta-V, qui sont désscsouhaitables/possibles pour
des missions spatiales. L'astéroide (5620) Jasonwheeletrenun spectre similaire & ceux des
météorites chondritiques.

J'ai observé et modélisé six astéroides de la ceintureipdte (9147) Kourakuen, (854)
Frostia, (10484) Hecht and (31569) 1999 FL18 montrent deact&xistiques des astéroides
du type V; (1333) Cevenola, (3623) Chaplin sont du type taxagoenS. Quelques astéroides
de cet échantillon sont particuliers : (854) Frostia est stéraide binaire, (10484) Hecht et
(31569) 1999 FL18 ont des gémeaux dynamiques, (1333) CevendB623) Chaplin sont
des objets avec des courbes de lumiéres a grandes amplitiadelassification taxonomique,
la comparaison avec les météorites, permettent |'étaiiest des solutions minéralogiques


http://cardamine.imcce.fr/m4ast
http://cardamine.imcce.fr/m4ast

intéressantes et des ressemblances avec les météoritesldsse des howardites, eucrites et
diogenites.



Rezumat: Obiectivul fundamental al stiintelor planetare esteliegerea forrarii si evolutiei
Sistemului Solar. Tn atingerea acestui obiectiv asterpiazing un interes special pentru co-
munitatea stiintifi@. Populatia de asteroizi poate fi prévita o fereasd# spre trecut, prin care
se pot cunoaste originile Sistemului Solar. Astfel, as#irsunt marturiile primelor momente
ale formarii planetelor, pstrand in structura lor complexitatea chign& nebuloasei primor-
diale. Din acest motiv, studiile fizice si dinamice ale acesbrpuri aduc informatii esentiale
despre istoria si evolutia sistemului nostru solar gieggalizand despre formarea altor sisteme
planetare.

Pentru realizarea acestei teze am dezvoltat aplicatiaeMogd for Asteroids (M4AST).
MA4AST este un serviciu gratuit, care poate fi accesat onfieesta permite modelarea propri-
etatilor fizice ale suprafetelor de asteroizi utilizand mmailte abordri teoretice. M4AAST este
compus dintr-o ba&z de date care contine peste 2 500 de spectre de asteroizisgit de ru-
tine care permit modelarea gi obtinerea mai multor paranmeineralogici. Baza de date este
accesibid si indirect folosind protocolul Observatorului Virtu@V - Paris). Serviciul este
accesibil la adresht t p: / / cardam ne. i ncce. fr/ mdast . M4AAST permite mai multe
tipuri de analize: clasificarea taxonorajenodelarea altérii spatiale, comparatia spectau
meteoritii si mineralele terestre, calculele centreletbana si ariilor benzilor.

Am participat la mai mult de 10 campanii de observatii pemaracterizarea fizicsi di-
nami@ a asteroizilor. Observatiile spectroscopice au seavidracterizarea mineralogi@a
suprafetelor asteroizilor. Tn perioada tezei am obtigitanalizat spectrele in infrarosu a opt
asteroizi geointersectori (asteroizi ce se apropie sassetteaa orbita Famantului): 1917,
8567, 16960, 164400, 188452, 2010 TD54, 5620 si 2001 SG28@éste observatii au fost
obtinute cu ajutorul telescopului IRTF si al spectoghaifi$peX, utilizand infrastructura CO-
DAM a Observatorului din Paris. Pentru fiecare asteroid aopys solutii mineralogice. O
revizuire a taxonomiei lor a fost efectagpentru cinci astroizi din acest esantion. Patru din-
tre obiecte sunt obiecte cu delta - V mic, acestea fiind pagbile pentru misiunile spatiale.
Asteroidul (5620) Jasonwheelr preAnin spectru similar cu cel al meteorit ilor condritici.

Am observat si modelat spectrele a sase asteroizi diniptincipad. (9147) Kourakuen,
(854) Frostia, (10484) Hecht si (31569) 1999 FL18 prezicdracteristici ale asteroizilor de
tipul V. (1333) Cevenola, (3623) Chaplin sunt de tipul taxomo®. Aceste sase obiecte au
cateva propriétti remarcabile: (854) Frostia este un asteroid bina484) Hecht si (31569)
1999 FL18 au perechi dinamice, (1333) Cevenola si (3623) [Bhsynt obiecte care au curbe
de lumira cu amplitudini mari. Clasificarea taxonom@jcomparatia cu meteoritii, permit sta-
bilirea de solutii mineralogice interesante.


http://cardamine.imcce.fr/m4ast
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Why asteroids?

Even if the total mass of the asteroids is insignificant inp@g with the total mass of the planets, their
large number, wide distribution throughout the Solar Systend extremely divers composition makes them
a valuable resource for Solar System studies. This intradychapter provides a general overview of this
population. The asteroids place in the diversity of the E8lgstem objects is described based on the scientific
literature. Some briefly notes about asteroids discoveljpowing an historical line are given. The main
physical properties of these objects are outlined. At treeadrihe chapter is made a short summary regarding
my contribution in the discovery of the asteroids are oetlin

1.1 The place of asteroids in the structure of the Solar System

Asteroids are well-preserved samples from the first phaieed®olar System formation which
started 457- 10°years ago. In order to discuss their physical properties itsieful to trace
back the events that took place at the beginning of the Sgfste8). According to the Solar
Nebula Disk Model, the Solar System emerged from a large cotde gas and dust cloud
which accumulated sufficient mass and density for grawitati collapse to occur. When the
gravitational collapse was triggered (typically by randiumbulence which locally increase the
density within the cloud), the gas and dust cloud condensétiitformed a central mass and
a protoplanetary disk that surrounded it.

As a consequence of the angular momentum conservationatheft rotation of the disk
and central mass increased as it collapsed. The centralcoassued to grow until it formed
a protosun. When enough mass was accumulated for fusion tio ibbecame the Sun. At this
stage a strong temperature gradient across the disk wasnpr@$e gradient of the temperature
into the protoplanetary disk determines the distance wtnerelifferent components started to
condense. The inner disk was too hot for the condensatiowlafiles, so it was dominated
by rocky material, while the outer disk had a mixture of vibdest and ices. Within the disk,
micron-size dust grains collided at velocities forming tescup to a kilometer in size. Many of
these large bodies collided and merged or ejected otheebadid eventually grew to planetary
sizes|[DeMea, 2010].

This part of the planetary formation process occurred oyerad of less than 10 millions
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of years|Yinet al,,2002]. After this period strong solar winds begin to cleastdrom the So-
lar System, leaving the minor bodies and planets with a paotnew material to accumulate.

The asteroids are remnants of the planetesimal populat@nance formed the planets.
Even if some of the asteroids were affected by thermal ana@mycal evolution and by col-
lisions, most of them did not suffer a significant geologieablution preserving the physical
evidences related to the first 200 million years of the Sojet&n history .

Currently, there is a wide diversity of bodies in the Solart8ys thus in order to facilitate
their studies and the discussions some definitions arerestfiar different categories. The def-
initions of a planet, dwarf planet, and of a small body givefoly were assigned in Resolution
5 and 6 of the IAU (International Astronomical Union) 2006 @l Assemb@.

According to this resolutiona planetis a a celestial body tha®) is in orbit around the
Sun,b) has sufficient mass for its self-gravity to overcome rigidypforces so that is assumes
a hydrostatic equilibrium - nearly round shape, ahtas cleared the neighborhood around its
orbit.

A dwarf planet is a celestial body that) is in orbit around the Sur) has sufficient mass
for its self-gravity to overcome rigid body forces so thaassumes a hydrostatic equilibrium -
nearly round shape) has not cleared the neighborhood around its orbit,gm&linot a satellite
of a planet. Plutoids are dwarf planets with a semi-majos greater than that of Neptune. All
other objects except satellites orbiting the planets siwateferred collectively asmall bodies
of Solar System(are also called minor planets).

Following these definitions, there are eight planets in aalaiSSystem: Mercury, Venus,
Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. Plutodsvarf planet, also as Ceres,
Haumea, Makemake, and Eris. Ceres is located in the asteettidwhile all others have
semimajor axes greater than that of Neptune.

The categories of small bodies of Solar System include @ggrtrans-neptunian objects
(denoted TNOs), comets and other small bodies. The sizeafifects ranges from dust grains
and small coherent rocks up to hundreds of kilometers sizédbes. These categories are
briefly presented bellow. The statistic data is taken fromdiPlanet Center (MPC) website
(htt p: // www. mi nor pl anetcenter. org/iau/ npc. htni).

Asteroids are referred to being rocky minor planets that orbit the Sutistances ranging
from interior to Earth’s orbit up to Jupiter’s orbit [de Pa&Lissauer, 2010].

Cometsare ice-rich bodies for which the volatile constituentslsoate during close ap-
proaches to the Sun. They are characterized by a nucleusnepart of the body, the coma
- the spherical halo of sublimated material surroundingrtheleus, and two tails: a dust tail
trailing opposite the comet’s trajectory and an ion tailie ainti-Sun direction.

Centaursare icy bodies orbiting between (and in some cases also ¢hessjbits of Jupiter
and Neptune. There are 64 known Centaurs as of August 12, ZDdaurs are on chaotic

Ihttp: // ww. i au. or g/
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orbits with high eccentricities and/or inclinations. Dymaal calculations show that they are
transitioning from the trans-neptunian region [de Paterigsauer, 2010].

TNOs are small bodies of the Solar System whose orbits lie partgntirely beyond the
orbit of Neptune. There are 1,044 known TNOs as of August Q222 The existence of a disk
of numerous small bodies exterior to the major planets watufaied by K. E. Edgeworth and
by G. P. Kuiper. Therefore, this ensemble is referred as tlge®orth-Kuiper belt.

All small bodies (excepting the comets) with well-deterednorbits are designated by a
number (in a chronological order of the discoveries) andtewtdilly can receive a name, e.g.,
(1) Ceres, (7986) Romania, (99942) Apophis, (134340) PlutiberAan object is discovered,
but the orbit is not well determined, it receives a provisilotesignation. This designation is
related to the date of discovery of the object: the first fdwaracters indicate the year, followed
by a space, then a letter to show the half of the month (A foudanl-15, K for May 16-31,
| is omitted), followed by another letter to show the ordedafcovery within the half month
(A for 1st, Z for 25). If a large number of the asteroids are oé&ced in certain half month, an
additional number completes the designation, e.g: 201220A,1 SG286, 2005 UJ516.

The next sections of this chapter discuss the discoveryenésiteroids and the diversity of
these small bodies, while this thesis concerns their cortippsising spectroscopy.

1.2 The Discovery Of Asteroids

The roots of asteroid studies can be found at the end of the desitury when the German

mathematician and astronomer, Johannes Kepler realizaédhi distance between Mars and
Jupiter was not proportional to the distances between giheets. He concluded that it must
be another planet, undiscovered yet, occupying this pahetolar System: "Inter Jovem et
Martem interposui planetam" (Kepler 1596).

Further studies of the relative distances of the planets fitte Sun were made 170 years
later when Johan Daniel Titius noted that the sequence oflidiances from the Sun of the
known planets could be fitted by a geometric progression.ré&lagion was published by Johan
Elert Bode in 1772, and today the modern formulation of theu3iBode empirical law is:

fn=0.4+0.3x%2" (1.1)

whererpis the semi-major axis of the n-th planet. Here, the units ansidered such that the
Earth’s semi-major axis is equal to 1.

It can be identified Mercury for n = -1, Venus for n = 0, Earth for 1, Mars for n = 2,
Jupiter for n = 4, and Saturn for n = 5. After the discovery & fhlanet Uranus (made by Sir
William Herschel in 1781) at a solar distance close to thetgmt n = 6, the regularity in the
planetary location was considered a primary feature of tilarSSystem. At that moment the
searching for the "missing planet” with n = 3 began.
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Figure 1.1: A field obtained with INT-WFC on February 28, 20T2n asteroids were identified (marked with
pink), from which only three were known at the moment of thearlation. The size of the field is (15 arcmin x
15 arcmin)

In January 1801, the abbot Giuseppe Piazzi discovered Gesesall body at just the right
distance. In 1802 Heinrich Olbers discovered Pallas ataheeorbital distance. In the follow-
ing years, Juno (1804) and Vesta (1807) were discoveredaailsimilar orbital distances with
Ceres and Pallas. These bodies were too small to be classifighass, but the gap was filled.

At the beginning of the XIX century, only comets were knowrbesmall objects orbiting
the Sun, but they appear like diffuse objects. Herschelabiee most known astronomers at
that time called these objects (Ceres, Palas, Juno, Vestapialst (from Greek "asteroeides").
In this way it was underlined their different appearanceinpsources ("star-like") unresolved
by the telescopes, compared with the comets which show dstecomas.

The first theory of the origin of asteroids, was developed e in 1803, who suggested
that they are fragments of a planet that had been broken¢egand additional fragments will
be found. This prediction became popular, while other aglerwere discovered orbiting at
the same solar distance. With the increasing number of thesdindings the hypothesis that
they could be fragments of an exploded planet became venyigop

In the middle of the 20th century Otto Johannes Schmidt seg@that asteroids represented
an arrested stage of planet formation and have never beemhbles! into a large body. This is
now the most plausible hypothesis.

The apparition of photography, offered new means for fingiag asteroids. The method
consists in comparison of photographic films of the sameoregf the sky taken at different
time intervals. The vast majority of the objects recordediloms were stars and galaxies and
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their images were located in the same relative positions lophatographic films. Because
a moving asteroid would be in a slightly different positiom @ach picture exposure and the
background stars and galaxies were not, it could be ideahtifie

Nowadays the charge coupled devices (CCD) are used instedobtafgraphy. While, the
CCD technology is more sensitive and accurate than the oldgogtaphic methods, the mod-
ern discovery technique itself is rather similar. Separ&égdeveral minutes, three or more
CCD images are taken of the same region of the sky. These imag#sear compared to see
if any asteroid has systematically moved to different posg on each of the separate images
(Fig.[1.3).

For a newly discovered object, the separation of the astdogation from one image to
another, the direction it appears to be traveling, and itghbtmess allow to estimate its orbital
characteristics and roughly its size. For example, an olfet appears to be moving very
rapidly from one image to the next one, is almost certainly wose to the Earth. Computer-
aided analyses of the CCD images have replaced the older, macdliaiques for all the current
asteroid search programs.

Fig.[1.1 shows a field obtained with INT-WFC (Isaac Newton Tedee, Wide Field Cam-
era) on the night of February 28, 2012. Ten asteroids coulddified in this field by taking
consecutive images at an interval of five minutes. At the mdroktine observation only three
of the identified asteroids were known.

Thanks to this technological development, during the lastdes the total numbers of the
asteroids discovered had grown exponentially. Among thst ingportant surveys dedicated to
asteroid detection (particularly to Near Earth Asterom®) those leaded by the United States
(CSS, LINEAR, Spacewatch, LONEOS and NEAT) which have beemgusirge field, mostly
1m class telescopes. In the Europe the most important pregveere: ASIAGO/ADAS in
Italy and Germany, CINEOS in Italy, KLENOT in the Czech RepuldN&EON in Finland.

An example of successfully observing run is the one perfarime|Boattiniet all, 2004].
During two short runs at ESO (European Southern Obsenjat@$illa, they employed the
MPG (Max Planck Gesellschaft) 2.2m telescope as a seariityfaand the NTT (New Tech-
nology Telescope) 3.5m as a follow-up telescope to survaydateroids beyond 22 magnitude,
for three observing nights. The authors observed about 700 Bkt asteroids as faint as V
22 magnitude. They exposed between 60s and 150s in the Réed) b

To conclude this section, as of August 13, 2012 there are238&)bserved asteroids from
which 333,841 have the orbits well determined (as a conseguiey were numbereB.)

1.3 Distribution and diversity of asteroids

Asteroids are often grouped according to their orbital peaters. Figl_1l2 shows the distribu-
tion of the asteroids as a function of their heliocentridatise. The majority of asteroids are

2htt p: // www. nai c. edu/ ~nol an/ ast orb. ht m
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Figure 1.2: a) The position of asteroids in the inner part lef Solar System (Sourcehttp://en.
wi ki pedi a. org/). b)The distribution of asteroids in a representatiajg)¢ bottom and 4,sini) - top, a is
the semi-major axis anidhe inclination|[Nedelcu, 2010].

located in the Main Belt, at heliocentric distances betweénafd 3.3 AlB (these are called
Main Belt Asteroids - MBAS). Several gaps and concentratwars be distinguished by plot-
ting the distribution versus semi-major axis (Hig. 1.2bhe$e gaps are called Kirkwood gaps
and correspond to the locations of resonances with Jupitehé Fig.[1.2 there are marked
4:1, 3:1, 5:2, 2:1 resonances). The 3:1 and 5:2 resonancatetbat 2.5 and 2.82 AU, respec-
tively define the boundaries between the inner (2.0 - 2.5 Atddle (2.5 - 2.82 AU), and outer
(2.82-3.3 AU) regions of asteroid belt.

The MBAs have diameters up t8500 km (Pallas, Vesta). Ceres, the largest body from the
Main Belt, which has a diameter ef1000 km is classified as a dwarf planet.

Inside the Main Belt, several clusters of asteroids coulddeatified [Birlan & Nedelcu,
2010]. These are called asteroid families and are definedabpalaet al. [1995] as a group
of bodies that are genetically and dynamically linked assaltef a catastrophic event: colli-
sion of two bodies followed by the destruction of both targed impactor. Usually, they are
identified as groups in the space of orbital proper elemdvitsifi & Knezevic, 1990]..

According to Minor Planet Center (as of August 2012), a tofabd88 asteroids were
discovered near Jupiter’s Lagrangian poinj$3404 objects) ants (1784 objects) - Fid. 1.2a.
These objects are call@dojan asteroids. They are characterized by low albedo. The largest
body is (624) Hektor with a mean radiaslO0km [de Pater & Lissauer, 2010]. Several Mars
and Neptune Trojans have also been discovered.

3AU is an astronomical unit of distances, 1AU = 149,597,870 0~ the average Earth - Sun distance.)
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Owing to some mechanisms some of the Main Belt Asteroids hageated into the inner
part of the Solar System [Morbideki al,, 2002]. These arblear-Earth Asteroids (denoted
NEASs), small bodies of the Solar System with perihelionatisesg < 1.3 AU and aphelion
distance®) > 0.983AU, whose orbits approach or intersect Earth orbinddyical studies con-
firmed the main belt origin for the majority of NEAs populatioThe transition of a main belt
asteroid to NEA class is due to the dynamical perturbatises@ated with the main belt reso-
nances. The most active of these regions acting as escapebaire the6 secular resonance
and the orbital resonances 3:1, 5:2 and 2:1 with Jupiteatgitlat 2.5, 2.8 et 3.2 astronomical
units. Long term numerical integrations have revealed thece regions of the current NEAs
population: 61% originated in the inner region of main b2#4% in the central and 8% in the
outer main belt. Only 6% of NEAs are considered to have a cametrigin. The steady-state
model of NEA will require a constant flux of objects with<118 of 800/Myr.

Depending on their orbital parameters, NEAs are subdividedAmors (1.016< g < 1.3
AU), Apollos (a> 1.0 AU; g < 1.016 AU), Athens (semi-major axe<a 1.0 AU; Q > 0.983
AU), and Atiras Q < 0.983 AU).

Potentially Hazardous Asteroids (PHAS) are currently defilbased on parameters that
measure the asteroid’s potential to make threatening @ppeoaches to the Earth. All as-
teroids with an Earth minimum orbit intersection distankEXD) smaller than 0.05 AU and
an absolute magnitudéd] of 22.0 or brighter are considered PHAs [Milatial,, 2000]. A
sub-category of these asteroids are virtual impactors (dlgects for which the future Earth
impact probability is non-zero according to the actual tabincertainty|[Milani & Gronchi,
2010].

One of the most important aspects related to the NEAs is Huessibility to be inves-
tigated by the spacecrafts. Some of them require less miopuin order to be encountered
by spacecraft than that for the Moon, making them ideal mrssargets. This enables their
scientific study and the detailed assessment of their fuiseeas space resources.

In the last fifty years different observing programs dediddb asteroids have shown a large
diversity in their properties. Several physical propeartige diameter, albedo, shape could be
deduced from light-curve analysis, radar observationg paarimetry. The asteroid composi-
tion could be inferred through spectroscopic observatiBased on this type of observations,
different taxonomic categories were defined with the purgoseughly correlate the surface
compositions of different objects. The first identified tgpeere S (stony - based on the re-
semblance with stony meteorites), C (resemblances withooaceous chondrite meteorites),
M (metallic), and E (enstatite achondrite). As a consegearichis taxonomic classification
it was discovered the correlation between taxonomic ctaasé heliocentric distances. The
more thermally processed, metamorphic and igneous ad¢ectasses (E, S, M) are usually
found in the central and inner regions of the main belt whike duter regions are dominated
by the primitive, relatively unaltered asteroids typesisTdorrelation is rooted in the original
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heterogeneity of the protoplanetary disk at the time wheratitretion of asteroids started.

These taxonomic classes emerged as more and more astdys@tgaiions were available,
such that the modern taxonomies (e.g. Bus-DeMeo [De&texd, 2009]) contain more than
20 classes.

From the point of view of their geological evolution, asiesocould be described by three
broad categories: primitive, partially melted, and diffietiated. Primitive objects are mainly
made of silicates, carbon, and organics and some are simiZirand CM meteorites. Olivine,
pyroxene and metal are the main constituents of asteroitialpamelted, or at least thermally
altered. Remnants of disrupted differentiated bodies dehasaltic types, nearly-pure olivine,
and metallic bodies, that represent pieces of the crusttleyamd core [DeMeo, 2010].

1.4 Asteroid brightness and albedo

The apparent magnitude of asteroids depends on geometaimpeers (Earth-object distance,
Sun-object distance and phase angle) and on the physicalgiudl properties of the body
(size and albedo). The absolute magnitude takes into atoalynthe body intrinsic properties.
For asteroids it is defined as being the apparent magnitute fody were at 1 AU from both
the observer and the Sun as seen at phase gngl8. This is an analytical definition because
no geometrical point can satisfy the three conditions asémee time. It can be computed from
astrometric and photometric observations with the formula:

(o)
H=m+ 2.5-Iogm (1.2)

whereH is the absolute magnitudey, is apparent magnitud® is the phase integral (integra-
tion of reflected light; a number in the 0 to 1 rangejs the heliocentric distance (measured in
AU), andA is Earth-object distance (measured in AU) [Magrin, 2006].

The relation between the absolute magnitude and the bodsiqatiyroperties is:

log(py-D?) = 6.259— 0.4-H (1.3)

where D is the diameter of the body expressed in km@id the geometrical albedo [Magrin,
2006].

The geometric albedo can be thought of as the amount of rawliegflected from a body
relative to that of a flat diffuse surface which is a perfedlector at all wavelengths (called
Lambertian surface) [de Pater & Lissauer, 2010].

1.5 My contribution to asteroids discovery

My contribution to asteroids discovery can be divided in pvaots: 1) the observing campaigns
in which | was involved and 2) the data-mining of archivesdsteroids randomly appearing in
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the fields.
Together with my colleagues, | participated to the follogvimbserving campaigns for dis-
covery, follow-up and recovery of asteroids (in particitarNEAS):

March, 03 2010; Isaac Newton Telescope (INT) 2.5m, Roque deMuschachos Obser-
vatory (ORM) in La Palma (Canary); Data reduction and measemntsn

April 19, 2010; Telescope - T120 Obsv. de Haute Provencen@éja Data reduction and
measurements of NEAs;

November 15-19, 2010; Telescope - T120 Obsv. de Haute Pcevi@rance); On site
mission (observer, data reduction and measurements);

March 01-04, 2011; T1m, Pic du Midi (France); On site misgmoserver, data reduction
and measurements);

June 03-04, 2011; Blanco 4m - Cerro Tololo, Chile; Data redanciiod measurements;

November 16-24, 2011; T1m, Pic du Midi (France); On site maisgobserver, data re-
duction and measurements);

February 25 - 28, 2012; Isaac Newton Telescope (INT) 2.5muRalg Los Muchachos
Observatory (ORM) in La Palma (Canary); On site mission (olesedata reduction and
measurements);
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Figure 1.3: The flowchart of Mega-Precovery [Vaduvestal.,[2012].

Despite some recent data mining efforts, the vast colleadbCCD images and photo-
graphic plate archives still remains insufficiently expadi. Considering this point, | was in-
volved in the design of a software project for data miningldwide image archives for poorly
known asteroids called MegaPrecovery.

We designed Mega-Precovery [Vaduvestal, 2012], with the aim to fasten and target the
search of one or some few important objects, such as PHAsrGilven this, we propose to
search very large collections of archives for images whidtuide one or few selected known
asteroids in their field. There are two components of thigegto
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Mega-Archive - the database which includes the individual instrumerttiges, namely the
observing logs for their science CCD images or plates availkbm a collection of in-
struments and telescope around the globe. The Mega-Arshareopen project allowing
other instrument archives to be added later for explordipanybody who would like to
contribute. As of March 2012, the Mega-Archive counts aldawat million images from
20 instrument archives available for search via Mega-Reago This include all ESO
imaging instruments, the INT WFC, CFHTLS, Subaru Suprime-Caran& Mosaic-2
and AAT WFI archives;

Mega-Precovery softwar(ﬂ for data mining the Mega-Archive for the images containing
one or a more desired catalogued object (NEAs, PHAs or ofter@ds) included in a
local daily updated MPC database. The Mega-Precovery adétis written in PHP, being
embedded on the EURONEAR website as a public access ajpmticetder the Observing
Tools section. The flowchart of the project is given in Eid. 1.

The output of Mega-Precovery consists in a list includirgithages and the corresponding
CCD number predicted to contain the queried object(s). Thelteeare displayed both in
the web interface (visible only at the end of the run) and sene-mail to the user (in case
this option was selected). The user can search the imagas iontine instrumental archive,
then download, inspect and measure the data related tostieioal according to his/her own
scientific interest (astrometry, photometry, etc).

Inside EURONEAR team [Vaduveseat all, 2012], | searched for randomly appearances
of known Near Earth Asteroids (NEAs) and Potentially Hapasi Asteroids (PHAS) in ES-
O/MPG WFI(Wide Field Imager) and INT WFC archives (these are wide field 2m class
telescope ). A total of 152 asteroids (108 NEAs and 44 PHAsgwdentified and measured
on 761 images and their astrometry was reported to Minore®li@enter (MPC). Both recov-
eries and precoveries (apparitions of the object in the esdxgfore official discovery) were
reported, including prolonged orbital arcs for 18 precedeasteroids and 10 recoveries, plus
other 124 recoveries.

All the astrometric measurements were submitted to Minan®& Centeht t p: / / waw.

m nor pl anet center. org/iau/ npc. ht M . These measurements appear in 12 Minor
Planet Circulars and 21 Minor Planet Electronic Circular&5@0, 1 (2012); 78894, 9 (2012);
78437,11(2012); 77699, 2 (2012); 77266, 11 (2011); 772630B81); 77173, 6 (2011); 75198,
5 (2011); 74036, 3 (2011); 72456, 4 (2010); 70198, 9 (2010308, 1 (2010)); (2012-E19
(2012); 2012-D102 (2012); 2012-D82 (2012); 2011-W52 (202D11-W45 (2011); 2011-
W44 (2011); 2011-W33 (2011); 2011-W29 (2011); 2011-W28 (202D11-W27 (2011);
2011-W25 (2011); 2011-W22 (2011); 2011-W12 (2011); 2011-214.1); 2011-E14 (2011);
2011-E13 (2011); 2011-E12 (2011); 2011-E11 (2011); 201®B\(2D10); 2010-W12 (2010);
2010-W11 (2010)). An example of such circular is given in Higdl.

“http://euronear.incce. fr/tiki-index. php?page=MegaPr ecovery
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Additional Observations:

KO7EEOS C2011 83 02.23925 09 39 50.07 +20 25 09.6 21.1 VrEE®11G696
KO7EOES C2011 03 02.24505 09 39 49.28 +20 25 07.9 20.9 VrEE©11G96
KO7EGES C2011 03 02.25080 09 39 48.56 +20 25 05.9 21.8 VrEE®11G96
KO7EEES C2011 03 02.25661 09 39 47.88 +20 25 03.8 21.5 VrEE®11G696
KO7EOOS C2011 03 02.43234 09 39 25.77 +20 24 07.4 21.8 VrEE©11G96
KO7EGOS C2011 03 02.43338 09 39 25.74 +20 24 06.9 21.6 VrEE®11G96
KO7EOES C2011 03 02.43441 09 39 25.63 +20 24 06.2 21.9 VrEE@11G96
KO7EOBS C2011 03 02.43546 09 39 25.48 +20 24 05.7 21.6 VrEE©11G96
KO7EEES C2011 03 03.01288 09 38 15.46 +20 20 58.8 20.9 RVEE®11586
KO7EOOS C2011 03 03.01516 09 38 15.09 +20 20 57.9 21.0 RvEE©11586
KO7EGES C2011 03 03.01756 09 38 14.84 +20 20 57.1 21.1 RvEE®11586
KO7EEES C2011 03 03.02221 09 38 14.29 +20 20 55.3 21.4 RvVEE®11586
KO7EOOS C2011 03 03.02432 09 38 14.04 +20 20 54.8 20.9 RvEE©11586
KO7EGOS C2011 03 03.02642 09 38 13.79 +20 20 54.0 20.5 RvEE®11586
KO7EOES C2011 03 03.02853 09 38 13.41 +20 20 53.0 21.3 RvEE©11586
KO7EOES C2011 03 03.03348 09 38 12.90 +20 20 51.6 20.7 RvEE©11586
KO7EEES C2011 03 03.03559 09 38 12.66 +20 20 51.@ 20.7 RVEE®11586
KO7EOES C2011 03 03.03770 09 38 12.42 +20 20 50.7 20.5 RvEE©11586

Observer details:
586 Pic du Midi. Observers M. Birlan, F. Colas, M. Popescu. Measurer
M. Popescu. 1.85-m f/12.7 reflector + CCD.
G96 Mt. Lemmon Survey. Observer A. D. Grauer. Measurers J. D. Ahern,
E. C. Beshore, A. Boattini, G. J. Garradd, A. R. Gibbs, A. D. Grauer,
R. E. Hill, R. A. Kowalski, S. M. Larson, R. H. McNaught. 1.5-m reflector
+ CCD.

Figure 1.4: The first part of the Minor Planet Electronic Qles issued for the orbit recovery of the asteroid 2007
ES.
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Why spectroscopy?

Much of the knowledge about the Univers came from the stuelgcfromagnetic radiation received from the
cosmic bodies. The most important method to study the efeainetic radiation is spectroscopy.

This chapter introduces the theory behind the applicatibapectroscopy in astronomy. A short description
of the basic components of a spectrometer (the prism anihgsjtis made. The transparency of the Earth
atmosphere as a function of wavelength is presented. Asiexaimple of the way in which the properties of
celestial bodies could be studied using spectroscopy ieshdhe chapter ends by outlining the principles
for applying spectroscopy in asteroid studies.

Spectroscopy is one of the most powerful scientific toolstadying the nature. The study
of celestial bodies using spectroscopy connects astromathyfundamental physics at atomic
and molecular levels.

The beginning of spectroscopy applied to celestial bodagdcbe traced back to early
nineteenth century with the discovery of dark lines in thiaisepectrum by W. H. Wollaston
in 1802 and J. von Fraunhofer in 1815. Fraunhofer did not kwinat is the cause for the dark
lines he observed besides the well known characteristmreaf the rainbow. However, he
catalogued the exact wavelength of each dark line and tédesgtare still known &&aunhofer
lines

On the contrary, in the same period the positivist Frenclopbpher Auguste Comte noted
referring to celestial bodies: "We will never know how to stuay any means the chemical
composition, or their mineralogical structure”.

Performing similar observations using light from brightstars, Fraunhofer concluded that
most of the spectral features are somehow related to theasitigqn of the object he observed
[Tennyson, 2005]. The physical explanation came laterh wie development of quantum
mechanics: the dark lines at discrete wavelengths arige fin@ absorption of energy by the
atoms or the ions in the star atmosphere.

Nowadays, the laboratory spectroscopic studies of diffeceemical components provide
the basis for interpreting astronomical spectra. Theredisesct connection between the phys-
ical parameters of a celestial body and the information ¢laatbe obtained by observing its
spectrum. By carefully analyzing the spectra it is possibletitain information about the com-
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position of the object being observed, its temperature tnhiernal pressure or density, its
motion relative to the Earth, and the presence of a magnetet fi

2.1 Diffraction gratings and prisms

There are several methods that can be used to separatditiatigts component wavelengths.
The simplest way is to use broad band filters before the detétiorder to isolate different
spectral regions. This method is called photometry andnsidered as a separate subject from
the spectroscopy.

Spectral resolution (or resolving power) is defined as thetion of the wavelengthAA,
that can be resolved relative to that of the operating wanggtle- A (Eq.[2.1). in general, the
spectroscopy is considered to involve spectral resolstiogher than 50.

A
M
The astronomical spectrometers are devices that measigtbunt of radiation coming
from the celestial bodies at different wavelengths. Totdp# light into its component wave-
length, astronomers can use diffraction gratings, pristabry-Pérot etalons and Fourier trans-

form spectroscopes. Bellow are summarized the main chaistats of diffraction gratings and
prisms which were used during different observations tipatrformed.

The diffraction grating generally consists of a large numiérof parallel slits separated by
opaque spaces of comparable dimensions. Producing theapettt the diffraction gratings
involves the interference dff waves and the diffraction on slit phenomena [Cristescu, [R004
The distribution of intensity of the radiation in the difftéon pattern is described by the formula
Eq.2.2.

R (2.1)

sin"bj"“e 2 SinNrr(bjd)sinG 2
=l . (2.2)

nibsing i(b+d)sin@
A SV

whered is the size of opaque spacdsis the size of the slitp is the angle between a cer-
tain direction and the normal to the grating dgds the total intensity passing through a slit
[Cristescul 2004]. The minima and the maxima position deenihe wavelength and on the
diffraction grating parameters @ndd).

sin

By increasing the numbe\ of slits, the interference fringes become sharpest. Tweewav
lengths (A andA + AA) could be barely separated, if the minimum of the diffractpattern
corresponding ta\ is in the same position as the bright fringe corresponding #oAA for
the same diffraction orden. From this condition it can be computed the spectral resmiut
R = N-m. Thus the chromatic resolving power is proportional to titalthnumber of slits and
it is higher in the higher orders. In Fig. 2.1 are shown th&alition patterns obtained using a
diffraction grating havind = d = 5umandN = 1000.

The dispersion of a spectrum is the rate of change of wavilesigh the angular position.
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Figure 2.1: The diffraction pattern produced by a diffrantgrating havind = d = 5umand N=1000. Different
wavelengths are considered.

It can be computed by deriving Hq. P.3.

d-sinf
m

In practice most gratings use mirrors in place of the slits. e&dwell-polished surface of a
metal, very thin, parallel grooves are drawn. The waves teftefrom these grooves behave
exactly as the transmitted waves in the case of the transmigsatings. They can be designed
such that the main part of the incoming radiation is diffeacselectively on a given order.
Because a blaze of light is seen when the grating is viewedeatdlrect angle, this is called
blazed grating [Cristescu, 2004].

The prism acts as a disperser through the effect of differential otifva. This follows from
the fact that the refractive index of a material depends emtivelength. This dependence can
be described by the empirical Hartmann formula -[Eq. 2.4.

B
M ~A+—— 2.4
WA AT (2.4)
where A, B, C are the Hartmann constants for a particular na{iitchin, 1995].

The spectral resolution of a prism is given by:

ABL,/1-0.25n%
R~ (2.5)

(A-C)?

A=

(2.3)

whereL is the length of the face of the prism. For a typical prism usegistronomy made of
a dense flint and a side length of 10 cm, the spectral resalatald be up to 15,000 [Kitchin,
1995]. Compared to the diffraction gratings which can haghéi spectral resolution, this is
one of the disadvantages of prisms.

In order to produce a reliable spectrum, the dispersive etrshould be combined with
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Figure 2.2: The atmospheric transmission above Mauna Keadovavelength ranges 0.9 - 2um with a water
vapor column of 1.6 mm and an air mass of 1 (Soutdet p: / / wwww. geni ni . edu/ ?g=node/ 10789).

several other components into the instrument called spaetier. Usually, the designs of spec-
trometers incorporate the following basic components: raraace slit to reduce the overlap
between adjacent wavelengths and to reduce the backgraisel nollimators to produce par-

allel beams of light, a dispersive element, a focusing eleénogoroduce focused images of the
slit for different wavelengths of the spectrum, and a detect

2.2 Spectroscopy and atmospheric transparency

The observation of celestial bodies using different tydeground-based telescopes is possible
in the regions of electromagnetic spectrum for which theostphere is transparent. There are
two spectral windows which allow the observation: the adt{®) up to the mid-infrared(the
near-infrared 0.8 - 2.5m interval is denoted as NIR) and the radio one. The X-rays &ralu
violet wavelengths are blocked due to absorption by ozodeoaggen, while the far infrared
radiation is blocked mainly due to absorption by water anb@adioxide.

While in the optical wavelength region the atmosphere is atrmompletely transparent, in
the near-infrared there are absorption bands of water sapaking some regions like 1.4-1.5
um and 1.8-2.Qum poorly transparent (Fig. 2.2). Because of the effects oathmsphere, ob-
servations with space telescopes, such as the Hubble atz&Seilescopes, are very valuable.

Another important difference between the V and NIR spedttairvals is the fact that the
sky is brighter in the NIR region. For example in the J, H, Keﬁ@ the estimated sky back-
ground has 15.7, 13.6, respectively 13 mag/arcsdditional, important variations of the sky
background could be observed in the intervals of tens of anat@s of the sky.

1wide band filters centered on 1.28n (J), 1.65um (H), 2.2um (K)


http://www.gemini.edu/?q=node/10789
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These issues in the NIR part require additional observidgtigues and processing methods
(described in Chapter 4) comparing to observation in the Y qfahe spectrum.

2.3 A simple application

Bellow is described a simple application to exemplify the basethod for obtaining spectra
of celestial bodies. It concerns an emission spectrum estiuici the V region using a small
telescope. Additional details regarding this spectral nlzgmn can be found iRopescuet al.
[2012a].

An easy way to obtain spectra of celestial bodies is to usésengr a transmission grating
in front of a telescope objective. Depending on the equigmised, the sky quality on the
observing moment and data reduction procedures, theignitiagnitude could be pushed up
to V = 15 in low resolution mode, with a small telescope (pipat mirror diameter below 50
cm).

Together with my colleagues, | carried out observation$ wetescopes having the diam-
eter of principal mirror between 200-300 mm and a diffractgyating having 100 lines/mm
[Popescuet al,|2012a]. Since promising results were obtained both fos stad for the quasar
3C273 we took the challenge to observe the quasar PG1634kabibas and apparent magni-
tude V=14.7. The purpose was to identify the emission lineisi spectrum and to calculate
their redshift. For this run we used a Celestron C8-NGT telescavhich is a Newtonian type
having the primary mirror of 200 mm and a focal length of 1,00, which means a focal
ratio f/5. It is used on a AS-GT (CG-5 GoTo) equatorial moutdwing automated tracking
of the object. For image recording we used An ATIK 314L+ CCD (geacoupled device)
camera having 1.45 Megapixels (a matrix of 1391x1039 pjxelach pixel being a square -
6.45 x 6.45um (chip size - 8.98 x 6.71mm). This camera has a resolutior dfits.

The spectrum of PG1634+706 was obtained using a Star Analygker a high efficiency
100 lines/mm transmission diffraction grating, blazedha first order. It was mounted in a
standard 1.25 inch diameter threaded cell which is comigatiith the telescope and CCD
camera. A rough calibration of the system can be estimatenrding to the designer formula
adapted to our system (Eg. R.6):

, . nm 6.45

DispersioRstin| pixel] = diem
whered is the distance between grating and CCD. The optical desigwedl a resolution

around 1.5nm. A precise calibration was made using knovaslidentified in the spectrum of

a bright star. The software used for data acquisition wasrAigz Capture.

The observations were carried out at 2011-08-05.089 (U law light pollution area
(Valenii de Munte - Romania). The object has the equatorialdipates RA = 1834M29° and
DEC =+70°31'32". At the observing moment the object had an air mass of. 1Tt final

(2.6)
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Figure 2.3: The field of quasar PG1634+706 (north is at bowbthe figure). The object and its spectrum are
surrounded by a rectangle. In this image it can be distiingilie zero order (objects are dots) and the first order

(light is dispersed)Popescuet all ].

image (Fig[2.B) consists of a stack of 18 individual imagéh @0 seconds exposure time each
and 3 images with 60 seconds exposure time each, thus a 3esiotal exposure time. Bias

and flat field corrections were made using corresponding @séaken at the beginning of the

night.

The wavelength calibration was done by identifying the posiof the known lines in the
star spectra. In general, stellar spectra have two domfaatures: the continuum - emission at
all wavelengths across their spectrum, and discrete ati@oidpes corresponding to elements
which are present in the stellar atmosphere. Hydrogen isnib& common gas in the atmo-
sphere of stars, and thus its well known absorption lines sible Hq, Hg,Hy) can be used
for wavelength calibration. Since the image (Fig.l 2.3) aord also the spectra of some stars
an accurate calibration can be made using this procedurevdlbe of the resolution found is
given in Eq[2.V:

. _.nm
D ——| =1.480+0.008 2.7
ispersion plxel] (2.7)

The preprocessing of this spectrum consists in noise rexiuahich was made by applying
on the image a Gaussian filter with= 2 pixels. This filter replaces each pixel with a pixel
of value proportional to a normal distribution computed ot current pixel and its nearest
neighbors|[West & Camerbn, 2006].

The spectral profile contains a continuum part, which is thetiouum emission part of
the quasar modulated by the transfer function of the adipnissystem (telescope, diffraction
grating and CCD camera transfer functions). Continuum suitraceduces the smoothly
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Figure 2.4: a) PG1634 + 706 spectrum obtained after datatieduand continuum subtraction; b) the correlation
coefficient between quasar spectrum and the template speshifted with different zPopescuet all, [2012a].

varying background to zero and essentially has the same affditering out the long-period
Fourier components of the spectra. Without continuum sighitin, the intensities of spectral
lines are not clearly detectable. The continuum was rembyedividing the spectrum with
a fifth order polynomial curve fitting. The obtained resuteafdata reduction and continuum
subtraction is given in Fig. 2.4.

The redshift is defined as the ratio of the change in wavelle@i = Aqps— Ag) to the
non-shifted wavelengthg) from a stationary source:

_ Aobs—Ao  [CHV
zZ= Ao _”C—V 1 (2.8)

where c is the speed of light in free space and v is the reaespied of the object. The analysis
of the obtained spectrum of PG1634+706 consists in red$é&iéirmination and application of
Hubble law to determine its distance.

The most common technique [Tonry & Davis, 1979] to deterntiveeredshift is the cross-
correlation of the observed spectrum with a template spectiThe redshift is determined by
the location of the largest peak in the cross-correlatiowctions. Several rest frame compos-
ite quasar spectra exists for the optical region like the fooim the article of [Francigt al,,
1991] obtained using data from Large Bright Quasar Survey (8BQ@hus for determining the
redshift of our spectrum the following steps were taken:

e Shift the template spectrum withzavarying from 0.4 to 1.8 using the step of 0.001. This
is a reasonable assumption made after visual inspectionrafaia.

e At each step, the correlation coefficient between the qugsastrum and the shifted tem-
plate spectrum is computed (Fig.12.4).

e Choose the redshift corresponding to the best correlatiefficeent found.
In this way, it was obtained = 1.340 corresponding to the peak value of the correlation
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Table 2.1: The emission lines identification in spectrum GfLB34 +706. The line labels, their corresponding
laboratory wavelengths, these wavelengths shifted withl.34, and the wavelengths observed in the spectrum
are presented.

Line Ao [nm] | A [nm] | Agps[nmM]
c 1 190.6 | 446.0 444
Fe lll 207.7 | 485.8 488
Fell+Cll] | 232.6 | 544.3 544
Mg Il 280.0 | 655.2 655

coefficient equal to 0.5416. The determination is atc @mpared with the level of noise
(whereo = 0.1987 is the standard deviation of the correlation coefficieues plotted in
Fig.[2.4).

Considering the value found for the redshiz= 1.340, the emission lines of known chem-
ical elements could be identified in the spectrum of PG1688«Table 2). Based on the emis-
sion line identification the accuracy nfletermination can be ascertained: 1.340+ 0.008.

Because PG1634+706 is a bright quasar with high redshift e€tsal lines, it has been
studied in some papers like [Schmidt & Green, 1983, Treee¢sd, 2007]. Our observation for
this object was at the limited magnitude for the type of emept used. With a robust method,
we succeed to extract the signal from noise and compute tehife Our determination of
redshift z = 1340+ 0.008, with a small telescope agrees with the value found frogsenvation
with large telescopes.

The result obtained allow to assert that even using a sma#idepe and the simplest spec-
trograph valuable results can be obtained. The developddosh® for observations and data
reduction can be used as a starting point for spectroscopglestial bodies with small tele-
scopes.

2.4 Spectroscopy for asteroids

The knowledge of the surface mineralogy of individual asitts and groups of asteroids can be
inferred through the spectroscopy. The solar light reflefrtad the asteroids contains essential
information regarding the optical properties of the matisrfound at the asteroids surface. The
spectral interval 0.8 - 2.5m is very important to discriminate between different malegy

of silicate-based compounds. Silicate minerals identifioas based on the presence of broad
bands of absorption around 1 anquin. These bands are due essentially to the presence of
olivine and pyroxene (or mixtures) on the surface of theragle

2.4.1 Reflectance versus emission

The incident flux arriving from an asteroid surface is setitin two contributions (Fid._2.5):
the solar radiation passively reflected by the surface madtand the solar radiation which has
been absorbed, converted to heat, an re-emitted as thexdnation [McCord & Adams, 1977].
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Figure 2.5: The components of the radiation received fromm Bquare lunar mare area (dark basaltic plain
on Moon formed by ancient volcanic eruptions) having an ddbef 006, considering the average Earth-Moon
distance, phase angle 0, T = 395K. The flux is measured in Vigattssquare meter per micron. Source
McCord & Adam5s|[1977]

The following relation can be written to describe the spautrecorded by a detector on a
ground base observatory:

Y(A)=[X(A)-HAA)+T(A)]-HT(A) (2.9)

whereY (A) is the radiation flux recorded by the spectromeXgn ) is the radiation flux from
the SunHA(A) is the transfer function of the asterolT (A ) include the transfer function of
the Earth atmosphere and of optical instrument &) is the thermal infrared emission of
the asteroid

In the VNIR spectral region (0.40, 2.5@)m the thermal emission of the asteroids can be
neglected compared to the reflected radiation for the ntgjofiasteroids. Thus in this spectral
region, the reflection spectra are studied.

In some particular cases, some asteroids become warm esaagthat the thermal flux
can not be ignored. These are low-albedo NEAs that beconma waough to emit detectable
thermal flux at 2.5um when they are located near perihelion. In this case thettleradiation
can account for 33% of the total flux for an object with an ath@d4 at 1.0 AUL_Rivkiret al.
[2005] defined a quantity called "thermal excess" to desc¢hlsephenomenon:

Ros+Tos
Y=

1 2.10
Ros ( )

whereR; 5 is the reflected flux at 2.5m andT, 5 is the thermal flux at 2./5m. UsuallyR, 5 is
determined by extrapolating a linear continuum from shav@relengths up to 2.am. It was
shown that the lower albedo give larger valueyak also do smaller solar distances. Beyond
1.9 AU, the expected thermal excess is close to zero for atleteal albedol [Rivkiret al,,
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2005].

2.4.2 Spectral features

Because minerals are characterized by unique compositiagysecific crystallographic struc-
tures, each mineral has a characteristic reflectance speetith different spectral features.
These features come from electronic and vibrational ttems within crystals or molecules.
The wavelengths at which the features are located in therspeckepends upon the ionic (e.g,
Fet, Fét etc. ) or molecular (e.g, #0, OH, CQ) species involved and the mineral structure
[Gaffeyet al,,|11993a]. As a general rule, crystal field theory is used tdeax@bsorption bands
in asteroid spectra.
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Figure 2.6: Reflectance spectra of several meteoritic itapbminerals: a) Spinel, b) Pyroxene, c) Olivine, d)
Iron-Nickel alloy.

Considering the meteoritic minerals spectra as a startimg fuy analyzing asteroid spectra
it can be found that several features are detectable in thgerah(0.35 - 2.50)um. The
most abundant mineral species composing the meteoritesoéivine (Fig[2.6¢), pyroxene
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(Fig.[2.6D), Iron-Nickel alloy (Fid. 2.6d), spinel (Fig.68) and feldspar.

Most asteroids are composed by a mixture of these mineraidse $he spectral parameters
of different absorption features (i.e. band position arertio between band areas) are related
to the specific composition of the individual mineral, spalcanalysis of the asteroid surface is
able in most cases to detect mineralogical signatures ctegistic of a particular species. So it
Is possible to establish the presence of specific mineragshsuch as those listed above.

The possibility of revealing a feature depends on the abwelahthe particular species so
that the strength of the feature can be detected over thérgpenoise. In some high quality
spectra of simple mineral mixtures the average compositnoirelative abundances can be also
determined. Several empirical methods have been devetopactomplish this task: Gaffey
[1976] defined a procedure for determining the relative dance of pyroxene and plagioclase
in basaltic achondritic assemblages, Cloetial. [1986b] developed a method for determining
the relative abundances of olivine-orthopyroxene mixgure

However, it cannot be ignored the possibility to obtain thene spectral trend by adding
various end-members of minerals. In this case, the deggnefatineralogical solutions must
be emphasized when the analysis of the asteroid spectraasrped.
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Observing techniques

Observations from Earth remain the most accessible wayudysthe small bodies of the Solar System. In
this chapter are overviewed the observing techniques usedthin asteroid spectra. First, the NASA IRTF
telescope and the SpeX instrument are briefly describedselinstruments were used to obtain the spectra
presented in this thesis. The planning of the observationstich | was involved is shown.

The second part of the chapter present the data reductiongglare. The calibration files used for data
reduction are defined. In the end the description of the skelpmved for obtaining the spectrum in its final
analyzable form is given.

While several programs (like Marco-Polo-R, Osiris-REx, Hays#t?) are under develop-
ment for space exploration of asteroids and several othersaervice (e.g. Rosetta, Dawn),
the choice of their targets is made based on strong groundlsassce. However, space-probes
can only visit a very limited number of objects. For a pictaféhe whole asteroid population,
the study of their global properties and their diversityaguired and this can be achieved by
using groundbased telescopes.

3.1 IRTF Telescope and the SpeX instrument

Several large telescopes are equipped with a spectrogBaphe examples among those sup-
porting research programs for planetary sciences are: A#®ANnfraRed Telescope Facility
(IRTF), the European Southern Observatory (ESO) Very Lasgjescope (VLT), the ESO New
Technology Telescope (NTT) and Telescopio Nazionale &a(TNG).

The NIR spectra presented in this thesis are obtained witBARTF (Fig.[3.14), a 3.0-
meter telescope located on the top of Mauna Kea - Hawaii. # knalt initially to support
the Voyager missions, but today at least 50% of the obsertng is devoted to planetary
sciences. The IRTF hosts 6 facility instruments:, SpeX.([Bidb), NSFCAM2, CSHELL,
MIRSI, Apogee, Moris. These instruments allow imaging, palatry, low and high resolution
spectroscopy in the near to mid infrared (0.8 - R@).

SpeX - the most used instrument by planetologists from NABAH telescope, is a low to
medium resolution spectrograph and imager in the (0.841B) It provides spectral resolu-
tions of R~ 1000 - 2000 across 0.8 - 24m, 2.0 - 4.1um, and 2.3 - 5.5um, using prism
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() (b)

Figure 3.1: a) The 3m NASA InfraRed Telescope Facility atMauna Kea Observatory on Hawaii. b) SpeX
instrument mounted to IRTF telescope. As scale, SpeX is 1aflrand weighs 478Kkg.

cross-dispersel'_LRa;meLaJJ, [ZD_O_:E]. Single order long slit modes are also available. ghhi
throughput prism mode is provided for 0.8 - 2150 spectroscopy at R 100.

SpeX employs a 1024x1024 Aladdin3 InSBb CCD array for acquitiregspectra, while
image acquisition could be made with a 512x512 Alladin2 CCLbla8ay.

Two interfaces are used to manage the instrument and theegeph, GuideDog interface
(Fig.[A]) is dedicated to pointing and tracking the objed &gDog (Fig.[A.2) interface is
used for spectrograph setup and spectra acquisition.

Observations on IRTF can be performed from anywhere in thédwising an internet con-
nection via VNC (Virtual Network Connection) protocol. Theserving runs for this work
were conducted remotely from Meudon-Paris (France), mioa@ L2 000 Km away from
Hawai [Birlanet aIL MJ&L&L&H |;0_0J2]. Due to different time zones, for the observers
in Meudon, the observing time occurred during daylight lsow full hawaiian night session
started at 5 a.m. and ended at 5 p.m. - Paris local time.

Using the equipment provided at Centre d’Observation a Bist&n Astronomie a Meudon
(CODAM), team had the control remotely of both the instrun'guntler system and the spec-
trograph set-up and spectra acquisitiQn_LB_'ummJ, [ZD_O_AJiLZQ_d6]. A permanent and constant
audio/video link with the telescope operator was esseirtiairder to administrate possible
service interruptions, thus another interface was useckép kthe audio-video link open (via
Polycom ViewStation video-conference system both on Maualtd Mauna Kea). All soft-
ware was re-initialized at the beginning of each night.

3.2 Planning the observations

The typical cycle of astronomical observations on worlalssltelescopes imply the following
steps: 1) issue received with the call of proposal for olexsr\2) targets selection; 3) proposal
submission and evaluation; 4) observations; 5) data rexhsceind analysis; 6) publications
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and dissemination of the results.

Generally, the targets are selected based on a desiredifscienterion, which in general
reduce their number up to few tens. Observational time iainbt after a severe selection of
the best proposals made by the IRTF time allocation comenitte

Scheduling the observing time for asteroids requires aempghides (the position of astro-
nomical objects on the sky) calculator, suchfast p: / / ssd. j pl . nasa. gov/ hori zons.
cgi orhttp://ww. inctce. fr. However, for the large observing programs that targets
many objects an additional scheduler is required. It is tlse od the progranfPhysical prop-
erties of low delta-V Near-Earth Asteroiftsr which | designed a planning software, available
online at:htt p: // mdast . i ncce. fr/ | owdv. php.

The tool selects targets based on the following criteria:

e "delta-V" - the available propulsion required remains anie@gring design constrain;
typically "delta-V" should be lower than 7 km/sec for the imirendezvous and should
have additional 1 km/sec for return;

e H - the absolute magnitude, determines the diameter of tgettand should be restricted
to consider the kilometers size objects;

e the apparent magnitude and proper motion of the object dHmikelected in agreement
with the telescope capabilities;

¢ the altitude at the moment of the observing time should spwed to a low airmass.

For example, among the objects accessible for observatitnIRTF telescope on May
18-19, 2008 were: (5620) Jasonwheeler, ( 1943) Antero868%) 2003 Q0O104, and (433)
Eros.

3.3 Data reduction procedures

The data reduction procedures for the observational dasistan obtaining the flux as a func-
tion of wavelength from the CCD images. Usually these imagesimfit@ format.Additional
information regarding the CCD images for astronomy can bedaarthe book "Electronic
Imaging in Astronomy Detectors and Instrumentation” [Mahg2003].

The calibration files are:

Bias - in the "no-signal” condition, the CCD electronics system waiWays produce a small
positive readout signal for each pixel. This electroniaaigre is therefore known as the
bias level. This can be easily measured by taking a zero dezxposure time. Multiple
bias frames can be averaged to reduce the random readoetyysseraging them.

Dark - Dark-current levels, due to thermal noise, are determinetbng exposures with the
CCD shutter closed. To minimize this effect CCDs are generalbfezbto low temper-

IFITS is the acronym of Flexible Image Transport System


http://ssd.jpl.nasa.gov/horizons.cgi
http://ssd.jpl.nasa.gov/horizons.cgi
http://www.imcce.fr
http://m4ast.imcce.fr/lowdv.php
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Figure 3.2: The data reduction procedure for NIR spectrainbtl with IRTF/SpeX [Nedelcu, 2010].
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atures. To remove this noise, an exposure is taken of siheitggth as the useful im-
ages,with the dome and shutter closed. These dark imagesdsmahe used to find dead
or hot pixels. If dark frames are used, the CCD bias is contamtuin them and separate
bias corrections are not necessary. Similarly, multipl @xposures can be averaged to
reduce the random readout noise by averaging them. Thisledaal'master dark file".
Dark current is more significant in infrared arrays, and it maybe linear and scalable
from different exposures [McLean, 2008].

Flat - Sensitivity variations from pixel to pixel arise as the esii fabrication processes and
also due to optical attenuation effects such as microsatymst particles on the surface
of the CCD. A flat field image to correct for this effect is usuailytained by observing
inside of the telescope dome (if it is matt or white) or pla¢®ige white card on the dome.
The dome is illuminated with a projector lamp. In this case tiflescope is completely
out of focus which ensures that the field is uniformly illuried. For faint objects it is the
light of the sky that dominates, and so it is better to try te e sky itself as a flat-field.
In other cases, as in photometry for instance, the flat fieldddee done using a sky region
in the day light time (at the beginning and end of the night).

Arc lamp - "arc" images are used to determine the pixel to wavelengtiespondence, more
exactly to make the wavelength calibration. Typically, tamps used contain helium,
neon, xenon, argon or a combination thereof. The emissies from the spectrum of the
arc lamp are at known wavelengths and can be identified. EdRTF/SpeX a lamp with
argon is available (Fid. 3.2).

Standard star - A solar-like standard star spectrum taken at similar agsnia required to
correct the atmospheric effects and to remove the signafuhe Sun’s spectrum in order
to have only the signature of the asteroid surface. The G2 atarused with magnitudes
(usually between 5 to 12) that allow to obtain a high SNR (@igo noise ratio) spectrum
with a short integration time (a few seconds). If the stapalbright it will saturate the
CCD, while a fainter star will require an unacceptably longgration time.

The steps required for data reduction are figured in [Eid. I Bese steps are described
below:

Acquisition of the images containing the specffie most important aspect that should be
taken into account is the variation of the sky backgrounds €ffect is caused in principal by
the chemical reaction of combination/recombination imismheljé. There are two techniques
used to avoid this unwanted effect. First, the images aentakth an exposure time less than
120 sec. It is known that the variation of the sky backgroundn interval lower than 120
sec. could be neglected. Images with longer exposure timebeaobtained by combining
individual images with shorter exposure time. Second, ffecsa are obtained alternatively

°the most common name of these phenomena is airglow
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Figure 3.3: The raw spectra of an asteroid and standard Btertwos spectra are modulated by the absorption
bands of the Earth atmosphere (essentially telluric waaadb).

at two separate locations along the slit (close to top - "A" elede to bottom - "B"). This is
call the nodding procedure [Nedelcu, 2010]. In the low resoh mode of SpeX, spectra are
acquired only in a band of 512x100 pixels of the CCD.

Flat field corrections The flat field images are made using a lamp based on Quartz-
Tungsten-Halogen (T=3200 K). This procedure is appliethatlteginning and at the end of
the observing session, by taking 10 images each time. If @ pedue is greater than 10%
of the neighboring pixels, it is considered as a bad pixelchSuixels are replaced in all im-
ages (object images, flat fields and arc images and stan@aridhsiges) with a value obtained
from interpolation of neighboring pixel values. A "mastet'fls obtained by combining and
averaging all flat field images. The master flat field is subécérom all images.

Removing the sky backgroundhe consecutive images A and B are subtracted (A-B and
B-A) resulting new images containing two spectra: one witkifpee pixel values and another
with negative pixel values (Fig._3.2.3).

Wavelength calibration The wavelength calibration is made by identifying the esiois
lines of an Argon lamp. Thus, it results a correspondencedsat the pixel position on the
x-axis and the wavelength (Fig._8.2.3).

Combining the imagesThe two spectra (corresponding to both positive and negaiixel
values) are identified in each image. The images are cuttbalgositive spectrum being kept.
A final spectral image (Fig. 3.2.4) is obtained for each ddjgayathering all its corresponding
images (before summing all images they are aligned by tlyintast trace).

Extraction of the raw spectrunThe final point of this stage consists in summing the value
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of the pixels fromy axis corresponding to the spectrum of an object and extracif these
values in a file containing the wavelengths (in accord with ¢brrespondence pixel position
on x axis - wavelength) and the pixel values (Fig.13.2.3). An epdenof such a raw spectrum
is given in Fig[4.1..

The next part of the data reduction procedures consistsrioving the influence of Earth at-
mosphere. This task is accomplished using some IDL routivesmplements the atmospheric
transmission (Atmospheric Transmission Model (ATRAN)) rabloly|Lord [1992].

The final step consists in dividing the asteroid spectrurrhiysblar analog. In this way we
obtain the relative reflectance spectrum of the asteroid.NIR spectra presented in this thesis
are normalized to 1.2Em.






Spectral analysis techniques

VNIR reflectance spectroscopy is currently the best renestenique for characterizing the surface composi-
tions of asteroids. In the last fifty years it has been useensktely to determine the surface mineralogy of
asteroids.

The analysis of reflectance spectra can be done using senmtilods, such as taxonomic classification,
comparison with laboratory spectra, band parameter deteation, and modeling of the space weathering
effects. This chapter presents those methods which | usefddotral analysis and implemented in a software
package.

"Asteroids" actually means "star-like" because viewed thhoa telescope, these planetesi-
mals are merely point sources of light. A panoply of new obetonal techniques (e.g. spec-
troscopy, photometry, polarimetry, adaptive optics, radi.) has transformed these star-like
objects into individual little worlds.

4.1 Interpretation

Olivine, pyroxene (clino- and ortho-pyroxene), iron-retkFe-Ni) metal, spinel, and feldspar
are some of the most important minerals that can be identiyecarefully analyzing the re-
flection spectra of the asteroid [McSween, 1999]. If theseemals are combined to form a
rock the resulting spectrum is a messy composite of the ishalif spectra for the constituent
minerals.

4.1.1 Taxonomy

Taxonomy is the classification of asteroids into categdu&sses, taxons) using some param-
eters and na priori rules. The main goal is to identify groups of asteroids tlatehsimilar
surface compositions. The classification into taxons iditeestep for further studies of com-
parative planetology. In the case of asteroids, a preciamtanic system gives an approach to
a specific mineralogy for each of the defined classes.

Taxonomic systems of asteroids were initially [Chapregaall, 11971] based on asteroid
broadband colors, which allowed us to distinguish betwaengeparate types of objects, de-
noted "S" (stony) and "C" (carbonaceous). Based on the inciggasiount of information from
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different types of observations, new taxonomic classe®wefined. Historically, the most
widely used taxonomies are the following: Tholen [1984] &@atucciet al. [1987], which
used data from the Eight-Color Asteroid Survey [Zellaeal, 11985] together with thermal
albedo; Bus & Binzel [2002a], which used data from the SMASS®2e3y and DeMeet al.
[2009], which is an extension of a previous taxonomy scherteethe near-infrared.

Statistical methods are used for defining taxonomic syst#rasteroids. We point out two
of them, namely principal component analysis (PCA) and thadgle clustering method.

Principal component analysis (PCA) is a method for redudiggdimensionality of a data
set of M variables, involving linear coordinate transforioas to minimize the variance. The
first transformation rotates the data to maximize the vagaalong the first axis, known as the
principal component 1 (PC1), then along the second axis - tensigrincipal component, and
so on. Overall, the new coordinates are ordered decregsmggrms of the dispersion in the
principal components.

Bellow is the summary of Bus-DeMeo taxonomy in conformity wileMeoet all, '2009].
The prototype asteroids (specified by their number) of ed@bscand a short description is
given.

A : 246, 289, 863 - Deep and extremely broad absorption bastpfinimum near um; may
or may not have a shallow2m absorption band; very highly sloped.

B : 2, 3200 - Linear, negatively sloping often with a slight nduoump around 0.fm and/or
a slightly concave up curvature in the 1 tubn region.

C : 1, 10, 52 - Linear, neutral visible slope often a slight rolbgimp around 0.¢im; low but
positive slope after 1.3; may exhibit slight feature longavof 1 um.

Cb : 191, 210, 785 - Linear with a small positive slope that starbund 1.Jum.

Cg : 175 - Small positive slope that begins around t8; pronounced UV dropoff.

Cgh : 106, 706, 776 - Small positive slope that begins aroupairi pronounced UV dropoff
similar to Cg; includes a broad, shallow absorption banderedtnear 0. um similar to
Ch.

Ch : 19, 48, 49 - Small positive slope that begins aroundini; slightly pronounced UV
dropoff; includes a broad, shallow absorption band cedtesar 0.7um.

D : 1143, 1542, 3248 - Linear with very steep slope; some shightsturvature or gentle kink
around 1.5um.

K : 42,579, 742 - Wide absorption band centered just longwbdd jom; the fist maximum
and the minimum are sharply pointed; the walls of the abgm@atre linear with very little
curvature.

L : 236, 402, 606 - Steep slope in visible region leveling outiptly around 0.7um; there is
often a gentle concave down curvature in the infrared witheimum around 1.5um;
there may or may not be af2m absorption feature.
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O : 3628 - Very rounded and deep, "bowl!" shape absorption featirl um as well as a
significant absorption feature agan.

Q : 1862, 3753, 5660 - Distinct m absorption feature with evidence of another feature near
1.3um; a 2um feature exists with varying depths between objects.

R : 349 - Deep 1 and um features; the um feature is much narrower than a Q type, but
slightly broader than a V type.

S: 5, 14, 20 - Moderate 1 and 2m features; the 2tm feature may vary in depth between
objects.

Sa: 984, 5261 - Has a deep and extremely broad absorption bdndraf has similar features
to A types but is less red.

Sq : 3,11, 43 - Has a wide fum absorption band with evidence of a feature neah8like
the Q type, except the @dm feature is more shallow for the Sq.

Sr : 237, 808, 1228 - Has a fairly narrowim feature similar to but more shallow than an R
type as well as a &m feature.

Sv : 2965, 4451 - Has a very narrowim absorption band similar to but more shallow than a
V type as well as a um feature.

T : 96, 308, 773 - Linear with moderate to high slope and oftertlgeoncaving down.

V :4,1929, 2851 - Very strong and very narroyth absorption and as well as a strong
absorption feature.

X : 22,87, 153 - Linear with medium to high slope.
Xc : 21,97, 739 - Low to medium slope and slightly curved and ceackownward.

Xe : 64,77,3103 - Low to medium slope similar to either Xc or Xfey but with an absorption
band feature shortward of 0.%6n.

Xk : 56, 110, 337 - Slightly curved and concave downward simidaXc type but with a faint
feature between 0.8 todm.

Ld : 279, 3734 - Diverged to L and D classes.

Sk : 3, 6585 - Diverged to the S and Sq classes.

Sl : 17, 30 - Merged with the S class.

The classification of an asteroid spectrum in Bus-DeMeo taxgncan be done via MIT-
SMASS online toolﬂ.

The G-mode is a multivariate statistical clustering mettieat allows us to classify a sta-
tistical sample consisting of N elements with M variables.e larameter G is the analog of
the distance in a NxM space. This statistical distance betved object and a taxonomic class
shows the similarities of the characteristics of this objechose of its class [Barucet al.,

Ihttp://smass. nit. edu/ busdeneocl ass. ht i


http://smass.mit.edu/busdemeoclass.html
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Figure 4.1: Bus-DeMeo taxonomy key figures. Souileetp://smass. nmit. edu/ busdeneocl ass.
ht m

1987, Birlanet al.,|11996a]. One of the advantages of this method is that evemyfasubset
of variables is available for an object (only part of the gpeu), a preliminary classification
can still be achieved.

4.1.2 Spectral comparison - Comparative planetology

Spectroscopy of different samples performed in the laboygtrovides the basis upon which
compositional information about unexplored planetaryfasigs can be understood from re-
motely obtained reflectance spectra. Thus, confrontingpleetral data derived from telescopic
observations with laboratory measurements is an impostai in study of asteroid physical
properties|[Brittet all, 11992, Vernazzat al., 12007 Popescuet al., |2011].

Among the laboratory samples, meteorites can provide th& matful results for under-
standing asteroid composition. This is owed to the fact {radr to their arrival meteorites are
themselves small bodies of the solar system. Thus, specimrgbarison represents a direct link
for understanding of asteroid-meteorite relationships.

The traditional classification is based upon their appezrae Pater & Lissauer, 2010]:

e metal meteorites are referrediemn meteorites They are made primary of iron and nickel
and smaller amounts of siderophile elements (elementsweaisily combine with molten
iron);


http://smass.mit.edu/busdemeoclass.html
http://smass.mit.edu/busdemeoclass.html
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e meteorites that contain comparable amounts of macroseoogiallic and rocky compo-
nents are calledtony irons

e meteorites that do not contain large concentrations of Inaegeknow astones

A second classification of meteorites takes into accourit thmeralogic changesachon-
dritesare igneous bodies, the product of melting, changes in ceitigo and recrystallization,
while chondritesare the primitive meteorites composed of material that éxtriine solar neb-
ula and surviving interstellar grains, little modified innse case by aqueous and/or thermal
processes.

Chondrites keep the records of the origin and the early eenlatf the Sun and planets. The
name comes from Greek'ehondros', meaning grain or seed, a reference to the appearance
produced by numerous small, rounded inclusions called dfubes. These chondrules are
small droplets of olivine and pyroxene condensed and dtigstd from the hot primordial
solar nebula in form of small spheres. They accreted witkrotaterial that condensed from
the solar nebula forming a matrix [McSween, 1999]. The chiticdneteorites are split in:
ordinary chondritesso hamed because they are the most abundant typesathenaceous
chondritesactually misnamed when they were believed to have much higgrdon contents
than other chondrites; trenstatite chondriteeamed for their high abundances of enstatite, a
magnesium silicate mineral. Rumuruti and Kakangari choaadnieteorites does not fit in any
of these classes, being considered separate types [defAdtsauer, 2010].

The most common primitive meteorites - ordinary chondrées divided based on their
Fe/Si ratio:H - high Fe contentl. low Fe, andLL low Fe and low metal. The same criterium
applies for enstatite chondrit€dH, EL. The carbonaceous chondrites are split in eight classes
which slightly differ in compositionCI,CM, CO, CV, CR, CH, CE&andCK [de Pater & Lissauer,
2010].

In Fig.[4.2& is given the microscopic view of a thin sectiortaf Allende meteorite(CV3).

It shows numerous chondrules, white calcium-aluminumusidns (CAl), and opaque metal
grains, all held together by dark, fine-grained matrix materAll of this diversity is con-
tained within several square centimeters of surface ardasnmeteorite. For comparison, the
abundance of elements in the Sun’s photosphere is plot@dsigheir abundance in the car-
bonaceous chondrites [Ringwood, 1979]. Most elements lig e#®se to the curve of equal
abundance (normalized to Si).

Chondritic meteorites are assigned a petrographic typerrgrigom 1 to 7. This describes
the degree of alteration by different processes. Type 3diites appear to be least altered and
provide the best data on the conditions within the protogddiry disc. Types 5 to 7 are shocked
materials, signature of collisional processes of paredidso

In contrast to chondrite, achondrites came from diffeeatl parent bodies (bodies that
have undergone density-dependent phase separation) gfiéeus origin of these meteorites
imply a partial or total melting of primordial chondritic riter. Igneous processes are the
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Figure 4.2: a) The photomicrograph of a thin section of thdb@aaceous chondrite Allende, which was seen to
fall in Chihuahua, Mexico on the night of February 8, 1969.niMuous round silicate chondrules together with

irregular inclusions can been observed . b) Comparisonlaf-system abundances (relative to silicon) determined
by solar spectroscopy and by analysis of carbonaceous n'tEmQ].

primary means by which planetary body evolve. The bulk cositums of achondrites are

enriched in litophile and chalcophile elements.The abonda of these elements are also en-

hanced in the Earth’s crust. Achondrites are significangigleted in iron and siderophile ele-

ments. The subtypes of achondritic meteorites include: &tdite - Eucrite - Diogenite (HED),

Aubrites, Shergottite - Nakhlite - Chassignite (SNC), Utedi Acapulcoites and Lodranites.

A small percentage of known achondrites are from two largetids - the Moon and Mars
0].

Several spectral libraries are available for accomplgisipectral comparison, such as Re-
Ial@, USGS Spectroscopy LaboratBryhe Johns Hopkins University (JHU) Spectral Library,
the Jet Propulsion Laboratory (JPL) Spectral Lidﬂaleytc. | used the Relab spectral library,
which is one of the largest libraries and contains more tHgA0D spectra for different types
of materials from meteorites to terrestrial rocks, man-enauxtures, and both terrestrial and
lunar soils.

4.1.3 Space weathering effects

It is now widely accepted that the space environment alteesoptical properties of airless
body surfaces (Fid. 4.3). Space weathering is the term #stribes the observed phenomena
caused by these processes operating at or near the surfaneathosphere-less solar system
body, that modify the remotely sensed properties of this/lmudface away from those of the

unmodified, intrinsic, subsurface bulk of the bo&@ad@é,@ﬂh].

2http: // www. pl anet ary. br own. edu/ r el ab/
Shttp://specl ab. cr. usgs. gov/
4http://speclib.jpl.nasa.gov/
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Figure 4.3: Different ways in which space weathering affeébe visible and near-infrared spectra of soil. Space
weathering processes alters the properties of the soitthars the surface of all bodies which are not protected
by an atmosphere (Sourbét p: // en. wi ki pedi a. org/).

The objects that are most affected by the space weathegrgil@ate-rich objects for which
a progressive darkening and reddening of the solar refleetspectra appear in the 0.2 - 2.7
um spectral region_[Hapke, 2001]. Lunar-type space weathas well-understood, while
two well-studied asteroids (433 Eros and 243 Ida) exhildffedint space weathering types.
The mechanism of space weathering for asteroids is stiteatly far from being completely
understood.

The latest approaches to the study of space weathering sed ba laboratory experiments.
Simulations of micrometeorites and cosmic ray impacts lmen achieved using nanopulse
lasers on olivine and pyroxene samples. These have showagkatblation lowers the albedo,
dampens the absorption bands, and reddens the spectruse &ffects could explain the tran-
sition from "fresh” ordinary chondrite material to the oh&eat asteroid spectra [Yamadaal.,
1999, Sasaket al,, 2001]. The spectral effects generated by the solar wirdligtion to sili-
cate materials were also investigated by Brunettal. [2006]. On the basis of ion irradiation
experiments, they found "a weathering function” that coddibed to fit the ratio of the spectra
of irradiated to unirradiated samples, which was impleméim M4AST.

4.1.4 Band parameters

The "traditional” method used for mineralogical analysibased on different parameters that
can be computed from the reflectance spectra of the objeetelbarameters give information
about the minerals that are present on the surface of theakttheir modal abundances, and
the size of the grains.

Cloutiset al. [1986b] outlined an analytical approach that permits therpretation of vis-
ible and near-infrared spectral reflectance to determiaertimeralogic and petrologic param-
eters of olivine-orthopyroxene mixtures, including endmber abundances, chemistries, and


http://en.wikipedia.org/
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particle size. These parameters are the wavelength positite reflectance minima around 1
pm and 2um, the band centers, and the band area ratio (BAR) which isatieof the areas
of the second absorption band relative to the first absariamnd.

Gaffey [2010] noted that mineralogically diagnostic spalgtarameters (band centers, BARS)
are "essentially immune to the effects of space weatherisgrobd and modeled to date”.

4.2 Algorithms

This section describes the algorithms used to analyze ffexatt types of spectra. The de-
scription of these algorithms was part of the papepescuet all [2012b].

4.2.1 Taxonomic classification

Different approaches for the taxonomies can be used.

To classify a spectrum in the Bus-DeMeo taxonomy, we deterrnow closely the asteroid
spectrum is fitted by the standard spectrum of each clasg asourve matching approach.
This approach involves first fitting the spectrum with a polymal curve and then comparing
this curve to the standard spectrum at the wavelengths givere taxonomy. We select the
taxonomic classes producing the smallest standard dewigtithe error (see EfQ. 4.5).

For G-mode taxonomy, we used the algorithm defined in Fulemget al. [2000]. This
comprises the computation of tlgeparameter, which gives the statistical distance of a new
sample, characterized Hy; } from the taxonomic class

R
gs:\/z-RS%(x'_x'S) — V2 RM—1, (4.1)

, Ois
whereM is the number of points along the selected section of the speciandi = 1...M.

The G-mode method defines for each taxonomic ctabe mean value$x;s}, the standard
deviations{gis}, and a statistical indicatds. We select the classes that have the lowgshe

ideal case beings= —v/2-Rs-M — 1.

The taxonomic classes are defined depending on the taxonodifférent wavelength in-
tervals (0.45 - 2.45um for Bus- DeMeo taxonomy, 0.337 -2.3%8n for G13 [Birlanet al.,
1996a] taxonomy, and 0.337 - 1.041 and for G9 taxonomy) antesaf them also using the
albedo. The curve matching gifactor computation can be made across a smaller wavelength
interval (depending on the available wavelength range efasteroid spectrum) but with a
lower confidence, thus a reliability criterion is requirg&bpescuet al.,12011]

card([Am, Am]N{A],AJ ., AN })
N Y

Reliability = (4.2)

where [Am, Am] is the spectral interval between the minimum wavelength taedmaximum
wavelength in the asteroid spectrudd,, AT ..., Ay' are the N wavelengths for which the stan-
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dard spectra of the taxonomy are given, aadd() represents the number of elements of a
discrete set.

4.2.2 Curve matching

The methods for taxonomic classification and comparisoh mieteorite spectra are based on
curve matching. These procedures involve minimizing a tityafusually called®) in order to
determine the best estimates for a given asteroid spectrum.

A quantity commonly used to test whether any given pointsveet-described by some
hypothesized function is chi-squang?], the determination being called the chi-square test for
goodness of the fit [Bevington & Robinson, 1992].

The classical definition for thg? is :

zzz(xi—lli) : (4.3)

where there ardl variablesq normally distributed with the megn and variance?. If o2 are
correctly estimated, the data are well-described by theegl, when® = x? — 0.
We denote by e} the error between the data (asteroid spectrum) and theyfitinve:

& =(X—H). (4.4)

Our first approach to curve matching, derived from chi-sqgi#ting, is based on the formula

N
q)std— A/ Z g —#@)? (4.5)

where we have denoted wihithe mean value of the s¢g& } (Eq.[4.4).

The quantity to minimize in this case is the standard dewmatif the errors. To apply this
procedure, we smooth our asteroid spectrum by a polynomia¢cusing thepoly fit function
from the Octave3.2 computation environment). This stegauired to eliminate the outliers
produced by the incomplete removal of telluric absorptioag.

We used this type of curve matching to find the taxonomic addislse asteroid in the Bus-
DeMeo taxonomy and to compare with laboratory spectra.didtier case, we determine how
well the asteroid spectrum is fitted by different laboratgpgctra, and select the closest 50 fits,
in ascending order cb.

A second approach to curve matching can be made ySimgth the definition[Nedelcet al.,
2007]: \

1
X2 _ =2 Z (Xi — IJl
wherex; are the values of a polynomial fit to the asteroid spectrumiarate the reflectance
values for the meteorite spectrum. The meaning of this ftansithat of a relative error at each

(4.6)
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wavelength N being the number of wavelengths on which the comparison ieinad
The third approach to curve fitting is based on the corratatmefficient

_ cov X, M)

4.7
oo @.7)

where, X = {x;} is the spectrum of the asteroid alt= {;} is the laboratory spectrum. The
correlation coefficient detects linear dependences betwee variables. If the variables are
independent (i.e. the asteroid and laboratory spectray, time correlation coefficient is zero.
A unitary value for the correlation coefficient indicateattthe variables are in a perfect linear
relationship, though in this case we search for laboratpegtsa that match the desired asteroid
spectrum with the highegix .

Finally, we concluded that a good fitting can be achieved bylining the standard devi-
ation method and correlation coefficient method. In corinadb the Eq[4)5 and EQ. 4.7 a
combined coefficient can be defined - 4.8.

(4.8)

wherepx m was defined in Eq._4.7 aris;q was defined in Eq.4.5. In this case, the laboratory
spectra that match the asteroid spectrum are those withighedt value ofb.omp

4.2.3 Computing the space weathering effects

Our approach to computing space weathering effects agpkesodel proposed by Brunettd al.
[2006]. On the basis of laboratory experiments, they catedithat a weathered spectrum can
be obtained by multiplying the spectrum of the unalteredmarhy an exponential function (
see Eq_49) that depends on the precise para@eter

By fitting the asteroid spectral curve with an exponentiattion using a least-square error
algorithm, we can compute tli& parameter

W(A) =K x exp(%s) (4.9)

Brunetto & Strazzullal [2005] demonstrated that ion-induspdctral reddening is related
to the formation of displacements, with tkig parameter being correlated with the number
of displacements per cfr(named damage parameted): |Brunettoet al. [2006] obtained an
empirical relation betwee@s and the number of displacements per’cm

Cs=axIn(Bxd+1), (4.10)
wherea = -0.33um andp = 1.1x10'° cn?. Eq.[4.10 can be used to compute the damage
parameted.

This model for the space weathering effects describes fhetefof solar-wind ion irradia-
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tion. While this is not the only active weathering processegms to be the most important at
1 AU [Vernazzeet al., 12009, Brunetteet all, 2006].

The removal of space weathering effects is made by dividiegsteroid spectrum by (A )
at each wavelength.

4.2.4 Application of the Cloutis model

Cloutiset al. [1986b] proposed a method for the mineralogical analysispafctra showing
absorption bands. We implemented an application to contpetspectral parameters defined
by this method. The computation of all the parameters desdrin Section 4.2 is done for
spectra that contains the V + NIR wavelength regions. If dhly NIR region is given, then
only the band minima can be computed.

The following steps are taken: we first compute the minimaraadima of the spectrum.
This is done by starting with the assumption that there is @mmam around 0.7um followed
by a minimum around um, then a maximum between 1.3 - Juf and a minimum around
2 um. The spectrum is fitted around these regions by a polyncimmagition. The order of
the polynomial is selected to be between three and eightderdo obtain the smallest least
square residuals. The minima and the maxima are the poirgsevthe first derivative of the
fitted polynomial functions is zero.

In the second step, using the wavelengths and the reflectrice two maxima and at the
end of the spectrum (around 2um), we compute two linear continua, tangential to the spéctr
curve. The continuum part is removed by dividing the spextby the two tangential lines (in
the corresponding regions). The band centers are compeitedihg a method similar to that
applied to the band minima, but after the removal of the camim.

The last step consists in computing the two absorption-baaas. The first absorption band
is located around um and between the first and second maxima. The second alosoppind
is located around Zm, between the second maximum and the end of the spectrumaréhe
is computed using a simple integration method. This methodists in computing the area
between two consecutive points in the spectrum defined ypeoid and summing all these
small areas corresponding to the absorption band.

OPX
OPX+OL
The ratio of the areas of the second to the first absorptiod (BAR= %) gives the relative
abundance orthopyroxene vs olivine presented in_Eq] 4.drhfsieret all, 2003].

=0.4187x (% +0.125). (4.11)






MA4AST - Modeling of Asteroids Spectra

The increasing number of asteroid spectral measuremerstsetaa to well-developed methods for analyzing
asteroid spectra. There is however no centralized datal@sall the published data and a set of standard
routines is also required.

This chapter describes a public software tool (called M4pE@t combines both data archives and analyses
of asteroid spectra. M4AST (Modeling for asteroids) cansié an asteroid spectral database and a set of
applications for analyzing asteroid spectra. These appiocns cover aspects related to taxonomy, curve
matching with laboratory spectra, space weathering mgdatel mineralogical diagnosis. M4AST tool is
fully available via a web interface. The database contairsuad 2,700 spectra of asteroids that can be
either processed in MAAST and/or downloaded. M4AST agpitacan also be used to characterize new
asteroid spectra.

The robustness of routines is proven by the solutions foandpfectra of two NEAs: (99942) Apophis, and
(175706) 1996 FG3. The results confirm those already puitishthe literature. MAAST was presented to the
scientific community through a dedicated article publisremintly [Popescuet al,[2012b]. The presentation
from this chapter closely follows the cited article.

Asteroid spectra have been obtained since the late 1960€oMet al. [1970] published
the first spectral measurements in the 0.3¢ini wavelength region for the asteroid (4) Vesta,
and found that its spectrum is similar to those of basaltimadritic meteorites. The most im-
portant surveys in the 1980s for measuring the spectraactenstics of asteroids are the Eight-
Color Asteroid Surv«@/(ECAS, Zellneret al. [1985]), and the 52-color sur\,@)[Bell et all,
1988]. All these results showed the diversity of asterorflase composition.

In the last two decades, the development of CCD spectrograptharaccess to 3 - 8 m tele-
scope class have made possible to obtain spectra of signii¢aimter asteroids with a much
higher spectral resolution than achievable by broad-bdmdametry. Several spectroscopic
surveys have been performed, including SMASS EXal., 11995], SMASS2|[Bus & Binzel,
2002b], and 30 [Lazzaroet all, [2004]. Other spectroscopic surveys have been dedicated
only to NEAs such as SINEQ [Lazzar#t al., [ 2005] or the survey performed by de Leéial.
[2010]. The total number of asteroid spectra resulting ftbese surveys is in order of thou-
sands and has led to a mature understanding of their populati

Currently, the spectral data of asteroids continues to grolxe most important spectral

1ECAS is a photometric survey
252-color is a spectrophotometric survey
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Spectral Database )

C Spectral Analysis )

MIAST

MODELLING FOR AST=R0IDS I

Figure 5.1: M4AST logo and the aims of this project.

surveys for asteroid have made their data available onlih@wvever, there is no centralized
database containing all the asteroid spactMnreover, the exploitation of these data in terms
of construction of mineralogical models, comparison tolalbory spectra, and taxonomy is
treated individually by each team working in this field. Whilee spectral databases for as-
teroids have become significant in size and the methods fdehmy asteroid spectra are now
well-defined and robust, there are no standard set of rautoréhandling these data.

| developed M4AST (Modeling for Asteroids), which is a to@dicated to asteroid spectra
[|BQp_e_s_Q£_t_al|, |;01_2IHLOJJLB_Irlan_£Qp_e_s_Qh|;0Li] The logo of this project and the aims
are given in FigL 5J]1. M4AST was conceived to be availableavi@eb interfaceHt t p: / /
cardam ne. i ntce. fr/ mlast /) and is free for access to the scientific community.

The flowchart of the M4AST project is presented in Hig. 5.2.isTproject consists of a
database containing the results of the observational measmts and a set of applications
for spectral analysis and interpretation. Additionallye start up to build a tool dedicated to
observations planing, already described in chapter 3. ®elle discuss the spectral database
and the modelling tools parts of MAAST.

5.1 Spectral database

The first component of the project is the spectral databasentains the results of telescopic
measurements for the reflectance spectra of different wag#t ranges (V - visible, NIR - near
infrared, V+NIR - visible and near infrared) of the astemidnd the observations logs.

5.1.1 Structure of MAAST database

The information in the database is organized into two typiled: permanenandtemporary
files. Additionally, there is a catalog to keep track of thenp@nent files recorded.

3Some of these data are archived within the Small Bodies NodedPlanetary Data Systemt(t p: / / pds. nasa. gov/)
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Figure 5.2: Block diagram and work flow of MAASPopescuet all, [2012Db].

Permanent files are uploaded through a dedicated interfatecped by a password. Any
new file submitted in this way is recorded in a catalog togettith its observation log. The
observation log is also kept in the header of each file comgiihe corresponding spectral data,
including IAU designations of the asteroid, the date and'lfo) of the observation, and the
IAU code of the observatory. Additional information could included such as the investigator
name and e-mail address as well as the link to a referende #gectrum was published.

Each file containing the spectral data includes a header tiwtlobservation log and the
measurements given in two columns: the first column contamsvavelength irum, and the
second column contains the corresponding reflectance valoasalized to unity at 0.55m
if the visible part of the spectrum is contained, and othsevat 1.25.m). If the dispersion in
the measurements is available, then it is provided intord ttolumn.

Temporary files are created by the users only for procesbmglata. They provide a way
for the anonymous user to use the applications of MAAST phin spectral data. Temporary
files receive a random name and can be removed by the saméaserdated them (no ad-
ministrative rights are required). The application lilyres fully available for modeling spectral
data contained in temporary files. No permanent informatgacorded.

5.1.2 The content

Historically, the database was designed for making avialtbthe scientific community the
spectra obtained after observations performed remoteiy fthe Centre d’Observation a Dis-
tance en Astronomie a Meudon (CODAM) [Birlah al,, 2004a, 2006]. The observations were
obtained in the 0.8 - 2.am spectral region using the SpeX/IRTF instrument, locateMauna
Kea, Hawaii. The project now includes around 2,700 permiaspectra (in the V and NIR
wavelength regions) of both main belt and near-Earth astero

Except the spectra obtained via CODAM, the main sources otithabase are SMASSI
[Xu et al, [1995], SMASII [Bus & Binzel| 2002b], and®*®$? [Lazzaroet al., [2004] and
de Leonet al.[2010]. Together with our program of asteroid spectroscopservations, some
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&~ C | @ m4aast.imccefr/m4ast/userspec.php

1.Search spectra in database:

Criterion 1: [Cuyo Criterion 2: {2008 Criterion 3: |568

| Search Spectra |

2.Download file from database:

Select file for download:|

| Download |

3.Upload temporary spectrum in database

Choose a file to upload: '_Choose.Fiie_' No file chosen
Wavelength is given in : (um v |
Number of lines from the input file to be skipped : |

Submit Spectrum
Please be patient while gathering and sorting information

4. Concatenate spectra

Spectrum A‘
Spectrum B:|
Concatenate |
File name Obj. Design.||Obj. No.|[Obsv. Date UAI code|[A AmaK”Published
Cuyo 20080827 568 00|[Cuyo 1917 |[2008-08-27:15:16|[568 0.820][2.455]hutp://adsabs harvard.edu/abs/201 1A&A..535A .. 15P)

Figure 5.3: The database interface of MAAST. Here is ilatstl the search of a spectrum for (1917) Cuyo and the
result of this search displayed at the bottom of the intexfac

collaborations are intended in order to enlarge M4AST dedab

The purpose of this database is not to duplicate other spdibnaries that already exist, but
to offer an unique format for the data, a fast way of applyimg éxisting models, and a rapid
comparison of results.

5.1.3 MAJ4AST database via the Virtual Observatory

The Virtual Observatory (VO) is an international astroncahicommunity-based initiative. Its
aims are to allow global electronic access to the availagtimaomical data archives of space
and ground-based observatories and other sky survey detlad to enable data analysis
techniques through a coordinating entity that will provadenmon standards.



CHAPTER 5. M4AST - MODELING OF ASTEROIDS SPECTRA 81

The M4AST spectral database can be accessed via VO-PaE'nsGme@ using Simple
Spectral Access Protocol [Doug Tody & the Data Access Layerkiig Group./ 2011]. The
MA4AST spectral data obtained via VO can be retrieved in Md@T ableformat or our native
ASCIIformat. A "simple query search" based on asteroid desigmatiorectly returns all the
spectra from our database for the corresponding object.

New protocols, dedicated to planetology, (such as Tableedsdrotocol) will be imple-
mented in the future.

5.2 Theinterface

M4AST includes two interfaces, one dedicated to databasesaqFig[_5]3) and another for
running the different applications dedicated to spectralysis (Fig[5.4). The access flow
starts with the database interface and continues with trdefimg tool interface. Fid. 52 gives
an overview of the MAAST workflow.

5.2.1 Database interface

The database interface (Fig.5.3), calleger input interface, allows the users to access the
spectra from the database or upload their own spectra ftreuprocessing. The following
options are available:

Search spectra in database the user can search spectra in the database based on a mmaximu
of three keywords. These keywords include object designatiobserving date, and the
IAU observatory code.

Download file from database- the user can download any spectrum using as input the file-
name provided by the previous option.

Upload temporary spectrum to database- the user can anonymously upload his own spec-
tral data for further processing. The file with the spectrdrawd contain two or three
columns, the first column containing the wavelengths (giveangstroms, nanometers,
or microns), the second column containing the correspgnaifiectance. Optionally, the
third column may include the dispersion of observationse Tile receive a temporary
name over which the user has full control.

Concatenate spectra- spectra in different wavelength regions (V and NIR) can begee.
The procedure consists in the minimization of data into arnomspectral region (usually
0.8 - 0.9um). The result is stored in a temporary file and can be furthergssed.

The results of all these operations are displayed at thernotff each page (Fig. 5.3). These
results can be either spectra found in the database or tanyddes. The connection with the

modeling tools is made using the name of the file containimgsibectrum. This filename is

provided as a link and a simple click allows the user to acttessodeling tool interface.

4http://voparis-srv.obspmfr/portal/
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Spectrum File (from database): |Cuyo 20080827 568 00
Select action:

2 Plot spectrum

Taxonomy: ' Bus-DeMeo 2 G13 2GS

Search matching with spectra from Relab database: ' All spectra| © Meteorites spectra
Chose method: | Std. dev. ¥

' Space weathering effects. See this article.

' Band parameters (if present)

' Mineralogical analysis ( Cloutis model ) [To be applied only to V+NIR spectra with features]

Calculate

Please be patient while gathering and sorting information, the run might take up to 3 minutes...
The results are displayed bellow (section Results) after processing.

Results

Figure 5.4: MAAST web application tool : modelling tool irfece

5.2.2 Modeling tool interface

The second component of the M4AST project is the set of agipdins for modeling and an-

alyzing the spectra from the database or any spectrum stglohiny the user. The use of the

modeling tool interface (Fig.[5.4) is based on the name of the file containing the splatata.
The following applications are currently available in tmgerface:

Plot spectrum - plot the reflectance as a function of wavelength. AdditionBormation re-
lated to the selected spectrum (the observing log) are also.g

Taxonomy - classify the spectrum according to different taxonomidsxonomic systems
that can be selected are Bus-DeMeo [DeMeal., 2009], G13 |[Birlaret al., 11996a],
and G9 [Fulchignonet al., 2000]. The methods behind these classifications are edtlin
in chapter 4. The results of this application consist in th& three classes that match
the asteroid spectrum, together with some matching gaémétvalues (coefficients). In
addition, the asteroid spectrum is plotted together wiindard spectra corresponding to
the best matches.

Search matching with spectra from the Relab database performs spectral comparison with
spectra from Relab database. In general, only the metepstdra are of interest, thus an
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&« C' | @ maastimcce fr/m4ast/modelspec.php?file_name=Kourakuen 20111115 568 0C

Asteroid designations ( Number, Name, Temporary designation): 9147, Kourakuen, 1977_DD1
Observation was done on (UT) (format YYYY-MM-DD-hh): 2011 - 11 - 15 - 09:00
Observation was made by : Mirel Birlan E-mail; mirel.birlan@imcce.fr

At observatory with UAI code: 568

Obsv. comments: Will be published in http://'www.scientificbulletin.upb.ro/

The spectrum was published in the article: In press

The normalization of this spectrum was made for the wavelength: 1.250 microns.

Matching with spectra from Relab database

Index||Coefficient||Relab File ”Sample D Sample name GeneralType||Type SubType

0 0.01884 ||cgp047 ”MR-MJG-094 Pavlovka Meteorite Achondrite Howardite (AHOW)

1 0.02195 |mgp047 ”MR-MJG-094 Pavlovka Meteorite Achondrite Howardite (AHOW)

2 0.02731 [cap063  |[MR-MIG-099 [[Roda Meteorite  ||[Achondrite Diogenite (ADIO)

3 0.03022 |mgp051 ”MR-MJG-DBB Le Teilleul Meteorite Achondrite Howardite (AHOW)

4 0.03179 |clsnl2 ||5N-CMP-012 Kapoeta P11410 Meteorite Achondrite Basaltic HED Howardite Regolith Breccia
5 0.03181 |lcgp051 ”MR-MJG-096 Le Teilleul Meteorite Achondrite Howardite (AHOW)

6 0.03189 lcimp126 [MP-TXH-126 ["QUE97001,28 (Howardite) <125 um" Meteorite Achondrite Basaltic HED Howardite

Figure 5.5: MAAST web tool application: screen-shoot frdra table containing the list of the closest fifty best
matches which are ordered upon the comparison coefficiehtr{m two of the table).

option for selecting between all spectra and only metespetra is included. However,
the "all spectra” option includes spectral measurementmigtures (olivine/pyroxene)

prepared in the laboratory that can be considered when znglgsteroid spectra. Four
methods are available for the spectral matching. Theirrgagm is given in Chapter

Methods of Analysis. This application provides the firsyfliiboratory spectra that match
the spectrum (ordered by the matching coefficient - definqaténious chapter). These
results are given in a table, together with a link to visiakbzcomparative plot between
laboratory spectrum and the asteroid one. This table iesladl the information regarding
the spectral measurements and the sample characteristids.5).

Space weathering effects uses the space weathering model defined by Brueetit [2006].
The results consists in computing the parameters of the haodede-reddening the spec-
trum. The de-reddening (removal of space weathering sffestdone by dividing the
spectrum by its continuum. The spectrum obtained can bedudnalyzed, being pro-

vided in a temporary file.

Band parameters and mineralogical analysis- computes the spectral parameters defined by
Cloutiset al. [1986b]. If only the infrared part of the spectrum is givene talgorithm
computes the band minima. If the spectrum contains both VNdRdregions, all the pa-
rameters described in chapter 4 are calculated. Along Wwehdsults, the plots necessary

to interpret these parameters are also provided.

After each computation made in M4AST, the results are digalat the bottom of the page.
It must be noted that some of these applications providesimgilly results only for certain
types of spectra. Their applicability is indicated in thélixations describing the models. The
reference to the relevant publications is also availalddie web interface.
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Figure 5.6: Classification in Bus-DeMeo taxonomical sysfem a)) (99942) Apophis, and b) (175706) 1996
FG3. All the spectra are normalized to 1.26.

5.2.3 Updating the database

Permanent spectra can be added into the database via atddditarface update database
(Fig.[5.2) - that requires administrative rights. The imf@ation needed to add a new permanent
file with spectral data are asteroid designations (an amtditiutility is provided to check the
designations), information about the observation (dateestigator, and IAU code of the ob-
servatory), and information about the uploaded file comgithe measurements. Each record
submitted to the database can be removed only from thidactr

5.3 Testing of MAAST

The functionality of MAAST is exemplified here by the anadysf two spectra available in
the database that were previously discussed by Betzadl [2009], and de Ledet all [2011a].
Our selection here covers a wide variety of spectra, (9994®)phis is anSqtype asteroid
with moderate features, and (175706) 1996 FG3 is a primitipe with featureless spectra.
My choice for these objects is not trivial. (99942) ApoplEgiNEA which came very close to
the Earth. The next approach will occur in 2029 and its Mimm@rbital Intersection Distance
(MOID) is less than 40,000 km from the Earth surface. 1996 F3Be main target of the
future mission Marco-Polo-R. Ground based science is higidyired for this object if the
mission will take place.

The discussion of the taxonomic type of each object is matteneference to both Fig. 5.6
for Bus-DeMeo taxonomy and Fif. 5.7 for G-mode taxonomieshl€ll®.1 summarizes the
comparison of asteroid spectra with spectra from the Relabdae. The corresponding plots
are given in Figl.5l8.
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Table 5.1: Summary of the results obtained by matching ttez@ids spectra with spectra from the Relab database.
For each asteroid, | show the best two matches, obtained bguriag the standard deviation (std. dev.) and the
correlation coefficient (corr. coef.).

Spectrum std. dev. corr. coef| Meteorite/Sample Sample ID Type Texture
(99942) 0.01756  0.98013| Simulant CM-CMP-001-B Soil/Lunar Particulate
0.01970  0.98224| Hamlet OC-TXH-002-C OC-LL4  Particulate
(99942) 0.01539  0.96245| Cherokee Springs TB-TJM-090 OC-LL6  Particulate
de-reddened 0.01609 0.97272| Cat Mountain MB-DTB-035-A OC-L5 Particulate
(175706) 0.01219 0.90546| Sete Lagoas MH-JFB-021 OC-H4 Slab
0.01504  0.85366| Murchison heated 1000C MB-TXH-064-G CC-CM2 Particulate

5.3.1 Results

The first spectrum considered to exemplify the M4AST rouwdirgethat of the potential haz-
ardous asteroi@9942) Apophis[Binzel et al, 2009]. On the basis of this spectrum this as-
teroid was found to be an Sq type, and has a composition tha¢lgl resemble those of LL
ordinary chondrite meteorites.

M4AST classifies this spectrum in the Bus-DeMeo taxonomy &catype (FigiL.5.6a). The
next two types, S and Sr, are relatively good matches, bt laager errors. Applying the G13
taxonomy, M4AST classifies this asteroid as being in clasBi@. [6.7a). Two other classes
(namely 6 and 7) are relatively close in terms of g factor [Eiga). Class 2 has the represen-
tative members (7) Iris and (11) Parthenope, which&asd Sqtype asteroids according to
DeMeo et al. (2009). The classes 2, 6, and 7 are equivalehets profile.

Being an Sq type, for this asteroid spectrum it can be appliedpace weathering model
proposed by Brunettet al. [2006]. Thus, fitting the spectrum with an exponential comtm
we foundCs = -0.196um, corresponding to a moderate spectral reddening. Th# oddained
by Binzelet al.[2009] isCs=-0.17+ 0.01um. This difference could be caused by the different
method that they used: their "best fit was performed as anraitpgrt of the overall minimum
RMS solution". TheCs value gives the number of displacements pef,ch= 0.74x10M°
displacement&n?. Next, will be analyzed both the original spectrum and theetiened
spectrum.

Comparing the original spectrum of (99942) Apophis withaltidratory spectra from Relab,
M4AST found matches with some ordinary chondrite metesr{te and LL subtypes, and
petrologic classes from 3 to 6) and some lunar soils (Ei¢g &nd 5.8b). Referring to standard
deviation and to correlation coefficient, the closest masalere those of particulate lunar soils
and some spectra from Hamlet meteorite which is particulétegrain sizes smaller than 500
pm. The meteorite Hamlet is an ordinary chondrite, subtypé.LL

In the case of the de-reddened spectrum, the majority otisnkicorrespond to ordinary
chondrite meteorites, of subtype L and LL, with petrologiasses from 4 to 6. The best
matches were those of the Cherokee Springs meteorite (an tdiaoy chondrite, Fid. 5.8c)
and the Cat Mountain meteorite (an L5 ordinary chondrite,[&i8¢). From spectral modeling
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Figure 5.7: Classification in the G-mode taxonomical systema) (99942) Apophis using G13 taxonomy, b)
(175706) 1996 FG3 using G13 taxonomy, and c) (175706) 1998 #<81g G9 taxonomy. All the spectra are
normalized either to 1.2Em (left and central panel), or to 0.%8m (c).

of mixtures of olivine, orthopyroxene, and clinopyroxenzel et al. [2009] correlate the
spectrum of (99942) Apophis to the spectra of LL meteorifElsese results agrees with the
spectral matching solutions found by M4AST.

No significant differences between the Cloutis model pararsetomputed for original and
de-reddened spectrum are found. The application foundéirgieband center at 0.972%
0.0143um (0.9755+ 0.0144um for the de-reddened spectrum), the second band center at
1.82004 0.0679um (1.8404+ 0.0591um for the de-reddened spectrum), and the band area
ratio 0.4059+ 0.0047 (0.3886+ 0.0015 for the de-reddened spectrum). These parameters
correspond to an ordinary chondrite with @wX/(OPX+ OL) ratio of 0.222 (0.215 for the
de-reddened spectrum). This ratio agrees with the conilitgtitelation between NEA and
LL ordinary chondrites found by Vernazeaal. [2008], which is similarly consistent with the
spectral matching we found.

This value means that the ordinary chondrite consist of 78¥ne, which is consistent
with an LL ordinary chondrite. And this result agrees to thecral matching.

The dark primitive asteroidl75706) 1996 FG3s the primary target of the ESA Marco
Polo-R mission. Some papers were dedicated to this objantely de Ledret al. [2011b],
Wolterset all [2011],/Rivkinet al.[2012], and Walslet al. [2012]. There are few spectra pub-
lished in both V and NIR. In the M4AST database, we includedspdrom the MIT-UH-IRTF
(MINUS) surve)ﬁ and the spectrum of de Le@h al. [2011Db].

On the basis of different spectra, the asteroid has beenfidsas belonging to primitive
types (C, B, or X), but there is no consensus on its classificatithe literature [de Ledst al.,
2011b, Walsket all, 2012]. In addition some spectral matchings have been nwitdddmete-
orites ranging from ordinary chondrite H-type to both CM2 &W3 carbonaceous chondrite
[de Lednet al,,|2011b| Rivkinet all, [2012].

To exemplify the applications of MAAST, we used the spectalmained on March 30, 2009
by MIT-UH-IRTF (MINUS). The classification in the Bus-DeMeaxtonomy returned the Ch,

Shttp://smass. mit.edu/ nmnus. htm
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Figure 5.8: Asteroid spectra and the best two matches defieen a comparison with laboratory spectra:(a)
spectrum of Apophis and the spectrum of a simulant Lunay §ojlspectrum of Apophis and the spectrum of
a particulate sample from the Hamlet meteorite, (c) deeadd spectrum of Apophis and the spectrum of a
particulate sample from the Cherokee Springs meteorijelddeddened spectrum of Apophis and the spectrum
of a particulate sample from the Cat Mountain meteoritesgectrum of 1996 FG3 and the spectrum of a sample
from the meteorite Sete Lagoas, and (f) spectrum of 1996 F@d3te spectrum of a sample from the Murchison
meteorite heated to 100C.
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Cg, and Xc taxonomic types (Fig. 516b). The scores obtaineithéoclasses Ch, Cg, Xc, C, and
Cgh are very similar. This object has neither the absorptamdirentered at 0.[4m typical
of Ch-type, nor the redder spectral slope of Xk-types [de Let@adl, 2011b]. In addition, the
slope in the NIR part of the spectrum, that is of Cg type doesaoesponds to the spectrum
of (175706) 1996 FG3.

Classifying this spectrum of (175706) 1996 FG3 using the Gk8riomy, we obtain with
high confidenceds = -1.237) the type corresponding to class 3. The other twegyplasses 9
and 4) have greate coefficients (Fig. 5.74b). Groups 3 and 4 are the equivalemthée C-type
asteroids. As representative members of the class 3, tree(&)eCeres and (10) Hygiea, which
are both primitive asteroids. The classification in the G®temy (Fig.[5.7c) confirms the
classification as a primitive type, suggesting as the firbop the classes G and C, while the
third option (V) could be ignored because it has a lagger

Considering these three classifications, the solution orhwtiie applications of M4AAST
seems to converge is that the spectrum of (175706) 1996 F&&i€g taxonomic type.

Comparing the spectrum of (175706) 1996 FG3 to the laboratpegtra, it was obtained
a good match to a sample of the meteorite Sete Lagoas[(Fig). 5@ther matches are the
spectrum of a sample from meteorite Murchison heated to 1GQ®ig.[5.8f), the spectrum of
a sample from the Dhofar 225 meteorite, and the spectrum afrgpke from Ozona. This is
puzzling, since both the Sete Lagoas and Ozona meteorg@sdinary chondrites (H4 and H6,
respectively), and both Murchinson and Dhofar 225 are cabeous chondrites. However, it
can be noted that the majority of matching solutions are tspaxf carbonaceous chondrite
meteorites (CM type). If additionally, is taken into accotiné asteroid albe@o then the
spectrum of Dhofar 225 (sample ID: MA-LXM-078) and Murchideeated to 1000C (sample
ID: MB-TXH-064-G ) seems to be the most probable analogs sfdbkteroid spectrum.

While the results of MAAST are in agreement with those alrgadylished, it can be con-
cluded that the routines of M4AST work correctly and theiplementation is robust.

5.3.2 Discussions regarding misinterpretations of specr

Applying the correct methods for interpreting asteroid $@ecan reveal a lot of information
about the physical properties of these objects. Howeveh ggthod has its own limitations
which in general are well-described in their correspongiager, and using the methods beyond
their limits may of course lead to incorrect results.

The first misinterpretation that may occur is related to spaeathering.| Gaffey [2008]
noted, "space weathering is commonly invoked to reconcigepfational data to the incorrect
expectation that ordinary chondrite assemblage are conmmibie asteroid belt". While space
weathering for the lunar samples has been well-documersied the samples returned from
the Apollo missions, it has been observed that different et®dre required to interpret the

6the geometric albedo was found as 0.689012 by Walstet all [2012]
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space weathering processes that acted on different absendaces.

The model | applied for space weathering was based on lalygr@xperiments that consist
in ion irradiation (Ar") of olivine and pyroxene powders. This model is suitabledfsteroids
that seem to consist of olivine and pyroxene, such as thosetle S complex.

According to these experiments, the reddening in the iafrgrart of spectra due to solar-
wind ion irradiation can be removed, by dividing the spectriy an exponential function.
However, there are several other effects that can moduiategectra, such as either thermal
influence [Rivkinet all,'2005] or the debated phase-angle effect [Vevetial., 2000].

The second misinterpretation that may occur is related écsgiectral matches with labo-
ratory spectra [Gaffey, 2008]. Curve matching can provideslto the nature of the asteroid
surface composition. The efficiency of this method can barbleobserved in the case of as-
teroids that have strong spectral features, such as theidr@stMisinterpretations can occur
when the asteroid surface is modified by space weatheriegtsffwhile the meteorite can be
modified by terrestrial influences.

The four methods proposed take into account different chenatics of the spectra: spectral
slope, band depths, and the various feature positionselodhtext of taxonomic classification,
albedo value, space-weathering effects, and similarisolsiobtained from all four matching
methods, the developeiBdpescuet all,'2012b] of MAAST believe that spectral matches with
laboratory spectra provide valuable information on therastl surface nature.

By applying the methods of M4AST, it can be observed that a gadation for interpret-
ing the asteroid spectrum is found when all the methods e¢gevi® the same mineralogical
interpretation. For example, when the spectrum of (9994@)phis was processed, despite
the poor signal to noise ratio in the infrared part of its $pen, we obtain the classification
Sq in the Bus-DeMeo taxonomy and an analog of this class in ttit@&onomy. We then
found that the spectra of ordinary chondrite meteorited (Lsubtypes) match this spectrum.
These two results were confirmed and developed by applymgtbutis model: the fraction
of olivine-orthopyroxene is 22%, and the associated parmmeire equivalent to those of an
ordinary chondrite. This conclusion is in general validdtithe spectra analyzed via M4AST.

"Vesta-like asteroids
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Spectral properties of near-Earth asteroids

This chapter presents spectra of eight NEAs (1917, 856760,6864400, 188452, 2010 TD54, 5620, and
2001 SG286 ) obtained using the NASA telescope IRTF equipifiethe spectro-imager SpeX. The analysis
of these spectra includes taxonomic classification, comparwith laboratory spectra from Relab database,

and for the S-type objects the correspondent mineralogitadiels. | also attempted to interpret our data

using a space-weathering model.

The taxonomic classification of five objects was reviewedsacwtresponding type was assigned to the other
three asteroids that were not classified before. | found ¢(@817) Cuyo, (8567) 1996 HW1, (16960) 1998

QS52, (188452) 2004 HE62, and 2010 TD54 are in the S-comdexhese S-type asteroids a good matching
was found with spectra of ordinary chondrites meteorites.

The asteroids (5620) Jasonwheeler and 2001 SG286 werdfiddsss D-type objects. The spectrum of (5620)
Jasonwheeler is similar to spectra of carbonaceous choadnieteorites. The results found for the two objects
confirm their primitive properties obtained in several atepectral intervals.

Four of the observed objects have delta - V lower than 7 kmygleich make them suitable targets in terms of
propulsion for a future spacecraft mission.

Near-Earth Asteroids (NEAS) are a continuously changingupation of small bodies with
orbits that come close to the Earth’s orbit. Their chaagtidefines them as a critical population,
while several important gravitational field (those of thenSilupiter, and the inner planets) are
superimposed influencing their orbital movement.

Because of the relatively short lifetime of these objectss iecessary to understand the
dynamical mechanisms of supplying those bodies which ate(thue to expulsion from the
Solar System, falling into the Sun or on the telluric plahatsd their reservoirs of objects from
the Main Belt. According to Gladmaet al.[2000] the median lifetime of the NEAs is 10 Myr.

On the other hand, NEAs are among the most accessible badtes $olar System in terms
of the spacecraft propulsion requirements to reach thenthisnsense, the knowledge of the
ensemble of physical parameters for these objects, imgutieir composition, is a critical
point in defining any mission scientific objectives. Currgnsleveral programs (like Marco-
Polo-R, Osiris-REX, Hayabusa?) are under development faesgegploration of NEAs.

Another point is that the objects in near-Earth space aréuabbe source of information as
they represent a mixture of the different populations of lsbhadies: main-belt asteroids and
cometary nuclei. [DeMeo & Binzel, 2008], and a link with meiées [Vernazzaet al., 2008,



94 CHAPTER 6. SPECTRAL PROPERTIES OF NEAR-EARTH ASTEROIDS

Table 6.1: Some characteristics of the observed NEAs: typi, semi-major axis, eccentricity, inclination,
absolute magnitude (H), and the delta-V.

Object Orbit Type a e i AV [km/s] H

Cuyo Amor 2.15005205 0.50448184 23.943786 8.556 14.7
Jasonwheeler Amor 2.15783969 0.42369152 7.861788 6.974 .0 |17
1996 HW1 Amor 2.04580925 0.44905867 8.439303 6.495 15.4
1998 QS52 Apollo 2.20249841 0.85791440 17.563883 11.11 2 n4.
2005 GN59 Apollo 1.65644063 0.46770919 6.627004 6.002 17.4
2004 HE62 Amor 2.55781560 0.56690184 24.685809 9.074 7.3
2001 sG286  Apollo 1.35819973 0.34708703 7.772096 5.604 9 RO.
2010 TD54 Apollo 1.97198039 0.64352131 4.809727 - 28.7

Popescuet al,, 12011]. Their accessibility enables their scientific stuthgir practical study,
and their detailed assessment for their future use as spagerces.

In this chapter are describe spectroscopic results fot &lgAs in the 0.8-2.5um spectral
region. Some of their dynamical characteristics are sunz@ain Tabld 6.ll. The asteroids
were observed during several runs between 2008 and 2010 taefpaproject for studies
of NEA physical properties, and potential targets of spafeenissions. | modeled and in-
terpreted the acquired spectra using the techniques dedcm chapter four with the goal
of achieving basic interpretations regarding the compmosiénd physical processes that took
place at the surface of these asteroids.

6.1 Log of observations

In contrast to the Main-Belt asteroids, the asteroids diaslsas NEA do not often have a
favorable geometry for ground-based observations. Thdl shaaneters of the majority of
NEAs impose tight constraints on the suitable geometriezbeérvations for determining the
reflective properties of their surfaces. These conditiorsugually met in the case of a close
approach to the Earth, when the apparent magnitude desrbaseveral magnitudes. These
suitable geometries occur on average, only five times pduoen

The technical limitations like differential tracking, dmeter of the principal mirror of the
telescope and the sensitivity of the detectors should bea@ksm into account.

The spectral data described here were obtained in the 058w.spectral region with the
SpeX/IRTF instrument. The observations were carried outvim sessions: in August 2008
and in May 2009. The remotely observing procedure from CODAA wsed. The spectrum
of 2010 TD54 was received from professor R. Binzel (private mamication). For all the
observations the low resolution prism moée 100) of the spectrograph was used. A%
arcsec slit oriented north-south was used. The spectraafsteroids and the solar analog stars
were obtained using the nodding procedure.

Log of the observations is given in Tallel6.2. In general abteroid spectra were obtained
taking images with an integration time (Itime) of 120s, fevearal cycles, to increase ti&N
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Table 6.2: Log of NEAs observations. Their designationse dd observation with the fraction of the day for
the mid time of the observation, the apparent magnitudepliase angle, the heliocentric distance, the airmass at
the mean UT of each observation, the integration time foheaectrum (ITime), and the number of cycles are
shown.

Asteroid Date (UT) V. &) r(UA) Airmass ITime(s) Cycleg
(1917) Cuyo 2008-08-27.637 14.6 66.0 1.105 1.038 120 6
(5620) Jasonwheeler  2009-05-04.569 16.5 20.9 1.345 1344 20 1 6
(8567) 1996 HW1 2008-08-27.543 129 28.8 1.143 1.099 60 13

(16960) 1998 QS52 2008-08-27.588 16.9 30.0 1.784 1.105 120 3 |1
(164400) 2005 GN59  2008-08-27.472 16.2 25.2 1.244 1.024 120 2
(188452) 2004 HE62 2008-08-27.404 16.7 60.8 1.109 1.513 120 12
2001 SG286 2009-05-19.594 16.7 102.0 1.006 1.962 120 2
2010 TD54 2010-10-12.303 155 17.3 1.000 1.252 120 3

Table 6.3: The solar analogs used for data reduction in tbe abthe NEAs spectra. The airmass at the moment
of observations and relative distance to the asteroid asepted.

Asteroid Solar analogue  Airmass Distancef]
(1917) Cuyo BD+41 309 1.141 | 29.1
(5620) Jasonwheeler HD 154716 1.240 | 154
(8567) 1996 HW1 HD 217577 1.213 | 54
(16960) 1998 QS52 | HD 27834 1.083 | 48.5

(164400) 2005 GN59 BD+28 3198 1.410 | 46.7
(188452) 2004 HE62 BD+28 3198 1.401 | 11.8
2001 SG286 HD 216516 1.742 | 3.4

2010 TD54 L115-271 1.092 | 8.71

ratio. For two objects of our sample (2005 GN59, and 2001 ${2Be atmospheric conditions
and their faint magnitude imply a po8¢N ratio. In this case, in order to obtain reliable spectral
measurements the images were selected by visual inspeimoving all those in which it
could not distinguish the trace of the spectrum before the aatuction procedure.

Our strategy was to observe all asteroids as close to ththznpossible (Table 6.2). Each
observed asteroid was preceded by observations of a s@tganThe following stars were
observed and used as solar analogs: BD+41 309, HD 154716, AYZ1HD 27834, BD+28
3198, HD 216516, and L115-271 (Talilel6.3). The differerdiainass between the asteroid
and the standard was usually restricted to less than 0.5phbtometric G2V standards were
chosen. An exception was made for 2010 TD54, where the dat&tien was performed using
Landolt 115-271 star, commonly used for NIR spectral messents.

6.2 S-type Near-Earth Asteroids

Spectroscopic observations in visible wavelengths shai@h% of NEAs have S- and Q-type
spectral properties. When corrected for discovery biabesnéar-Earth population of S- and
Q-type asteroids is estimated to be 36 % of the total NEA patjmui [Stuart & Binzel, 2004].
Six asteroids from our eight observed samples have spegtilarsto the S-complex. These
objects are: (1917) Cuyo, (8567) 1996 HW1, (16960) 1998 QSB24400) 2005 GN59,
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(188452) 2004 HE62, and 2010 TD54. The summary of the resbltsined by matching
the asteroid spectra and the de-reddened asteroid spettirspectra from the Relab database
is given in Tablé 6 4.

(1917) Cuyo Taxonomic classification for (1917) Cuyo
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Figure 6.1: a) The visible [Binzadt all,[2004b] and the NIR spectrum of (1917) Cuyo; b) a polynomiaiffthe
V+NIR spectrum of (1917) Cuyo compared with the theoretiactra of R and Sr types; c) reflectance spectrum
of (1917) Cuyo and the closest match resulting from meteaomparison - H3-4 ordinary chondrite Dhajala; d)
De-reddened spectrum of (1917) Cuyo and the closest madcitting from meteorite comparison, H6 ordinary
chondrite Lancon.

6.2.1 (1917) Cuyo

With an absolute magnitudé = 14.7, this object has an estimated diameter of 5.2 km [Bieizal,
2002]. Itis an Amor-type asteroid, with a rotation perio@@905t0.0005 hrs [Wisniewsket al.,
1997].

Two spectra in the visible wavelengths are published fog tbject. For the first one,
Binzel et al. [2004b] found that this asteroid is a Sl-type in Bus taxonomith a high slope of
(0.7233um™1). The second one was classified by Michelseal. [2006] as an S-type asteroid
in Tholen taxonomy. | joined the visible spectrum from the 3% database [Binzei al.,
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2004b], with the data in NIR region (Fig._6]1a). The analysas performed on the composite
V+NIR spectrum.

Using M4AST tool for taxonomic classification of a spectruie R and Sr types are ob-
tained as possible classes for this object. The R-type israatavith a slightly better matching
coefficient than Sr-type, because of the trend in the 1ptrbspectral region. With the tool
from the MIT-SMASS website, this NEA was classified as Sretypth a higher spectral slope
of 0.5086um~1. By visual inspection of the two solutions, it can be seen thatfeatures
around 1um and 2um are more shallow than for R class (Hig. 6.1b), so it can beloded
that this object is an Sr type asteroid.

The comparison with the Relab database shows that the ckysestral fit is obtained for
a tiny section from the Dhajala meteorite (Sample ID: LM-LAN26, Fig[6.1k). This corre-
sponds to an ordinary chondrite meteorite rich in Fe (H3-«&i#-Bronzite). Das Guptat al.
[1978] estimated a total iron content of 27.1% of the totabsnaf Dhajala. This meteorite
was also studied by analyzing the metallic grains in its QGcstire [Kong & Ebihara, 1997].
While the formation of metallic iron is a consequence of thatigp alteration of an object,
space weathering models are nevertheless justified.

Modeling the effects of space weathering on the basis ofxtperential continuum, it can
be foundCs = -0.484 um, corresponding to strong spectral reddening. Owing tostbe of
this NEA, this value agrees with the general conclusion kuafer objects are collisionally
older, hence contain surfaces that are more space-weatbeaae not subject to other surface
rejuvenating events as frequently as smaller NEAs. The eurabdisplacements per &n
which provides a measure of the solar-wind ion irradiatier8.25< 10'°, which implies that
the exposure has been longer than 1My [Brunettal., 2006].

By removing the exponential continuum and fitting the unwetl spectrum with mete-
orite spectra from the Relab database, the closest matchowad to be ordinary chondrites
with high level content of Fe, but with a higher petrologitgbe (H5, H6). The spectra of
the following meteorites are very similar to the de-reddkesgectrum of (1917) Cuyo: Lancon
(Fig.[6.1d), Collescipoli, Ehole (Table 6.4).

6.2.2 (8567) 1996 HW1

This asteroid has an Amor type orbit and\¥ = 6.495 km/s, though it is a suitable target in
terms of propulsion for a space mission. The radar obsens&show a two-lobed object about
1.1 by 2.7 km in sizel[Tayloet al,, 2009]. The object is rotating with a synodic period of
8.7573t0.0009 hrs/[Higgingt al., |2006].

Vernazza|[2006] found this asteroid to be an S-type basedh®wisible spectrum (0.5 -
0.95 um) acquired on August 29, 2005 at TNG. The NIR spectrum of (3896 HW1 was
obtained in August 28, 2008 using an integration time of 60dee to the fact that the apparent
magnitude was 12.9. | combined the visible spectrum fronmaezal[2006] with the NIR data
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Figure 6.2: a) The visible [Vernazza, 2006] and the NIR gjgect (8567) 1996 HW1,; b) a polynomial fit of the
V+NIR spectrum of (8567) 1996 HW1 compared with the theoatpectra of S and Sq types; c) reflectance spec-
trum of (8567) 1996 and the closest match resulting from te&eorite comparison - the LL4 ordinary chondrite
Hamlet; d) de-reddened spectrum of (8567) 1996 HW1 and tlsestanatch resulting from meteorite comparison
-the LL6 ordinary chondrite Cherokee Springs.

(Fig.[6.24) before analyzing the composite spectrum.

Using the taxonomic classification tool from the MIT-SMASKis NEA is classified as an
S-type with the spectral slope 0.224m 1. Using the M4AST approach, it can be found that
an Sq type provides a closer fit spectrum than an S [Eig] 6.8h)type is at the transition
between S and Q classes with two absorption bands aroynth &nd 2um that are more
shallow than for Q-type [DeMeet al,, 2009]. Comparing the features for the two considered
spectral types with a polynomial fit of the spectrum, it carmbserved that an Sq type matches
more closely the obtained data than an S type. Since themoameasurement of the albedo
for this object, assuming a value of 0.20 as typically fouodthe albedo of S-type asteroids
[Fulchignoniet al., [2000], the diameter can be estimated teb2.5 km.

The spectrum from the Relab sample that provides the clogastdiparticulate ground
sorted (0-125um) Hamlet meteorite (sample ID: OC-TXH-002-C), an ordinargrutirite with
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Table 6.4: Summary of results obtained by matching the @istespectra and de-reddened asteroid spectra with
spectra from the Relab database. The comparison was maupayef method and a selection of the obtained
results was done based on spectral features (band, bandegegavity) positions, and albedo values. For (5620)
Jasonwheeler, a de-reddening model was not applied

Matching results for asteroid spectra
Spectrum Meteorite Sample ID Type Texture Sizeifn]
(1917) Cuyo Dhajala LM-LAM-026 OC/H3-4 Thin Section -
(8567) 1996 HW1 Hamlet OC-TXH-002-C  OC/LL4 Particulates 0-125
(16960) 1998 QS52 | Saratov MB-CMP-028-H OC/L4  Particulates 0-370
Homestead MR-MJG-048 OC/L5 - -
Hamlet 1 MR-MJG-069 oc/LL4 - -
(188452) 2004 HE62 La Criolla MH-FPF-050-B OC/L6  Particulates 0-150
Cherokee Springs OC-TXH-001-A OC/LL6 Chip -
Wold Cottage MH-FPF-064 OC/L6  Particulates -
2010 TD54 Saratov MB-CMP-028-B  OC/L4  Particulates 10-45
Mirzapur TB-TIM-111 OC/L5  Particulates 0-150
Rio Negro TB-TJM-081 OC/L4  Particulates 0-150
Matching results for de-reddened asteroid spectra
(1917) Cuyo Lancon MR-MJG-033 OC/H6 - -
Collescipoli MR-MJG-030 OC/H5 - -
Ehole TB-TIM-074 OC/H5  Particulates 0-150
(8567) 1996 HW1 Cherokee Springs TB-TJM-090 OC/LL6 Particulates 0-150
Hedjaz OC-TXH-016-C  OC/L3-6 Particulates 0-125
Ensisheim TB-TJIM-092 OC/LL6 Particulates 0-150
(16960) 1998 QS52 | Hamlet 1 MR-MJG-069 oc/LL4 - -
Gruneberg MR-MJG-040 OC/H4 - -
(188452) 2004 HE62 Nanjemoy MR-MJG-034 OC/H6 - -
Olmedilla de Alarcon MR-MJG-075 OC/H5 - -
MAC88119.9 MB-TXH-044 OC/H5 Slab 0
2010 TD54 Gruneberg MR-MJG-040 OC/H4 - -
Queen’s Mercy MR-MJG-035 OC/H6 - -
Ochansk MR-MJG-027 OC/H4 - -

a low level content of Fe and metal - LL4 (Table ]6.4, [Fig. b.2d)e asteroid spectrum in the
region 1.6 -2.5um is shallower than that of the meteorite spectrum, whichccba explained
by considering space-weathering effects.

Using the space weathering model of Bruneital. [2006], it can be found tha&is = -0.258
um. Modelling this with a damage parameter due to the soladhian irradiation the number
of displacements per chtan be found ad = 1.08x10'°, showing that it has experienced an
appreciable amount of space weathering.

By removing the exponential continuum and comparing agaiih Relab meteorite spectra,
the closest matches are also ordinary chondrite (LL6, L@p@4) spectra with a low metal,
low Fe content. The meteorite spectra that provide the stdgef the de-reddened spectrum
of this asteroid are those of: Cherokee Spring (Fig.]6.2d}lj&eand Ensisheim (Table—6.4).
The Relab samples of these meteorites are particulatesl sorweder of their sizes, which are
smaller than 15@m.
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Figure 6.3: a) The visible [Binzedt all, 2004b] and the NIR spectra of (16960) 1998 QS52; b) a polyaldiih

of the V+NIR spectrum of (16960) 1998 QS52 compared with Hemtetical spectra of Sr, Sq and Q types; c)
the reflectance spectrum of (16960) 1998 QS52 and the clfisessulting from spectral comparison - the L4
ordinary chondrite Saratov; d) the de-reddened spectrufb6&60) 1998 QS52 and the closest fit resulting from
meteorite comparison - the LL4 ordinary chondrite Hamlet.

6.2.3 (16960) 1998 QS52

With an absolute magnitudd = 14.20, this asteroid has an estimated diameter of 4.3 km
[Binzel et al,, [2002]. It is characterized by a synodic period of 2.20001 hrs [[Warner,
2009]. It has an Apollo orbit type anflvV = 6.5 km/s, which makes it an accessible target
for a spacecraft mission. (16960) 1998 QS52 is a PHA objgxt tyith 0.01408 AU MOID
computed at epoch 55600.0 MJD (NeoB)ys

On the basis of a visible spectrum acquired with the MDM 2.4etadcope in 15 October
1998, Binzelet al. [2004b] classified this asteroid as Sq type. The spectrunnefvisible
region has a small negative slope of -0.020%5~1. The following analysis was made on the
combined V+NIR spectrum (Fig. 6.3a).

Both methods for taxonomic classification (M4AST and MIT-SB& online tool) of clas-

http: //newtondmunipi.it /neodyg
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sification gave the same results: this object has the claistats of an Sr type in Bus-DeMeo
taxonomy, with a fairly 1um feature (Fig[.6.3b). The slope of this composite spectrsim i
0.1126pum1.

Comparison with meteorite spectra from Relab database shHmveatch with ordinary
chondrites samples with low content of Fe (L4, LL4, L5). Thesbfit is a powdered sam-
ple (dimensions: 10 - 4hm) from Saratov meteorite, an ordinary chondrite L4 (Tabld, 6
Fig.[6.3¢).

Analyzing this composite spectrum with a space weatheriadehBrunettoet al., |2006] ,
| computed the value &5 = -0.149 which describes an unreddened spectrum corresptaed
a fresh surface. It can be speculated that this young suidatee to a relatively recent close
encounter with a planet [Binzek al., [2010].

To verify this hypothesis, 100 orbital clones of 1998 QS52engenerated using a random
gaussian distribution centered at the nominal values ih eathe six orbital elements. Therl
values were obtained from the orbital elements unceresrgrovided by the NeoDys service
for this asteroid. The 100 clones were numerically integgtdtackward in time for 5,000 years
using the computing routines proposed by Nedelcu [20103hEEsse encounter (MOID) with
Venus, the Earth, and Mars was then carefully analyzed tdtimdlosest one able to rejuvenate
the surface of the object.

In addition to the 1989 close approach to Earth, an everadyralentified by NeoDys, the
calculus confirms that five others close approaches to Veadsobcurred in the past 3,000
years before the common origin signature of our cloud ofetonas erased by close planetary
encounters. The MOID values are larger than those predmt®&Inzelet al. [2010]. The de-
terministic clones approach can reliably obtain NEAs pasg only for a couple of thousands
years backward in time [Nedelcu, 2010]. Systematic ernomssculating elements can affect
the position of the object, and close encounters with tellianets will modify in a non-linear
way the uncertainty in the position. Thus, it can be estimé#tatl for timescales of millions
of years (the scale for SW determined by Brunettal. [2006]) the object might experience
additional close encounters that cannot be reproduced toywuerical integration of orbit.

Comparing the de-reddened spectrum with the Relab datalbhase be found a good fit
to the spectrum with the one of Hamlet meteorite, a LL4 ordirdnondrite (Fig6.3d). This
result was also found when comparing with the original speet This agrees with the result
that dividing the spectrum with the exponential continuwthie small value o5 does not
alter its characteristics.

6.2.4 (188452) 2004 HE62

Few physical parameters of (188452) 2004 HE62 are knowrs ds$teroid has an Amor orbit
and an absolute magnitutte= 17.30 (Tablé_6l1). No other spectral investigations haenb
published for this asteroid. The NIR spectrum observat{bitgs[6.44) of this object were made
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Figure 6.4: a) The NIR spectrum of (188452) 2004 HE62 norredlito 1.25um; b) a polynomial fit for the
spectrum of (188452) 2004 HE62 compared with the theoletjpactra of Sr and Sv types; c) the reflectance
spectrum of (188452) 2004 HE62 and the closest fit resultimg ineteorite spectra comparison - the L6 ordinary
chondrite La Criolla; d) the de-reddened spectrum of (1232804 HE62 and the closest matches resulting from
meteorite comparison - the H6 ordinary chondrite Nanjemoy.

on August 27, 2008 when the object had an apparent magnifudea

The spectrum of (188452) 2004 HE62 has two features aroumdi 2 am: these are two
deep absorption bands that are larger than for Sv-type mietgbut not so deep to be classified
as one of the end members R or V. However, the classificatioetigeen the Sr and Sv classes
in the Bus-DeMeo taxonomy (Fig._614b). A visible spectrum leidelp to clarify the object’s
classification. The spectral slope computed on the NIR fatteospectrum is 0.116Fm 1.
Assuming an average albedo of 0.2 - typical for S-type objabe diameter can be estimated
to be~1 km.

By comparing with data from the Relab database, this spectramfaund to be closely
matched by the spectra of ordinary chondrite meteoriteb {oitv Fe, low metallic content,
and high petrologic class (L6, L5, LL6) - Tallle 6.4. The biéssolution was obtained with
a spectrum of a particulate sample (0-1561) from the La Criolla meteorite (Sample ID:
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MH-FPF-050-B) - FigL6.4c.

Modeling the spectra with the exponential continuum [Brtmet al., ' 2006], the parameter
Cs is found to be of -0.377um, which characterizes a surface affected by space weagheri
effects. Removing this continuum and comparing with Relabeprée spectra, the best fit
are also the ordinary chondrites, the same petrologic tlaswith a high content of Fe (OC
types H5, H6). The closest match in this case is a sample frblargemoy meteorite, an H6
Olivine-Bronzite OC, which consists of 18% Fayalitic mate(kib.[6.4d).
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Figure 6.5: a) The NIR spectrum of 2010 TD54; b) a polynomtaldi the spectrum of 2010 TD54 compared
with the theoretical spectra of Sv, Sr and S types; c) theatafhee spectrum of 2010 TD54 and the closest match
resulting from meteorite comparison - the L4 ordinary chiiedSaratov; d) the de-reddened spectrum of 2010
TD54 and the closest match resulting from meteorite corapari the H4 ordinary chondrite Gruneberg.

6.2.5 2010 TD54

The analysis of this object is interesting from the point ighw of its size and the phenomena
that occur on the surface of small bodies during a close enteowith Earth. With an absolute
magnitudeH = 28.75, 2010 TD54 was discovered by the Catalina Sky Surv€&citober 09,
2010. Having an Apollo orbit type, this object passed withid0035 AU of the Earth on 12.55
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Oct 2010|[Hicks & Rhoades, 2010].

Preliminary measurements were done by Hicks & Rhoades [20H@)y found a rotational
period of 42.0 sec, which implies that this small NEA is thesi@apidly rotating natural
body known in the Solar System. They also measured the &Gbgetrage colors (B-R =
1.284+0.045 mag; V-R = 0.4610.030 mag; R-1 = 0.3440.022 mag). These are compatible
with an S-type spectral classification.

The NIR spectrum of 2010 TD54 is plotted in Fig. 6.5a. Using M T-SMASS online tool
for Bus-DeMeo taxonomy, this asteroid is classified as betantp a S complex, of subtypes
Sror Sg. An end class Q is also proposed but with a lower caaiticBy using the M4AST
method, this spectrum can be classified to be between Sv addsSes (Fid. 6.5b). It has a
fairly prominent feature around @dm and another around2m. When considering these two
results and the depth of the two absorption bands, | foundtbigaSr type provides a more
accurate description for this object. The slope for this NpRctrum is 0.06m™1.

The matching with meteorite spectra (Hig._6.5¢c) shows thatdest fit is a spectrum for a
sample from Saratov - an ordinary chondrite meteorite witbvacontent of Fe (L4). This
sample contains particles with sizes between 10 ang#5Sample ID: MB-CMP-028-B).
The spectrum can also be closely fitted with spectra of pogedlsamples from the meteorites
Mirzapur and Rio Negro, which are also L ordinary chondrites.

Modelling the space weathering effect€sa= -0.223um can be computed, which describes
a relatively fresh surface. This agrees with the small todeving relatively young surfaces,
and Earth encounters are one of the origins for rejuvenatimtaces on near-Earth asteroids
[Binzel et al,, 2010]. Removing the exponential continuum and compari@gnagith spectra
from the Relab database, it can be found a good fit to the speatnth those of ordinary
chondrite meteorites with high level of Fe, from petrologiass 4 (H4 - Olivine-Bronzite).
Spectra of meteorites such as Gruneberg 6.5d), Quédercy, or Ochansk match the
unweathered spectrum of this asteroid (Tablé 6.4).

6.2.6 (164400) 2005 GN59

This asteroid has an absolute magnittide 17.40, derived from astrometric observations. The
synodic period of the asteroid was estimated to be 3806Q1 hrs|[Vander Haagen, 2011], but
the monomodal solution of 19.3D.01 hrs cannot be totally excluded.

A preliminary spectrum of this object was presented by Bidaal.[2009], while Tayloret al.
[2009] presented thermal emission data corroborated aithrrobservations. From these radar
observations, Taylcet al. [2009] discovered that this object has a two-lobed 0.35 hykin
shape, with non-convex surface features.

Dynamically, (164400) 2005 GN59 is an Apollo asteroid. HdcalatedAV = 6.002 km/s
make this asteroid a possible target in terms of propulsiosfpacecraft mission.

The NIR spectrum of 164400 was obtained in August 28, 200& fimtal integration time
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of 480 sec. While the spectrum is quite noisy, in order to obiaiormation about its taxo-
nomic class, a five order polynomial function is used to rdpoe the real data. The values
for reflectance corresponding to wavelengths between 12 amn were excluded due to high
noise caused by atmospheric turbulence (Eid. 6.6).

Both the MIT-SMASS on-line tool and the
MA4AST routine classifies this object as an L-
type. However, the K taxonomic classis also [
a reasonable match to our data ([Eigl 6.6).

An additional NIR spectrum of this ob-
ject was obtained by the MIT-UH-IRTF
Joint Campaign for NEO Spectral Reconnais-
sanc@. This spectrum has higher S/N than

(164400) 2005 GN59
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the one presented in Fip._6.6. The classifi- | 2 Spectum|
cation of this additional spectrum is between ./ Tk
Sqg and Q types, while a K taxonomic class 05 Y wavelenghum] 25

was proposed as a third solution. The L tax-
onomic class is also considered as a possiblgure 6.6: NIR spectrum of (164400) 2005 GN59 and
solution by the MIT-SMASS on-line tool. fts taxonomic classification.

The difference between the spectrum pre-
sented here and the one from MIT-UH-IRTF Joint Campaign, issed by the SNR. For our
spectrum/Popescuet all,'2011], I did not take into account the feature between 1d72gmm.
A visible spectrum would again help distinguish betweerfitreepossible solutions for the NIR
part of the spectrum.

The spectrum of 2005 GN59 is noisy and | did not attempt to Gt with the Relab
database and the de-reddening model.

6.3 Spectral properties of two primitive NEASs

Asteroids with low albedo are considered to contain the mastitive materials. They are
found in the C, D, T and other dark taxonomic classes. The anbges of such type of
asteroid were those of (253) Mathilde, obtained by NEAR spaission [Clarket all, (11999].
This asteroid surface reflects only three percent of thesSigtit, making it twice as dark as a
chunk of coal. Such a dark surface is believed to have carisbrmaterial that has not been
altered by planetary formation processes.

A strong correlation between the asteroid taxonomicakelasnd their heliocentric distance
was showed based on the samples studied until now. The Higd@hbsteroids (like those of E
and S type) can be found in the inner part of the main belt wbitethe other hand C type are

2http: //smassnit.edy minushtml
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found mainly in the outer regions of the asteroid belt. Detgsteroids are found in the extreme
outer parts of the asteroid belt and among the Trojan objeéetRater & Lissauer, 2010]. Their
distribution in space provides insight into the tempemrdumpressures and chemistry of the
solar nebulal_de Pater & Lissauer [2010] noted that D typereists are probably even more
primitive than the C-types and it may have formed at even |demperatures.

Few things are known about the composition of D-type aslisrbecause few meteorites
with similar spectral characteristics are available faidgt One of the most interesting facts
related to primitive asteroid is the fact that they are elgbto contain organic materils

In this section we describe two D-types asteroids which loeloes close to the Earth orbit.
They are a valuable resource from the scientific point of yviewce they are reachable for
sample and return space mission.

6.3.1 (5620) Jasonwheeler

This object has the geometric albedp= 0.094 [Muelleret all,[2011]. It is an Amor-type as-
teroid with a diameter of 1.77 km [Muellet al,, [2011] and the synodic period of 5.300.001
hrs [Durkee, 2010]. The light-curve amplitude of 1.2 magaé [Durkee, 2010] is indicative of
an object with an elongated shape, or a binary system. Hawhg 6.974 km/s, this asteroid
is a suitable target in terms of propulsion for a possiblespeaft mission.

No other spectroscopic studies of this object were foundhénliterature. The NIR spec-
trum obtained on May 5, 2009 when the object had the apparaghitude 16.5, is plotted in
Fig.[6.74.

The MIT-SMASS online tool for taxonomy classified this olij@s belonging to D-class.
With M4AST best-fit method, the spectrum is more similar tddss (Fig 6.7b). In general, D-
type asteroids have linear spectra with a very steep slopat@ than 0.3gm1) and display
a slight curvature around 1/m. On the other hand, T-types also have linear spectra with a
steep gradient - between 0.25 and 088! - that nevertheless gradually curves concavely
downward. [DeMecet all, 2009]. The spectrum of this asteroid has a steep slope i@.¢he
1.5 um region and a slight curvature between 1.5 - 28, though the classification is at the
boundary between D-type and T-type. The overall NIR slofge2504um=1.

Taking into account the low geometrical albedo when conmggaith spectra from the Re-
lab database, | found close spectral matches for this spactith CM2 carbonaceous chon-
drite meteorites(Table_6.4, Fig. 617d, 6.7e,16.7f). In gahé¢he CM2 meteorites are character-
ized by 30% levels of chondrules with grain sizes«3¥00 um, the absence of Fe-Ni alloys,and
the presence of CAIl (Ca -Al inclusions) [Dobrica, 2010]. Theselst description of the spec-
trum is provided by a sample of particulates (0{7&) from the meteorite Mighei/Meghei
(Sample ID: MR-MJG-108). Other spectra of CM2 carbonaceoosdtite meteorites that fit
the Jasonwheeler NIR spectrum are those of powdered samigigsarticle sizes smaller than

Shttps://www.oca.eu/MarcoPolo-R/
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(5620) Jasonwheeler Taxonomic classification for (5620) Jasonwheeler
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Figure 6.7: The NIR spectrum of (5620) Jasonwheeler; b)wyowohial fit for the spectrum of (5620) Jasonwheeler
compared with the theoretical spectra of D and T types; @nesion of thermal flux in the spectrum of (5620) Ja-
sonwheeler - the dashed line indicates where a linearlgpatated continuum would fall, the solid line shows the
presence of thermal flux; d), e), f) the reflectance spectriuf8620) Jasonwheeler and the closest three matches
resulting from meteorite comparison: the CM2 carbonacebosdrite Mighei/Meghei, the CM2 carbonaceous
chondrite Cold Bokkeveld, and the CM2 carbonaceous chtmdtiH84029 Popescuet all, 12011].
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125 um. This fit suggests that the asteroid might be covered by adoaith layer.

By fitting the spectrum (Fid._6.¥c) with an eighth order polgmal function, it can be ob-
serve an excess of flux after 2u2n that cannot be explained by the general trend in the spectra
region 1.4 - 2.2um and its taxonomical classification. Even if the level ofsgois relatively
important, it can be assumed that this feature is caused teyoa thermal emission. Fol-
lowing [Rivkin et all [2005], | calculated the "thermal excess" parameter thatridbesc this
phenomenon:

Ros+T
y= 257725 1 _ 092400420 (6.1)

Ros
whereR, 5 is the reflected flux at 2.5m andT, 5 is the thermal flux at 2.5um. This value

agrees with the geometrical albeg@p = 0.094 for an asteroid at a 1.345 AU distance from
the Sun and a phase angle of ZRivkin et al,, 2005]. This value also agrees with the result
obtained from mid-IR observations by Muellefral. [2011].

Taking into account its dynamical parameters and that D atypds are considered to be of
a primitive composition, it can be concluded that this objeatery interesting from the point
of view of "in-situ" exploration.

6.3.2 2001 SG286

This is an Apollo type asteroid with an absolute magnitud@@®. It is classified as PHA.
Its AV = 5 km/s makes it a suitable target for a spacecraft missioith&l& Delbo [2010]
estimated its median lifetime as an NEA to be about 22.19 Nifie mechanism of injection
into the NEA population is the seculgg resonance, but the 3:1 mean motion resonance with
Jupiter could not be entirely excluded [Michel & Delbo, 2010

On the basis of spectral data in the vis-
ible region,| Binzekt al. [20044a] classified
this asteroid as a D-type one. Using an av- [
erage albedo of 0.09 for D-type asteroids, 16!
Binzelet al.[2004a] computed a diameter of
about 350m for this object.

The object was observed on May 19,
2009 in the NIR for a total time of 480sec,
in difficult conditions (considerable differen-
tial motion, only a few hours of visibility 0:2, e |
over three nights, limited atmospheric trans- 04 06 og 1 12 14 16
parency). The NIR spectrum is reliable only
for the spectral interval 0.8-14m. Figure 6.8: Visible|[Binzekt al,, | 2004a] and NIR spec-
trum of 2001 SG286. A linear fit and the D-type theoret-

The composite V+NIR spectrum was ob- .
ical spectrum are plotted for comparison.

tained by superposing data in the 0.82-0.9

2001 SG286
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um spectral interval (Fid._6.8). The slope parameter for thmosite spectrum is 0.7202
um~1 (computed for a spectrum normalized to a reflectance valde2&atum) in agreement
with the slope range for D-type taxonomic class.
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Figure 6.9: a) Wavelength position of the centers of the tlysogption bands computed using Clowdisal.
[1986a]. The regions enclosed correspond to the band sectenputed for the H, L, and LL chondrites, re-
spectively [de Ledmrt al,, |12010]; b) BAR versus band | centers. The regions enclosembhtinuous lines corre-
spond to the values computed for basaltic achondritesparglichondrites(OC), and olivine-rich meteorites(Ol)
[Gaffey et all,[1993D].

6.4 Discussion

Luu & Jewitt [1990] suggested that the phase angle can dffiecspectral slope. This was
called "phase reddening" and consists of an increase in #erapslope (reddening of the
spectra) with the phase angle. Some studies have beenmeddrased on laboratory measure-
ments[Gradie & Veverka, 1986] and during the approach t8)&s8os by the NEAR spacecraft
[Veverkaet al.,2000]. However, it should also be reminded the result meetl in Binzekt al.
[2004b] regarding a study conducted at MIT for which no catieh was found between the
phase angle and the spectral slope for the ground-basedidstflectance spectra.

During the observing runs of these NEAs, all the asteroidewbserved at phase angles as
small as possible. Owing to this constraint, id@pescuet al., (2011] succeeded in observing
only six objects at a phase angles betweéehatd 30 (Table[6.2). The observations of (1917)
Cuyo and (188452) 2004 HE62 were at a phase angle around@&ble[6.2).

Assuming similar surface mineralogies, the influence ofsghangle on spectral slope is
unclear from our measurements. For (1917) Cuyo, a high spettpe was obtained, but for
(188452) 2004 HE62 the computed spectral slope is compatalthe spectral slope of (8567)
1996 HW1 and (16960) 1998 QS52, which were measured at phakes amgaller than 30
(Tablel6.5). Considering the trend of S-class objects, theatance value at 1.2Bm is higher
than the reflectance value at 0.G&, thus the comparison of slopes is correct. Therefore, no
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Table 6.5: Slope an@s parameter for the S-type objects studied in this articlee alculation was made by
normalization of spectra to 0.55m. Objects marked with (*) are normalized to 1.26 (only for NIR part).

Object Slopeum™1)  Cs(um)
(1917) Cuyo 0.5086 -0.484
(8567) 1996 HW1 0.2245 -0.258
(16960) 1998 QS52 0.1126 -0.149
(188452) 2004 HE62(*) 0.1167 -0.377
2010 TD54(*) 0.0620 -0.223

correction has been applied for this presumed effect of@heddening.

Several NIR spectra for the asteroids (1917) Cuyo, (8567pH991, and (16960) 1998
QS52 were obtained by the MIT-UH-IRTF Joint Campaign for NE§@@&ral Reconnaissance.
However, a variation in spectral slope between the speétiiacosame object was observed.
Similar spectral variations in the NIR spectrum of a NEO wavjpusly reported by
de Lednet al.[2011b]. The asteroid (8567) 1996HW1 was observed five tiatgshase angles
between 20 and 55. In this case, a variation in the spectral slope with phaggeawas
observed (i.e. the spectrum is redder for larger phase singWhile this object is not well-
known in terms of spin axis and shape, itis difficult to drawy eonclusions about the first order
dependence of the slope on phase angle. A surface dichototyegrees of space weathering
could compete with this effect.

The S-types objects have widely varying spectral slopesléTal), which is a general
conclusion for the asteroids belonging to this complex [[2eMt al,,2009]. In the Bus-DeMeo
taxonomy, the objects in the S-complex with a slope largen th25um~1 receive the notation
'w’ added to their type as an indication that they may be afféddy space weathering effects.
This is the case for (1917) Cuyo.

Although space weathering may occur on all asteroids, mgrgstlack strong spectral-band
contrasts that ensure that weathering effects are easigtdble [Clarlet al., [2002]. S-class
asteroids are significantly reddened compared with theisymed meteorite analog, and this
difference can be explained by space weathering phenon®eomazzaet al., [2008]. This
process may be the result of dust impacts and solar windesmgton the surface of atmo-
sphereless bodies and cause a reddening of the spectm| aldpcrease in spectral absorption
intensities, and a diminishing of albedo [Fornageal., ' 2003].

An important concept in understanding space weatheringgsses is the development and
accumulation of submicroscopic single-domain metallioq(4~80nm), produced in the space
environment by a reduction of FeO in minerals. Referred to amsophase reduced iron -
"npF&", these are formed through the fractional processes that dtzing ion-particle sput-
tering, vapor deposits from energetic micrometeoritesaict or both. As morenpFé&"
accumulates, the entire continuum becomes redder urdibiost linear through to the near-
infrared region. With small amounts ofipF€" , reddening of only the visible region of the
spectra occur [Pieteet al.,[2000].
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Table 6.6: Computed parameters from the Cloetial. [1986a] model applied to the V+NIR spectra of (1917)
Cuyo, (8567) 1996 HW1, and (16960) 1998 QS52. The estimatian for band centers (BI, BIl) ig0.005.

Object Bl  BIl BAR OPX
(pm) (pm) (%)
(1917) Cuyo 093 195 0.67D.1526 33.28

(8567) 1996 HW1 0.99 2.06 0.489.2687 25.50
(16960) 1998 QS52  0.97 2.03 0.282.1996 14.94

A space weathering model has been applied for S-type objéaistwo of the asteroids,
(188452) 2004 HE62 and 2010 TD554, the models imply that tbe content ambiguity
changes the best analog among meteorite samples. Thuseshenimeralogical analog will
always be an OC meteorite, the same petrologic type, butphetrs for a sample containing
Fe will be different. This could be explained in the followiterms: highly curved continua
occur for samples with small amountsrgiF€’, and the more linear continua occur for samples
with large amounts ofipF€ [Pieterset al., [2000].

A quantitative comparison between the reflectance pragsedt (1917) Cuyo, (8567) 1996
HW1, and (16960) 1998 QS52 (since for these objects bothleiaiid NIR data are available)
and potential meteorite analogs could be made with the pateamcomputed from the model
of Cloutiset al. [1986a]. The values of these parameters are given in TaBePotting Band
| center versus the BAR [Gaffest all,11993D], it can be found that all three objects are located
in the ordinary chondrite region (Fig.6.9). (1917) Cuyo ab@i960) 1998 QS52 are under the
olivine-orthopyroxene mixing line, while (8567) 1996 HWlaisove the olivine-orthopyroxene
mixing line.

Another comparison was made by plotting the Band | centerugetise Band Il center
(Fig.[6.9). Considering the results lof de Legiral. [2010], | found that (1917) Cuyo is in
the region of OC -H meteorites, while 16960 is in the regio®&f -L meteorites. (8567) 1996
HWL1 is outside the enclosed areas, between the regions fad Llachondrites.

The statistical interpretation of the results agrees wighresults obtained by comparison to
Relab meteorite spectra. The measured parameters areiddieetions of a spectrum’s basic
properties - revealing their distributions without makany assumptions about their underlying
mineralogy [Vernazzat al.,12008].






Spectral properties of Main Belt Asteroids

This chapter describes the spectral properties of six Maétt-asteroids. The choice to study these objects
was made based on the fact that they showed some peculiacahysperties. Thus, (9147) Kourakuen
is a vestoid which dynamically could not belong to Vesta ligni854) Frostia is a binary asteroid, (1333)
Cevenola and (3623) Chaplin are two asteroids with large ktongte lightcurves, and two asteroids for which
it was reported to have pairs (10484) Hecht and (31569) 19998

The observations presented here are part of the two long peograms which aim to study physical properties
of vestoids and of asteroids pairs. The NIR spectra wereissdjusing the NASA telescope IRTF equipped
with the spectro-imager SpeX. The spectra were analyzelgiagghe techniques described in chapter 4 and
chapter 5.

| found that (9147) Kourakuen, (854) Frostia, (10484) Heahd (31569) 1999 FL18 show the characteristics
of V-type objects, while (1333) Cevenola, (3623) Chapliohgto S-complex. The taxonomic classification,
the comparison with the meteorite spectra from the Relabliete and the mineralogical analysis converged
to the same solutions for each of these objects, allowingtbifiportant details for the chemical composi-
tions.

Although more than 300,000 asteroids have well establishieital behavior, less than 3%
of these have some of their compositional properties detein To point out the scientific
importance of these studies, it can be recalled that thertyaf the asteroids have orbits
in the region between 2.2 and 3.3 AU. This is the region théihde the transition between
terrestrial and giant planets.

The majority of knowledge regarding compositional chagdzation is mainly due to three
large surveys: the Eight-Color Asteroid Survey - ECAS [Zdllekal., [1985], SO
[Lazzaroet al.,2004], and the most fruitfully Small Main-Belt Spectrosmopurveys (SMASSI,
SMASSII, SMASS-IR) : Bus & Binzell [2002b].

The analysis of the spectra of six Main Belt asteroids whialets®me remarkable physical
properties is made in the context of previously publishegsptal and dynamical properties of
these asteroids. Tablle 7.1 summarizes some parameteesagribidered sample.

7.1 Log of observations

The spectral observations were carried out in two sessidiasch 2007 and November 2011
using the 3.0 m NASA IRTF telescope located at Mauna Kea - HaWae SpeX instrument
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Table 7.1: Some characteristics of our observed MBAs: samjér axis, eccentricity, inclination, absolute mag-
nitude (H), and orbital period.

Object a e i Orbit. Period| H
AU ° Days Mag.

(9147) Kourakuen | 2.19161 0.106186 5.816 1185.06 134

(854) Frostia 2.36832 0.172996 6.091 1331.25 11.8

(1333) Cevenola | 2.63344 0.133589 14.641 1560.93 115
(3623) Chaplin 2.85105 0.086814 3.071 1758.35 11.9
(10484) Hecht 2.32087 0.079053 5.729 1291.44 13.7
(31569) 1999 FL18 2.31427 0.123171 6.402 1285.94 14.0

Table 7.2: Log of asteroids observations. Asteroid designadate of observation with the fraction of the day for
the mid time of the observation, apparent magnitude, phagke aheliocentric distance, the airmass at the mean
UT of each observation, the integration time for each spet{ii Time), and the number of cycles are presented.

Asteroid Date \% ) r Airmass | ITime Cycles
uT Mag. ° UA sec

(9147) Kourakuen  2011-11-15.35716.1 20.1 1.9596 1.116| 120 16

(854) Frostia 2007-03-13.487 149 3.6 2.3484 1.070| 120 10

(1333) Cevenola 2007-03-12.54915.6 13.8 2.6696 1.035| 120 24
(1333) Cevenola 2007-03-13.57515.6 145 2.6710 1.031] 120 10

(3623) Chaplin 2007-03-12.378 17.1 147 3.0366  1.085| 120 18
(3623) Chaplin 2007-03-13.26f7 17.2 149 3.0371 1.018| 120 20
(10484) Hecht 2011-11-16.42017.0 16.3 2.1986 1.060| 120 6

(31569) 1999 FL18 2011-11-16.33017.1 19.9 2.0294 1.040| 120 12

was used in low-resolution mode for these sessions. Then@isms were made in the 0.8-
2.5 um spectral interval. A 0.8 arcsec wide and 15 arcsec lengthosiented North-South,
allowed simultaneous measurements of the object and skg.n®tding procedure described
in chapter 3 was applied. The observing conditions and petermare given in Table 7.2.

The automatic guiding mode of the telescope was used foe thieservation. Since, for the
main belt asteroids the relative spe@&iRA/At, ADEC/At) is low, it does not impose difficul-
ties for the differential tracking. In the moment of obseimas our objects had speed bellow
0.6'/min.

The apparent magnitude of the asteroids varies dependitigearelative position with the
Earth and the Sun. In the case of main belt asteroids this aepparagnitude variation could
up to four magnitudes. The asteroids described here ween@zswhen they were close to
their brightest apparent magnitudes (at oppositions -e[@).

Another constraint that should be taken into account whéeduling the observations is
the airmass. In order to obtain good SNR for the spectra, agath to observe all objects at an
airmass smaller than 1.12 (zenith angle belovwf R5Table[7.2.

The integration time for each image was 120 second. Depgrminhe weather conditions,
and considering a basic SNR evaluation of the data, a differember of images for each
object were taken.

Each observed asteroid was preceded by observations oasal@gs located in the vicinity.
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Table 7.3: Solar analogs used for data reduction, theiragsnat the moment of observations and their relative
distance to the object.

Asteroid Solar Analogue| Air mass Distance]
(9147) Kourakuen | HD940 1.280 11.5
(854) Frostia G104-335 1.070 11.3
(1333) Cevenola | HD127913 1.055 10.1
(1333) Cevenola | HD127913 1.031 10.2
(3623) Chaplin HD73708 1.025 6.6
(3623) Chaplin HD73708 1.018 6.6
(10484) Hecht Land115-271 1.200 19.5
(31569) 1999 FL18 Land115-271 1.200 15.1

The following stars were observed and used as solar anatig840, G104-335, HD127913,
HD73708 and L115-256 (Table T.3). Our choice was to obsdrgesolar analogue as close
as possible to the target (bellow %0 The differential airmass between the asteroid and the
standard was usually restricted to less than 0.16. The w&ues chosen using the tool avail-
able on IRTF website An exception was made for (10484) Hecht and (31569) 199BFL1
where the data reduction were performed using L115-271 noamly used in NIR spectral
measurements.

G104-335, HD127913, HD73708 are G2V type, while HD940 is ast&d [Haget all, (2000,
Cutri et al, 2003, Landolt, 1992]. HD 940 was chosen as trade-off batvlee spectral type,
airmass, and its relative distance to (9147) Kourakuen.

The data reduction followed the procedure described inteln& For the computation of
the final reflectance (ratio between the asteroid spectruhtranstar spectrum) is considered
the similar dynamic regimes of the detector [Vaetal., 2004/ Rayneet al.,, |2003].

7.2 (9147) Kourakuen - a V-type asteroid outside Vesta family

One of the most interesting asteroid family is the one of (d$t. Located in the inner as-
teroid belt, the origins of this family is in a collision euehat excavated a large crater in the
surface of asteroid (4) Vesta [Asphaug, 1997]. The presehsech a crater in the south hemi-
sphere of the asteroid has been confirmed by HST images [Bwmaé, 1997] and recently
by NASA's Dawn spacecraft. This crater, called Rheasilvéss 505 Km in diameter and is one
of the largest craters in the Solar System. The latest esisnadlicate that the cratering event
occurred at least 1.2 Gyr ago [Carruttaall, 2005].

(4) Vesta is particularly interesting because it is the datge asteroid showing a basaltic
crust [McCordet all,11970]. Basaltic asteroids are believed to derive from boglasse interi-
ors reached the melting temperature of silicate rocks absexjuently differentiated
[Gaffeyet al.,|2002]. Thus, (4) Vesta is a differentiated object with a bi&serust and exposed
mantle material [Gaffey, 1997] that survived during thea®@ystem history. It is considered

Ihttp://irtfweb.ifa.hawaii.edu/ cgi-bin/spex/find_aOv.cgi
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Figure 7.1: a) Spectrum of (9147) Kourakuen normalized28 fum; b) a polynomial fit of the spectrum of (9147)
Kourakuen compared with the theoretical spectra of V, Sd, @ntypes; ¢) the comparison between the spectrum
of (9147) Kourakuen and the spectrum of a sample from Paglogkthe comparison between the spectrum of
(9147) Kourakuen and the spectrum of a mixture of Pyroxeppekthene-Plagioclase-Bytownite-limenite.

asthe smallest terrestrial plangieil, 2002]. While (4) Vesta was the first known asteroid pre-
senting a basaltic crust, in the last years an increasiagielnumber of small asteroids with a
similar surface composition have been discovered [de $agtchl, [2011a].

Vesta’s density was derived from the estimation of its mékkdn, 2002] and shape
[Thomaset al., 11997]. The computed values of the bulk density span theer&)@00-4,300
kg/m?®. This interval is supported also by models of internal struee of large differentiated
bodies. Ruzickat al. [1997] calculated the density of silicate fraction in Vebka asteroids,
assuming an average value of the bulk density of 3}§#®°. They conclude that Vesta could
be modeled with an eucritic/diogenitic crust and an olivimentle for a metallic core between
zero and 25% of the total mass of the asteroid. In this casejehsity of the crust could not
be less than 3,000y/m?.

Based on spectroscopic behavior and dynamical considermtm the main-belt through
the resonances 3:1 amglresonances [Binzel & Xu, 1993], Vesta and the vestoids arpcsqul
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to be at the origin of Howardite-Eucrite-Diogenite met&si The structure of HED meteorites
is very close to mafic materials. Thus, the parent body of HEeDewrites are supposed to have
experienced volcanism and metamorphism in the processmiaton during the early Solar
System. The parent body of Vesta and vestoids underwengtamtyrtotal melting, fractiona-
tion, and differentiation during the first few million of yesaof Solar System formation [Keil,
2002].

The V-type asteroids are objects with reflectance speatndasito the asteroid (4) Vesta
and to HED meteorites. These objects smaller in size tharaVesmmonly called 'vestoids’)
present spectral properties similar to this asteroid. fRdhe vestoids are identified as frag-
ments of Vesta, a result of the catastrophic collision whzagated material from the crust and
the mantle|[Binzel & XU, 1993] of (4) Vesta.

The V-type asteroids are mainly located in the populatigresented by the Vesta fam-
ily, and is considered to be the reservoir of HED meteoritewever, basaltic asteroids,
not yet considered members of Vesta family, are also locatdtie vicinity of the family
[Florczaket all, 2002, Duffardet al., 2004]. Data on V-type asteroids such as (1459) Mag-
nya are reported at different semi-major axis [Lazzztral.,, (2000, Roig & Gil-Hutton| 2006,
Duffard & Roig,2009] and in the NEA population [Binzet al., 2002]. This picture of V-
type asteroids supports the hypothesis of formation ofraéebjects with basaltic crust in the
Main-Belt.

At present, hundreds of asteroids are classified as pdtgni#ype bodies, based on the
new photometric investigations. According to dynamicalsiderations some of these objects
possibly belong to the Vesta-family, while others seem teeh#o clear connection. Ground-
based observations allow to investigate the spectral piiepeand hence the mineralogical
composition of such asteroids.

(9147) Kourakuenis a main belt asteroid with an estimated diameter of 5.1 Kraviity
the semi-major axis a = 2.19 AU, eccentricity e = 0.108, amtination i = 6.892, this object
could not belong to Vesta family considering the dynamicéda. However, its SDSS (Sloan
Digital Sky Survey) colors [Roig & Gil-Hutton, 2006] suggest surface compaosition similar
to (4) Vesta (a V-type object). The cause could be a highetiejegelocity and a subsequent
dynamical evolution.

The spectrum of (9147) Kourakuen (Fig. 7.1a) has the cheniatits of a V-type asteroid
[Popescuet all, [2012b]. In Bus-DeMeo taxonomy, V-type asteroids are charaeid by a
very strong and very narrow fim absorption feature and a strongugh absorption feature
[DeMeoet al,, 2009]. M4AST classify undoubtedly this spectrum as V-typhis agrees the
classification made via MIT-SMASS online tool. A similar résuas found by de Sanctegt al.
[2011a] using a more noisy spectrum. The next two matchesptbgram always returns the
first three matches), Sv and Sr types have a larger matchiog(€ig.[7.1b).

The solution given by all four methods for comparison withdeatory spectra shows that the
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spectrum of 9147 Kourakuen is almost identical with the spet of a sample from Pavlovka
meteorite (FigL 7. Ic). This meteorite sample is of type adnite howardite already stud-
ied so far [Olseret al., 11990, Labotka & Papike, 1980]. The bulk composition of therc
drules from this meteorite contains Si@60.1%), MgO(23.7%), FeO(15%), #D3(6.2%),
Ca0(3.8%)|[Olsert all, [1990].

Other meteorite laboratory spectra similar to the spectti®147) Kourakuen are those of
the meteorites Roda (Achondrite Diogenite), Le Teilleul faodrite, Howardite) and Kapo-
eta (Basaltic HED Howardite). The first fifty solutions that ofed our spectrum are HED
(Howardite Eucrite Diogenite) meteorites. These are hiasakteorites believed to result from
large asteroids that melted to form a metallic core and basahgma after the formation.

Another solution of this application is a spectrum of a masdmmixture of Pyroxene Hy-
persthene Plagioclase Bytownite lImenite (Eig. ¥.1d). Tims1-made mixture reproduces quite
well the natural composition of volcanic rocks or meltingk®f volcanic beds, and is consis-
tent to the V-type mineralogical composition of asteroitisall laboratory spectra proposed
by M4AST to match this asteroid spectrum, the majority cgponds to HED achondrite me-
teorites.

While the standard deviation measures the overall matchetgden the two spectra, the
correlation coefficient finds those spectra for which thecspéfeatures positions and shapes
are very close. In the case of spectrum of (9147) Kourakueeryahigh correlation coefficient
(more than 0.99) characterize the first matching solutidable [7.4).

Since only the NIR part of the spectrum is available, we cdy compute the band minima.
The high signal to noise ratio of this spectrum ensures ttaattis a small error in computing
the band minima. The first minimum is at 0.92170.0005um and the second minimum is at
1.9517+ 0.0062um, which imply a band separation of 1.f48. The band separation provides
a way of estimating the iron content. Clougisal. [1990] noted that the band separation is a
linear function of the BIl minimum for orthopyroxenes andtthath parameters increase with
the iron content. If we refer to the relation obtained by decfiaet al. [2011b], the parameters
that we found match their formula= 0.801x x — 0.536, wherey is the band separation and
x is the BIl minimum. These parameters correspond to an irotecorof around 40 wt%.
However, the laboratory calibrations suggest that theespondence is true for a number of
low aluminum orthopyroxenes but invalid for mixtures ofuirie, metal, and both ortho- and
clino-pyroxenes [de Sanctéet all,[2011b].

Concluding this section, based on an accurate near-infegrectrum of the asteroid (9147)
Kourakuen a description of its surface composition was mddes comparisons with mete-
orites spectra which revealed a spectral matching with HEpe meteorites (in particular with
the spectrum of Pavlovka meteorite) agrees and is complamyeto the taxonomical classifi-
cation and to the mineralogical solution found.
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Table 7.4: Summary of results obtained by matching the melhdsteroids spectra with spectra from Relab
database. The most relevant matches are presented. Thartsmnpcoefficients are given together with some
details related to the laboratory samples.

Spectrum std. dev. corr. coef| Meteorite/Sample Sample ID Type
9147 0.01884  0.99477| Pavlovka MR-MJG-094 Achondrite(AHOW)
0.02244  0.99207 | Mixture SC-EAC-039 Man-made
0.02731  0.99048| Roda MR-MJG-099 Achondrite(ADIO)
854 0.01894  0.98847| "ALHA76005,85" MB-TXH-066-A HED Eucrite
0.01917 0.98842| "Y-793591,90" MT-TXH-043-A  HED Eucrite
0.02396  0.98332| "ALH-78132,61" MB-TXH-072-A HED Eucrite
1333 0.02065 0.97005| Saratov MR-MJG-046 OC/L4
0.02248  0.97188| Hamlet #1 MR-MJG-069 OC/LL4
0.02413  0.95487| Paranaiba MB-CMP-010-D OC/L6
1333 0.01774  0.93893| Denver TB-TIM-072 OC/L6
De-reddened 0.02841  0.94397 | Hamlet #1 MR-MJG-069 OC/LL4
3623 0.04344  0.83962| Gabbro 50S RG-CMP-057 Rock/Igneous Plutonic
0.04334  0.83360| 14321,150P LS-JBA-097 Rock/Polymict Brecgia
3623 0.03296  0.79520| Fayetteville MB-CMP-007-L OC/H4
De-reddened 0.04093  0.79900| Gabbro Ns RG-CMP-017 Rock/Igneous Plutonjic
1048 0.08761  0.93656| PYX:OLV:PLG:ILM SC-EAC-045 Man - Made
0.09487  0.93345| Mixture SC-EAC-060 Man - Made
31569 0.04156  0.96088| Pasamonte MR-MJG-090 HED Eucrite
0.04112  0.95996 | Mineral SB-RGB-001 Pigeonite
0.04433  0.95991| Macibini Clast 3 TB-RPB-027 HED Eucrite

7.3 A binary asteroid: (854) Frostia

The number of known multiple systems among asteroids hasased significantly in recent
years. In the past, the binarity and multiplicity of astdeowas suggested by several authors
[van Flanderret al.,11979] based on occultations of stars (for example in thelestof Binzel
[1978]@, and Donnisaon [197@) or photometry/[Tedesco, 1979, Binzel & van Flandern, 1979,
Dunlap & Gehrels, 1969]. These observational facts werdatorigin of theoretical prob-
lems related to spin evolution and stability [Wijesinghe &éd€scao, 1979, Zappadd al., 1980,
Leoneet al,, |11984].

Analytical and numerical simulations of catastrophic istdhs among small bodies, us-
ing several hypothesis, are published regularly by severhs [[Dell’Oro & Cellino/ 2007,
Durdaet al,, 12004 | Holsapple & Michel, 2008]. This topic remains opesgite an important
acquisition of knowledge from laboratory experiments ancharical tests. The most important
conclusion of these works is that elongated shapes, byr@rinultiplicity could be explained
for both large objectsx100 km in size) and relatively small ones (kilometer-sizee@sds).
For instance, aloublet systeris a binary system where both bodies are of nearly equal.sizes
Their origin is not well understood, but several such systé@ve been reported (ex: (90)
Antiope, (617) Patroclus, (69230) Hermes, 1998 WW31). Thexlestudies concerning the

2The article also presents historical facts of occultatibstars by asteroids.
3This satellite was not confirmed by direct imagirig. [Statsl, [1999]
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Figure 7.2: a) The visible and NIR spectrum of (854) Frodi)aA polynomial fit for the spectrum of (854) Frostia
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Frostia and the spectrum of a sample froAl.HA7600585” meteorite; d) the comparison between the spectrum
of (854) Frostia and the spectrum of a sample fddm 79359190 meteorite.

movement of components around their center of mass can iolatesd by observational results
(obtained for instance using adaptive optics); resultheirtdynamics will be constrained by
the physical model which takes into account shape, bulk teresid internal properties of
the components. Furthermore, the interaction between amdigal and a physical model al-
lows the derivation of the most probable configuration ofdpstem (in terms of separation of
components, orbital parameters, shapes and densities).

(854) Frostia is a Main-Belt asteroid with an absolute magleH = 11.8mag Its semi-
major axis isa = 2.368322U (Table[7.1). This asteroid was observed intensely in phetom
[Behrendet al., 2006] by amateurs and professional astronoBJe(%4) Frostia is a slow ro-
tator with a synodic period of 372&rs. Its regular lightcurve with an amplitude of38mag
presents, for short periods of time, important attenuatadrabout 07 — 0.8mag The large
magnitude is very well explained by mutual eclipse/occidtaevents for an object with two

“htt p: // obswww. uni ge. ch/ ~behr end/ page_cou. ht n
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components of comparable size. Unfortunately, no phygigaémerides of Frostia are known
to have a precise timing of possible mutual phenomena ofsystem. Nevertheless there is
little chance for a geometry allowing mutual phenomenaatithe of our observations.

Based on a physical model of a double system, Behetmd [2006] calculated a bulk
density of 750 - 1,020 kg/fa They explain such a low density value by a possible C-type
asteroid with a high macro-porosity of about 45 %.

Sloan Digital Sky Survey (SDSS) colors (lvésit al. [2001]ﬁ of this object were also re-
ported. These data show large variations in color. It is irtgrd to note that thg —i color is
greater than the — zon@, which suggest the presence of absorption band aroyrmd.1

Visible spectroscopy of Frostia was reported by Alvarezdaaet al. [2006]. These results
are in agreement with SDSS colors and the authors clasdifieddteroid in the V-taxonomic
class.

NIR spectrum of (854) Frostia was obtained on March 13, 200 total integration time
of 40 min allows an accurate spectrum with the S/N of 120.rigdithe visible spectrum from
Behrendet al. [2006] with our data in NIR region (Fi¢._7.2a). The analysiaswnade on the
composite V+NIR spectrum. This spectrum likely represémsasteroid globally, being a first
characterization of the asteroid’s mineralogy.

The spectrum of (854) Frostia reveals large and deep al@otpdnds around 1 and2m.

In Bus-DeMeo taxonomy the V+NIR spectrum is typical\ottype asteroids [DeMeet al,,
2009], similar to the asteroid (4) Vesta. The next two madale¢urned by M4AST are Sv and
Sr types but these types have larger matching errof (Eig.7.2b

(854) Frostia was not included in the family of (4) Veste by@alaet al.[1995%]. The loca-
tion of (854) Frostia inside the Main-Belt is very similar teat of Vesta family in semi-major
axis and inclination and may justify its membership to the sahan. Frostia’s eccentricity of
0.17 is slightly over the greater boundary (of 0.12) of Vdataily. This case is not particular
while other V-type asteroids were already reported in tineipart of the Main Belt, relatively
close to the Vesta family [Duffaret al., [2004].

In the assumption of (854) Frostia as a fragment of Vesta'stca value of its density around
3,000kg'm® seems to be reasonable. The value calculated by Beletenid2006] (around
1,000kg/m?) is very difficult to explain even if an unrealistic porosiiof 75% in a rubble-
pile structure is assumed. In fact, large porosities for fregyments of large differentiated
bodies are not realistic while the self-gravitation tergeis to decrease the volume of empty
space inside the object. Behreeidal. [2006] inferred a C-type asteroid by analogy with the
asteroid (90) Antiope. Itis difficult to reconcile the C andaxonomic classes while the objects
experienced different temperatures in their history.

Descamps! [2010] published recently a refined study of bisgsfems by accounting in-

Shttp://sbn.psi.edu/ferret/
6Sloan Digital Sky Survey was obtained using five broad baret$i) namely, g,r,i, z centered to 3,551, 4,686, 6,165, 7,481, and 8,931
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homogeneous bodies with ellipsoidal shapes. This modahalthe simultaneous fit of grain
density and the bulk porosity. The author calculated a giaimsity of(2, 7904 380)kg/m? in
agreement to the one of Vesta-like asteroids, correlatedidolk porosity of 63%4£55% of
macroscopic porosity #8% of microporosity).

For the laboratory spectra proposed by M4AST to match thisra@isl spectrum, the ma-
jority corresponds to achondrite meteorites, subtype BaddED -Eucrite. This fully agrees
with the classification as a V-type asteroid. The first soluiven by all four methods for
comparison with laboratory spectra shows that the speatfui®54) Frostia is almost identi-
cal with the spectrum of ALHA7600585” meteorite. Other relevant solutions of this appli-
cation are the spectra of samples from Basaltic HED -Eucrgeeorites: Y —79359190”,
"ALH — 7813261 (Fig.[7.2¢[7.21, Table 7.4). Another significant resifithe spectral com-
parison was the fact that the first matches correspond twplate samples with sizes less than
25 um. This suggests that (854) Frostia is covered by fine grdiregolith.

The meteorite number 5 discovered in 1976 in Allan Hills -#atita ("ALHA7600585")
was study in many papers [Olsenhall, [1978, Simon & Papike, 1983, Mivamo#d al., |11979].
Olsenet al. [1978] noted about this meteorite that is a pale gray in calwl consists of a
finely divided mycrocrystalline pyroxene rich matrix thaintains clastic fragments: white
Plagioclase rich rocks, grey clasts of glass, monominierihgments of pyroxenes, silica,
oxide minerals, sulfides and metal. On a plot of CaO agqﬂ&%—, is placed in the middle of
the eucrite field.

The mineralogy of (854) Frostia could be refined by taking iatcount the precise posi-
tion of the band minima, band centers at 1 andr@ and the band area ratio (BAR). To esti-
mate these parameters the mineralogical models can beedp@lioutiset al., 11986a/ 1990]
using M4AST routines on the composed V+NIR spectrum. The fimmimum (Bl mini-
mum) is found at ®309+ 0.0015 um, while the BIl minimum is located at. @049+ 0.0046
pm, implying a band separation of(740 um. These parameters fit in the empirical for-
mulay = 0.801x x — 0.536, wherey is the band separation amds the Bll minimum. They
correspond to an iron content of around 55 wt%, accordinghé dalibrations shown by
de Sancti®t al.[2011b]

After removing the continuum by considering a linear fuactior each band it can be found
the band centers at@B55+ 0.0012um for the first band, respectivelyd972+ 0.0038um for
the second band. In the case of BlI, the thermal correctiolearomputed using the formulas
(2) and (4) from Burbinet al. [2009]. The value found 0.002m is closely to the value of the
error-bar for Bl center, thus its influence can be neglecté@. jositions of Bl and Bll centers
are relatively similar to those obtained for the astero#b@d) Magnyal[Hardersegt al.,'2004].

If these values obtained for Frostia are placed in the cowntiethe pyroxene studies of Adams
[1974] and Cloutis & Gaffey [1991] it can be concluded a domirfaresence of orthopyroxene
on the asteroid surface. The position of the bands placesteecéd near the Eucrite region (see
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Fig 10 from Gaffey![1997]).

The spectrum of (854) Frostia presents an inflexion neaui2vhich is an indication of
the presence of feldspar in the basaltic achondrite mégeride mineralogical composition
using the pyroxene calibration [Gaffey al.,|2002] suggests the formWaasF s43E nyg (with a
4% of uncertainty for wollastonite and ferrosilite). Thisngposition is, within the error-bars,
similar to that of (4) Vesta and (1459) Magnya, and similathiat of the asteroid (3269) De
Sanctis/[Duffarcet all, 2004].

The calculated BAR for (854) Frostia was 1.90520.08, in agreement with the basaltic
achondrite minerals [Gaffest al., 11993b]. This ratio gives the relative abundance orthopyro
ene vs olivine|[Fornasieat all, [2003]: 0.85 %. This fully agrees with the the mineralogical
analysis performed above.

7.4 1333 and 3623 -two asteroids with large amplitude lightcurves

The lightcurve of an asteroid is the display of the variatidnts magnitude over time. The
lightcurve is related to the rotation of an asteroid aroum¢hatantaneous axis. In other words,
the lightcurve could be interpreted as an observable of tigelan momentum for a given
object. This variation is primarily due to the shape [Fre&dBinzel, 1989]. The lightcurve
could be also due to the albedo variation [Harris & LupisHi&89] of the asteroids. The results
of observations of lightcurves for asteroids are regulayiythesized in catalogs of lightcurves
(for example Lagerkviset al. [1987]).

Several asteroids exhibit large amplitude lightcurvesctvihemained unexplained until the
last decade. Different explanations were proposed foretivasiations, starting with elon-
gated shaped asteroids and including double and multigiess of aggregates in a weak
self-gravitational field [Cellinet al.,|1985].

This section is focused on the spectroscopic results aadior two asteroids with large
amplitude lightcurves. Near-Infrared (NIR) spectroscagservations for (1333) Cevenola,
and (3623) Chaplin are presented. A detailed analysis of fpeictra, and the mineralogical
models derived for each asteroid are discussed.

7.4.1 (1333) Cevenola

(1333) Cevenola has an absolute magnitude H = 11.5 mag. Témialsis placed in the Main
Belt, having a semi-major axis a = 2.63344 AU and a eccentrecit 0.133589 (Table_7.4).
Photometry of this asteroid shows a large amplitude.®7 & 0.03magand a synodical period
of 4.88+ 0.02hrs [Warner, 2002].

(1333) Cevenola belongs to the Eunomia family [Zapmdlal,, 11995, Mothé-Dinizt al.,
2005]. This family has more than 430 objects [Zappsilal,, 11995]. 44 members of Eu-
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Figure 7.3: The NIR spectra with the error-bars for (1333)ed®la; a) obtained in March 12, 2007; b) obtained
in March 13, 2007. The spectra are normalized to uth

nomia family (including Cevenola) were studied spectrogmdly in the visible region by
Lazzaroet al. [1999]. Based on the visible spectrum, 41 of them were classdis S-type
objects, while three asteroids exhibit flat spectra and wensidered as intruders. Consider-
ing these samples in the frame of the Bus-DeMeo taxonomy [[@edilal., |[2009], only three
objects are re-observed in the near-infrared region.

The visible spectrum was reported|by Lazzatall [2004] in the framework 08°0< sur-
vey, and the analysis of spectral data places the astetoithieS (§; more precisely) complex.
The Eunomia family is actually dominated by objects dispigys-type spectra.

Two NIR spectra were obtained for this asteroid (Eigl 7.8)tweo consecutive nights, sep-
arated by 24 hours. The spectrum of March 12, 2007 is thetrestlhe combination of in-
dividual spectra of 120 seconds each, for the total integraime of 14667 rs. The second
spectrum was obtained in March 13, 2007 for the total integmaime of 4Gnin. Consequently,
a S/N of 50 and 20 was estimated. The two NIR spectra are venjasi | made an average
spectrum between the two spectra of (1333) Cevenola and ledevgh the visible part from
S0 (Fig.[7.44).

The SMASS-MIT online tool classifies this spectrum asSaytype in Bus-DeMeo taxon-
omy. TheSqtype has a wide 1-micron absorption band with evidence ohtufe near 1.3im
like the Q-type, except the 1-micron feature is more shaflavwthe Sq[DeMecet al., 2009].
Among the solutions proposed by M4AST for taxonomic clasatfon of this spectrum are
also theQ andK types. This is due to the fact that the spectrum is not as resttias forSq
type in the infrared part (Fig._7Z.4b ). Using the G13 taxondBilan et al,, [19964a], it can
be found that this spectrum belongs to S-complex, beingarctass 2 of this taxonomy. The
class 2 of G13 taxonomy includes asteroids like (7) Iris) @drthenope, (26) Proserpina, (27)
Euterpe.

The taxonomic type found for this asteroid spectrum, alltdvesapplication of space weath-
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the comparison between the spectrum of (1333) Cevenolaharspectrum of a sample froflamlet1 meteorite.

ering model proposed by Brunett al. [2006]. Thus, fitting the spectrum with an exponential
continuum | foundCs = -0.133um, corresponding to a relatively fresh surface. Taevalue
gives the number of displacements pereth= 0.45x< 10'° displacement&n?.

Comparing the original spectrum of (1333) Cevenola with &lblatory spectra from Relab,
M4AST found matches with ordinary chondrite meteorites (H &h subtypes, and petrologic
classes 4 and 5). In terms of standard deviation and camelabefficient, the best matches
where those of samples from Saratov, Hamlet #1 (Eid. 7.4)Rardnaiba. These meteorites
are ordinary chondrites with low iron content.

| compared also the de-reddened spectrum of (1333) Cevemddddratory spectra from
Relab. In this case, the four methods used give relativelgriiit solutions. The spectral
solutions that can be selected are the spectrum of a sangoie Denver meteorite and the
spectrum of a sample from Hamlet #1 meteorite. Both metewaite ordinary chondrites with
low iron content.
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Figure 7.5: The NIR spectra of (3623) Chaplin; a) obtaineMarch 12, 2007; b) obtained in March 13, 2007.
The spectra are normalized to 1.25.

Applying the Cloutis mineralogical model, the following pameters can be found: Bl cen-
ter is at 09803+ 0.0111 um, BII center is at 9630+ 0.0116 um, and the BAR is 8317+
0.0036. These values imply a@% « 0.19. The results of the model suggest a miner-
alogy similar with ordinary chondrites LL subtype. It agre@h the results found from the
comparison with laboratory spectra.

This spectrum was analyzed by Birlahal. [2011] using the modified Gaussian model
(MGM) procedurel[Sunshine & Pieters, 1993]. The procedlloeva the quantitative charac-
terization of absorption features, by simultaneous fitbhgnultiple Gaussian-like absorption
bands|[Pieters & McFadden, 1994]. This analysis stronglycette that the presence of both
olivine and pyroxene are necessary for reproducing thereaégsenal data of (1333) Cevenola.
The mineralogical solution corresponds to fayalitic malewith the molar percentage equal
to 20+£5 [Sunshineet all, 2007] and the width of these absorption bands span the samge r
as presented by Sunshine & Pieters [1998]. However, thegitreatio between the M1 and
M2 olivine crystals is different from the calibration vakiproposed by Sunshirmt al. [2007].
This imply that mineralogies with fayalitic-forsteritic ogponents need to be completed with
other components.

7.4.2 (3623) Chaplin

(3623) Chaplin belongs to the Koronis family [Zappataal., 11995, Mothé-Dinizt al., 2005].
The asteroid has the synodic period &L+ 0.005 hrs, and a large amplitude in its composite
lightcurve estimated t0.07+0.02 mag. [Birlanet al,,|11996b]. However, there is no estimation
for its pole coordinates.

Two NIR spectra of the asteroid, presented in [Eig]7.5a and/FBg were obtained at a
time interval of about 23 hours. The spectrum of March 12,7280he result of combined
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Figure 7.6: a) The NIR averaged spectrum of (3623) Chap)iriy polynomial fit for (3623) Chaplin compared
with the theoretical spectra of S, Sv and Sq taxonomic tyggshe comparison between the spectrum of (3623)
Chaplin and the spectrum of a sample from igneous plutortk;rd) the comparison between the spectrum of
spectrum of (3623) Chaplin and the spectrum of a sample foswrcklcium impact melt breccia rock.

individual spectra of 120 seconds each, for the total itggn time of 72 min, while the the
second spectrum (obtained in March 13, 2007) was obtaindgtédotal integration time of 80
min. The S/N was estimated in the range of 15-20.

The NIR spectrum of (3623) Chaplin is typical Bcomplex asteroids, which is the taxo-
nomic class of the Koronis family on which Koronis belongseTclassification made using
M4AST gives relatively different solutions compared witfe tclassification made via SMASS
MIT online tool. MAAST gives the solutionsSy, L andS, while the SMASS MIT online tool
givesS, Sqg Q andL. By visual inspection between these solutions, | consideoasible types
for this spectrum the solutior SvandSqFig.[7.6b.

The comparison with laboratory spectra is presented ire[2Bl. The majority of matchings
are among Igneous Plutonic rocks and Polymict Breccia rothks.fist matching corresponds
to a spectrum of Igneous Plutonic rock, subtype - Gabro Stahcwith crumbed (particles
size between 45 and 7Bm). The second match is a low-Calcium Impact Melt Breccia, a
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rock brought by Apollo 14 mission. A meteorite spectrum tbems to match this asteroid
spectrum is that of an Achondrite - Ureilite tyg@CA82506 80.

Applying de-reddening model, it can be found that it is chegazed by a low space-
weathering effect ( Cs = -0.15{dm). This small value oCs can be explained by the fact
that (3623) Chaplin resides in the outer part of the Main Beding less affected by the so-
lar wind ion radiation. After removing the exponential dooum, the laboratory spectra that
match this spectrum are those of a sample from Fayettevaleonite - an ordinary chondrite
meteorite and a Igneous Plutonic rock.

(1333) Cevenola and (3623) Chaplin were observed over twoecaoitige nights in order
to detect spectral variations in their spectra. Their gpoadent spectra has the same profile,
which is interpreted as a homogeneity of the surfaces of ebjgtt.
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7.5 Asteroid pairs: (10484) Hecht, (31569)1999 FL18

The identification of asteroid-pairs could be considerethassmallest cluster that could be
derived using the asteroids dynamical parameters.Vokiskyh& Nesvorny [2003] propose a
set of pairs of asteroids of a common origin. This topic isHfar re-analyzed and quantified in
terms of statistical significance by Pravec & VokrouhlicR009].

The formation of asteroid pairs could be explained usingftiewing mechanisms: col-
lision disruptions of km-sized and larger parent asteroddmkovsky-O’Keefe-Radzievski-
Paddack (YORP) effect which can induce spin-up and rotaltftssion of fast-rotating objects,
and splitting of unstable asteroid binaries [Vokrouhligk§Nesvorny, 2008] . In the first case
the asteroids would be parts of compact collisional famNgth many members that would be
found by future asteroid surveys.

Physical characterization of asteroid pairs is still ine and a challenging task since a
large fraction of identified pairs have large magnitudesn&eoecent results were proposed by
[Duddy et al,, 12012]. In this framework we started an observing prograhtBese intriguing
objects.

Here | briefly describe the NIR spectra (Hig.17.7) of two olgefcom two different pairs
identified by Pravec & Vokrouhlicky [2009]: (10484) Hechtda(B31569) 1999 FL18. The
observations were performed using SpeX/IRTF in low resmhumnode. While the S/N ratio is
poor for (10484) Hecht only the spectral range 0.842m is considered as relevant. For the
asteroid (31569) 1999 FL18 the spectrum is reliable ovespieetral interval 0.8-2.4m.

(10484) Hecht has an apparent magnitude H = 14.0, while its(@4645) 1999 RC118 has
an apparent magnitude H = 14.7. The favorable positions taimithe spectrum of (44645)
1999 RC118 are in July 2013 when the asteroid has an apparenitodeg 18.0 and in the
beginning of January 2015 when the asteroid has an appaegttitnde 17.0.

(31569) 1999FL18 has also the apparent magnitude H = 14i@ iightwin (21321) 1997AN2
has an apparent magnitude H = 14.3. The favorable geomeathtam the spectrum of (21321)
1997AN2 arise in October 2013 when the asteroid has an appasgnitude 16.4.

(10484) Hecht data are close to the V, Sv, Sr (Eig.]7.7c) analxBniomic classes into the
Bus-DeMeo taxonomy. The result is mainly based on the degmlabsorption band. The
asteroid (31569) 1999 FL18 was classified as V or Sv taxontypi (Fig [7.74d).

The comparison to meteorite spectra confirms the affinityotti Bpectra to the one of HED
meteorites. The best fit for (10484) Hecht are the man - maa&ines containing Pyroxene
Hypersthene Olivine Forsterit Plagioclase Bytownite Ilm@nHowever, due to the poor SNR
of the data over 2.jum, the acapulcoide primitive achondrite meteorites coldd be a relative
good mineralogical solution. For (31569) 1999 FL18 the HEIRrdic nature is proposed.
Among the solutions it can be found the spectrum of a samp\aaibini Clast 3, a meteorite
discovered in South Africa (TableT.4).
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The band minima for the (10484) Hecht are &82%14+ 0.0038 um, respectively D461+
0.1522um, resulting in a band separation of 1.12h7. These values indicate an iron content
larger than 65 wt%, based on empirical relation obtaineohftioe laboratory experiments. For
a similar analysis of the spectrum of (31569) 1999 FL18 tHieviong values can be found
0.93104+0.0011 um, respectively 2341+ 0.0094 um for the band minima, and a band sep-
aration of 11031 um. These values are also equivalent with an iron conteneiaigan 65
wit%.

(31569) 1999 FL18 belong to two different pairs which cou&ddenetically related. The
extrapolation of the results to these pairs shows four neectd possible V-type inside the
asteroidal population.

The spectral observations and analysis of asteroid paaraésv scientific program based on
the dynamical findings by Vokrouhlicky & Nesvorny [2008].
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CONCLUSIONS AND PERSPECTIVES






Conclusions and perspectives

During my Ph. D. studies, | applied the spectral technigo@gtermination of asteroids physi-
cal properties. The work consists of three main activitieEescope observations, developing of
the methods and tools for asteroid spectral analysis, datometation of the asteroids spectra.

| observed for more than 40 hours on NASA SpeX/IRTF, in rencatetrol from CODAM
Center(Paris). The purpose of these observations was tinddiR asteroid spectra. The
results where partially published [Birlat al,, [2011,Popescuet al,, 12011, Birlan &Popescl)
2011, Birlanet al.,12012,Popescuet al., 12012b].

Additional to the main subject of the thesis, | observed adR0 nights for asteroids dis-
covery (with particular interest for NEAS), recovery andldo up. These observations were
made from Obsv. de Haute Provence (France), Pic du Midi @&amand ORM in La Palma
(Canary). The results of these campaigns appeared in 12 Riaoet Circulars and 21 Minor
Planet Electronic Circulars.

For analysis of asteroids NIR spectra | applied the well kmemethods (taxonomic clas-
sifications, band analyses and comparative mineralogy) anaposed new mathematical ap-
proaches for spectral comparison and taxonomical clagsifiicd implemented all these meth-
ods into routines of a software package called MAAST (Madgfor Asteroids). The second
component of M4AST is the spectral database which has ar@uf@D asteroid spectra ob-
tained from our observing program and different collabores. The spectra from the database
are in a standard format and are fully available for downldadeveloped M4AST using Oc-
tave computation environment, PHP programming languageGiNUPIot tools (with the free
GNU license).

MA4AST was conceived to be fully available via a web interfane can be used by the sci-
entific community. Together with my colleagues, | preseimeipaperiPopescuet al.,12012b]
the interfaces available to access this software tool amdltforithms behind each method used
to perform the spectral analysis. The robustness of théesihas been demonstrated by using
the software to model a variety of spectra.

Together with my colleagues, | obtained and analyzed NIRtspdor eight near-Earth
asteroids/lPopescuet all, 2011]. Four of the observed objects have delta - V lower than
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km/sec, which make them suitable targets in terms of propuifr a future spacecraft mis-
sion. | modeled and interpreted the obtained spectra usmagety of techniques with the goal
of interpreting the asteroidal surfaces in terms of thememalogical composition. Each aster-
oid spectrum was analyzed to obtain its taxonomic class laaalbsest matching meteoritic
analogs from the laboratory databases. The taxonomidfotasi®n of five of these objects was
reviewed and | assigned a corresponding type to the othee tisteroids that had not been pre-
viously classified. | found that (1917) Cuyo, (8567) 1996 HWBI60) 1998 QS52, (188452)
2004 HE62, and 2010 TD54 are in the S-complex. For these tshggood matching with the
spectra of ordinary chondrites meteorites has been olotaine

From this set of samples, the asteroid Jasonwheeler wasl fauhave a NIR spectrum
similar to that of carbonaceous chondrite meteorites. It @assified to be between D and
T taxonomic classes. Since these classes are consideragié@hmitive compositions and
the delta-V for this object is smaller than 7 km/sec, Jas@®eMr could be a very interesting
candidate for a sample and return spacecraft mission.

In different collaborations [Birlaet al,|2011| Birlan &Popescii2011/Popescuet al., 20124,
Birlan et al,,|2012] | analyzed VNIR spectra for a variety of asteroidsstoals, asteroid pairs,
asteroids with large amplitude light-curve. Their spdgtraperties are in agreement with the
V and S complex types. For the V-type a very good matching WHD meteorites was found.
Mineralogical solutions were proposed for all these agtiero

My future work includes two directions: developing M4ASTote and observational pro-
grams for asteroid spectra. Future developments of M4AASjepr consist in increasing the
number of spectra in the database, additional methods &dyzng the spectra (such as min-
eralogical charts Birlaet al. [2011]), and a more friendly interface.

The first observational programs in which | am involved, as ohthe co-investigators,
aims to obtain using SpeX, NIR spectra of NEAs with MOID < 0.0 And orbits that are
approaching Earth. The team is particularly interestedno Yi-types asteroids that may be
at the origin of the meteor showers associated with the iseeaumber of HED falls during
June of each year. For this program we obtained 16 hours efadtsons on the IRTF/SpeX in
the second half of 2012.

Another program on which | participate aims to gather ptaisibaracterization results for a
large sample of potential target destinations for develgputure space mission opportunities.
Particular attention is given to asteroids presenting tsgaesimilar to primitive mineralogical
composition.
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ABSTRACT

Context. Near-Earth objects are among the most accessible bodies in the solar system in terms of the spacecraft propulsion require-
ments to reach them. The choice of targets and the planning of space missions are based on high quality ground-based science.
Aims. The knowledge of the ensemble of physical parameters for these objects, including their composition, is a critical point in
defining any mission scientific objectives. Determining the physical properties of near-Earth asteroids (NEAs) is also possible from
the ground by analyzing spectroscopy at both visible and infrared wavelengths.

Methods. We present spectra of eight NEAs (1917, 8567, 16960, 164400, 188452, 2001 SG286, and 2010 TD54) obtained using the
NASA telescope IRTF equipped with the spectro-imager SpeX. The observations were performed in the 0.8-2.5 um spectral region
using the low resolution mode of the spectrograph. We completed the taxonomic classification using the Bus-DeMeo taxonomy. We
analyzed the spectra by comparing them to meteorite spectra from the Relab database using a x> approach. For the S-type asteroids
of our sample, the band centers and BAR were calculated. We also attempted to interpret our data using a space-weathering model.
Results. The taxonomic classification of five objects was reviewed and we assigned a corresponding type to the other three aster-
oids that were not classified before. We found that (1917) Cuyo, (8567) 1996 HW1, (16960) 1998 QS52, (188452) 2004 HE62, and
2010 TD54 are in the S-complex. We achieved a good matching of our S-type asteroids with the spectra of ordinary chondrites mete-
orites. The asteroid (5620) Jasonwheeler was found to have a NIR spectrum similar to carbonaceous chondrite meteorites. Thus, our

results confirm its primitive properties obtained in several other spectral intervals.

Key words. minor planets, asteroids: general — methods: observational — techniques: spectroscopic

1. Introduction

Asteroids are leftovers from the formation of the solar system
and studying their properties in detail will allow us to constrain
more reliably the formation and evolution of our solar system.

There are more than 500 000 known asteroids, most of them
belonging to the main belt. Owing to some mechanisms, which
are still the subject of dynamical studies, some of these objects
have migrated into the inner part of the solar system (Morbidelli
et al. 2002). These are near-Earth asteroids (denoted NEAs),
small bodies of the solar system with perihelion distances g <
1.3 AU and aphelion distances Q > 0.983 AU, whose orbits
approach or intersect the Earth orbit. Depending on their or-
bital parameters, NEAs are divided into Apollos (¢ > 1.0 AU;
q < 1.016 AU), Athens (a < 1.0 AU; Q > 0.983 AU), and Amors
(1.016 < g < 1.3 AU).

Potentially hazardous asteroids (PHAs) are currently de-
fined based on parameters that measure the asteroid’s potential

* Appendices A and B are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

to make threatening close approaches to the Earth. All aster-
oids with an Earth minimum orbit intersection distance (MOID)
smaller than 0.05 AU and an absolute magnitude (H) of 22.0 or
brighter are considered PHAs (Milani et al. 2000).

One of the most important aspects related to the NEAs is
their accessibility to be investigated by spacecrafts. This enables
their scientific study and the detailed assessment of their future
use as space resources. Several programs for space exploration
of these objects (Marco Polo-R, OSIRIS-REx, Hayabusa2) are
now under study around the World. The choice of targets and
the planning of space exploration are based on strong ground-
based science. Thus, the knowledge of the ensemble of physical
parameters of objects and their composition is a critical point in
defining the mission scientific objectives.

A major scientific goal of studies of the NEA population is
their global characterization in terms of spectral trends, relating
the spectral data to the laboratory measurements. Given the dom-
inance of S-type asteroids among the NEA population, and the
abundance of ordinary chondrites (OC) among the meteorites, it
has been generally and widely assumed that they are connected,
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Table 1. Log of asteroids observations.
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Asteroid Date (UT) % ® () r(UA) Airmass ITime(s) Cycles Solar analogue Airmass
(1917) Cuyo 2008/08/27.637 14.6  66.0 1.105 1.038 120 6 BD+41 309 1.141
(5620) Jasonwheeler ~ 2009/05/04.569  16.5  20.9 1.345 1.344 120 6 HD 154716 1.240
(8567) 1996 HW1 2008/08/27.543 129  28.8 1.143 1.099 60 13 HD 217577 1.213
(16960) 1998 QS52 2008/08/27.588 169  30.0 1.784 1.105 120 13 HD 27834 1.083
(164400) 2005 GN59  2008/08/27.472 16.2 252 1.244 1.024 120 2 BD+28 3198 1.410
(188452) 2004 HE62  2008/08/27.404 16.7  60.8 1.109 1.513 120 12 BD+28 3198 1.401
2001 SG286 2009/05/19.594  16.7 102.0  1.006 1.962 120 2 HD 216516 1.742
2010 TD54 2010/10/12.303 155 17.3 1.000 1.252 120 8 L115-271 1.092

Notes. Asteroid designations, date of observation with the fraction of the day for the mid time of the observation, the apparent magnitude, the
phase angle, the heliocentric distance, the airmass at the mean UT of each observation, the integration time for each spectrum (ITime), and the
number of cycles are presented. The last two columns describe the solar analogs used for data reduction, as well as their airmass at the moment of

observations.

and that NEAs are the most probably parent bodies of mete-
orites (Vernazza et al. 2008; de Ledn et al. 2010). Vernazza et al.
(2008) reported that about two-thirds of near-Earth asteroids in
their sample of 38 objects have spectral properties quantitatively
similar to the LL meteorites.

Statistical analysis of spectral data allows the construction
of taxonomies and taxonomic classes. These analyzes represent
a first step in studies of comparative planetology, which permit
us to characterize the specific mineralogy of each class that they
identify. The new taxonomy for asteroids obtained by DeMeo
et al. (2009) underlines the importance of both visible and near-
infrared spectral data to determining the asteroid statistics. This
is quite understandable while the spectral data of regoliths on
the asteroid’s surface are of the 0.4-3.6 um spectral region'.
With few exceptions, this spectral region is accessible from the
ground, the atmosphere being transparent at these wavelengths.
This new Bus-DeMeo taxonomy, based on the spectra of more
than 310 objects, defines 24 classes.

Irradiation by cosmic and solar wind ions, as well as bom-
bardment by interplanetary dust particles (micro-meteorites)
produce relevant surface modifications to airless bodies of the
solar system. These processes are known as space weathering
(Hapke 2001). The most affected by this alteration are silicate-
rich objects, for which a progressive darkening and reddening of
the solar reflectance spectra appear in the 0.2-2.7 um spectral re-
gion (Hapke 2001). Space weathering processes can explain the
spectral differences between the ordinary chondrite meteorites
and their presumed parent bodies — the S-type asteroids (Pieters
et al. 2000). Vernazza et al. (2009) demonstrate the necessity
to take the composition into account when evaluating weather-
ing effectiveness. The laboratory experiments show that solar-
wind ion implantation is the most rapid of several competing
processes (Brunetto et al. 2006; Vernazza et al. 2009; Loeffler
et al. 2009).

On the basis of laboratory experiments, Brunetto et al.
(2006) describe the spectral effects of solar wind irradiation by
an exponential continuum in terms of the ratio of weathered
spectra to unweathered spectra. Since ion-induced spectral red-
dening is related to the formation of displacements, they corre-
lated the model with a damage parameter of the surface given as
the number of displacements per cm?.

In this paper, we present spectroscopic results for eight
NEAs in the 0.8-2.5 um spectral region. The asteroids were ob-
served during several runs between 2008 and 2010 to study NEA
physical properties, and are subsidiary to the potential targets of
spacecraft missions. In Sect. 2, the details related to observation

! We refer here only to the reflectance spectra.
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methods and the steps followed for data reduction are given.
We modeled and interpreted the acquired spectra using differ-
ent techniques with the goal of achieving basic interpretations
regarding of the composition and physical processes that took
place at the surface of the asteroids (Sect. 3). The results of
spectral analysis for each of the eight objects are described in
Sect. 4. Some general characteristics of our sample are discussed
in Sect. 5. Finally, the conclusions summarize the obtained re-
sults.

2. The observing method and data reduction

In contrast to the main-belt asteroids, the asteroids classified as
NEA do not often have a favorable geometry for ground-based
observations. The small diameters of the majority of NEAs im-
pose tight constraints on the suitable geometries of observations
for determining the reflective properties of their surfaces. These
conditions are usually met in the case of a close approach to the
Earth, when the apparent magnitude decreases by several mag-
nitudes. These suitable geometries occur on average, only five
times per century.

During the observing run, the asteroids and the solar ana-
log were alternatively observed. Our strategy was to observe all
asteroids as close to the zenith as possible (Table 1). Each ob-
served asteroid was preceded by observations of solar analogs
located in the vicinity. The following stars were observed and
used as solar analogs: BD+41 309, HD 154716, HD 217577,
HD 27834, BD+28 3198, HD 216516, and L115-271 (Table 1).
Our choice was to observe the solar analogue as close as pos-
sible to the target. The differential airmass between the asteroid
and the standard was usually restricted to less than 0.15. The
photometric G2V standards were chosen. We made an exception
for 2010 TD54, where the data reduction were performed using
L115-271, commonly used in NIR spectral measurements.

The asteroids were observed in the 0.8-2.5 um spectral re-
gion with the SpeX/IRTF instrument, located on Mauna Kea,
Hawaii. These observations were performed remotely from the
Centre d’Observation a Distance en Astronomie a Meudon
(CODAM) (Birlan et al. 2004, 2006) using the low resolu-
tion prism mode (R = 100) of the spectrograph. We used a
0.8 x 15 arcsec slit oriented north-south. The spectra for the as-
teroid and the solar analog stars were obtained alternatively at
two separate locations along the slit denoted A and B following
the nodding procedure (Nedelcu 2010).

The data reduction process consists of two main steps (Birlan
et al. 2007; Nedelcu 2010): first, obtaining the raw spectra for
the object and the solar analog and second, computation of a
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Table 2. Some characteristics of our NEAs: orbit type, semi-major axis, eccentricity, inclination, absolute magnitude (H), the Delta-V, and

taxonomic classification.

Object Orbit type a e i AV H Taxonomic type
[kms™'] Previous  This work
(1917) Cuyo Amor 2.15005205  0.50448184  23.943786 8.556 14.7 SL;S Srw
(5620) Jasonwheeler ~ Amor 2.15783969  0.42369152  7.861788 6.974 17.0 - D;T
(8567) 1996 HW1 Amor 2.04580925  0.44905867  8.439303 6.495 15.4 S Sq
(16960) 1998 QS52 Apollo 220249841  0.85791440  17.563883 11.11 14.2 Sq;Q Sr
(164400) 2005 GN59  Apollo 1.65644063  0.46770919  6.627004 6.002 17.4 - L
(188452) 2004 HE62 ~ Amor 2.55781560  0.56690184  24.685809 9.074 17.3 - Sr;Sv
2001 SG286 Apollo 1.35819973  0.34708703  7.772096 5.604 20.9 D D
2010 TD54 Apollo 1.97198039  0.64352131  4.809727 - 28.7 S Sr;Sv

normalized reflectance spectrum by dividing the asteroid spec-
trum by the solar analog spectrum and performing a correction
for telluric lines.

For the first step, the Image Reduction and Analysis Facility
(Tody 1986) was used. Preprocessing of the CCD images in-
cluded bias and flat field correction. An averaged bias frame
taken at the telescope at the beginning of each observing night
was used to perform bias subtraction. Flat fields images were ob-
tained for each object using calibration lamps, at the beginning
or end of the night. For the wavelength calibration, the Ar lamp
spectrum was used. In the second step, specific IDL routines
were used to help diminish the influence of telluric bands in our
spectra (Rivkin et al. 2004). No other correction for the differ-
ential refraction was performed. For the computation of the final
reflectance (ratio of the asteroid spectrum to the star spectrum),
we took into account the similar dynamic regimes of the detector
(Vacca et al. 2004; Rayner et al. 2003).

Log of asteroids observations is given in Table 1. In general,
the asteroid spectra were obtained taking images with an integra-
tion time (Itime) of 120s in the nodding procedure, for several
cycles, to increase the S/N ratio. For two objects of our sam-
ple (2005 GN59, and 2001 SG286), the atmospheric conditions
and their low brightness imply a poor S/N ratio. In this case, to
obtain reliable spectral measurements, the images were selected
by visual inspection, removing all those in which we could not
distinguish the trace of the spectrum before the data reduction
procedure.

3. Methods used to analyze data

We consider our analysis of spectra in the context of previously
published physical and dynamical properties of these objects.
Table 2 summarizes some parameters of our sample.

We complete our spectral data with the visible counterpart,
when available. This is the case for four of our asteroids: (1917)
Cuyo, (8567) 1996 HW1, (16960) 1998 QS52, and 2001 SG286.
For each of them, the visible spectrum was merged with our
NIR data using a procedure of minimization of data in the com-
mon spectral region 0.82—-0.9 um.

We computed the slope for each spectrum using a first-order
polynomial fit. For the case of composite spectra (V + NIR), the
slope was computed for the spectra normalized to 0.55 um to
compare with the conclusions of the DeMeo et al. (2009) tax-
onomy. Otherwise, when only NIR was available, the slope was
computed for the spectra normalized to 1.25 ym.

Taxonomic types, although not usable to determine the
mineralogic compositions of the objects, help constrain min-
eral species that may be present on the surface of the aster-
oid. Currently, the most commonly taxonomies are: Tholen

taxonomy (Tholen 1984), Barucci taxonomy (Barucci et al.
1987; Birlan et al. 1996), based on Eight-Color Asteroid Survey
data (Zellner et al. 1985), SMASII spectral taxonomy (Bus &
Binzel 2002), and Bus-DeMeo taxonomy (DeMeo et al. 2009).
We used the last one, which is an extension of the Bus & Binzel
(2002) taxonomy to the near-infrared, considering the data
spanning the wavelength range between 0.45 ym to 2.45 um.
The Bus-DeMeo taxonomy is based on Principal Component
Analysis and comprised 24 classes. This taxonomy allows us to
analyze spectra using only NIR data, although we are in this case
unable to obtain a unique classification. We used two indepen-
dent methods to establish the taxonomical class of each aster-
oid in our sample. In a first approach, spectral data of our aster-
oids were compared with Bus-DeMeo taxonomic classes via the
MIT-SMASS on-line tool>. The second approach to taxonomic
classification was a procedure developed during this study using
a y? minimization method accounting for the mean and standard-
deviation values of the Bus-DeMeo taxonomic classes. For this
method, we define a reliability criterion:

card([Ap, Al AT, A, s 43, D)
41

Reliability = (D)
where [A,,, A5/] is the spectral interval between the minimum and
maximum wavelengths of the spectrum, A7, A7, ..., A4 are the 41
wavelengths from Bus-DeMeo taxonomy, spanning the interval
between 0.45 um and 2.45 um, and card() represents the num-
ber of elements of a discrete set. To apply this procedure, we
smoothed our data by curve fitting with polynomial functions.
This was done using polyfit from the Octave3.2 computation
environment. The degree of the polynomial was selected to be
between 15 to 21 such that the fit produces the smallest least
squares fitting residuals. The obtained fitting curves are given in
Fig. 3. Overall, we observed that both procedures gave similar
results.

We also compared our observational data with laboratory
spectra. Spectroscopy of different samples made in the labora-
tory provides the basis upon which compositional information
about unexplored or unsampled planetary surfaces is derived
from remotely obtained reflectance spectra. The Relab? spectral
database contains more than 15000 spectra for different types
of materials from meteorites to terrestrial rocks, man-made mix-
tures, and terrestrial and lunar soils. The comparison was made
in the first step using a x> minimization method between aster-
oid spectrum and all the spectra from the Relab database, which
were first normalized to 1.25 um. In this way, the best fifty spec-
tral curves of different Relab samples were selected for further
analysis. From these results, only the meteorite spectra were

2 http://smass.mit.edu/busdemeoclass.html
3 http://www.planetary.brown.edu/relab/

A15, page 3 of 15


http://smass.mit.edu/busdemeoclass.html
http://www.planetary.brown.edu/relab/

A&A 535, A15 (2011)

kept. After that, we considered only those meteorite spectra for
which the mean reflectance value remains roughly in an inter-
val of £50% centered on the albedo value (or mean albedo value
corresponding to taxonomic class for that asteroid). A third se-
lection was made by taking into account the spectral-feature po-
sition (band maxima, band minima) and slope. This was done by
comparing each asteroid spectrum with a meteorite spectrum,
and selecting the meteorite spectra for which the spectral fea-
tures do not differ by roughly more than 10% and the difference
in slope is not notably larger than 10%. Our initial intention had
been to publish the first three most closely fitting solutions satis-
fying this criteria, for each asteroid spectrum. However, for some
asteroid spectra we found only one or two solutions correspond-
ing to the above mentioned criteria.

In our sample, the asteroids belonging to the S-complex were
also investigated by considering space weathering effects. Our
approach involved applying the model proposed by Brunetto
et al. (2006) and calculating the C parameter for each of these
objects using the formula:

W) =KX exp(%)- )
Brunetto et al. (2006) demonstrated that for laboratory experi-
ments this provides a good approximation of the effects of irra-
diated materials, regardless of whether they are powder or bulk
samples, meteorite or terrestrial samples, or samples of either
olivine or orthopyroxene. They concluded that a weathered spec-
trum can be obtained by multiplying the spectrum of the unal-
tered sample by the exponential function (Eq. (2)) depending on
the precise value of the parameter Cs.

Ci=axIniBxd+1) 3)

where @ = —0.33 um and 8 = 1.1 x 10'° cm?.

Brunetto & Strazzulla (2005) demonstrated that ion-induced
spectral reddening is related to the formation of displacements,
though this Cg parameter is also correlated with the number of
displacements per cm? (damage parameter, noted here by the
letter d). By fitting experimental data, Brunetto et al. (2006) ob-
tained the relation between Cs and the number of displacements
per cm? (Eq. (3)). We computed this damage parameter by con-
sidering the values from Brunetto et al. (2006).

This model for the space weathering effects, which we ap-
plied to our data, describes the effects of solar-wind ion irradia-
tion. This is not the only active weathering process, but it seems
to be the most efficient at 1 AU (Vernazza et al. 2009; Brunetto
et al. 20006).

We managed to remove the effects of space weathering by
dividing the spectrum with the computed exponential continuum
W(Q). The de-reddened spectra obtained for the S-type asteroids
were compared again with the laboratory measurements from
the Relab database.

The computations for the modeling methods described above
were done using M4AST* (Popescu & Birlan 2011), which is
software developed at IMCCE Paris to analyze asteroid spec-
tra. This tool implements the algorithms for the aforementioned
models.

OPX

BII

Since for (1917) Cuyo, (8567) 1996 HWI, and 16960 (1998
QS52) we had V+NIR spectra, we were able to apply the model

4 http://cardamine.imcce.fr/méast/
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proposed by Cloutis et al. (1986). Thus, we computed the two-
band centers (at 1 um and 2 um), the ratio of the areas of the
second to the first absorption band (BAR) and we analyzed the
percentage of orthopyroxene using Eq. (4). The computations
were done using the standard procedures described by Cloutis
et al. (1986). These results are presented in Table 5.

4. Results

This section describes the results obtained for the observed
asteroids: (1917) Cuyo, (5620) Jasonwheeler, (8567) 1996
HWI, (16960) 1998 QS52, (188452) 2004 HE62, 2010 TD54,
(164400) 2005 GNS59, and 2001 SG286. All spectra were nor-
malized to 1.25 um. The spectra for the first six objects are plot-
ted in Fig. 1 with error bars and joined with the visible part avail-
able from the literature (Binzel et al. 2004b; Vernazza 2006). The
data obtained for the last two objects, (164400) 2005 GN59 and
2001 SG286, are plotted in Fig. 4 together with some curves that
model these spectra.

The discussion about the taxonomic type of each object is
made with reference to Fig. 3. The results for the taxonomic clas-
sification of spectra are synthesized in Table 2 to allow a com-
parison with the physical properties and previously taxonomic
classification.

Table 3 summarizes the comparison of asteroid spectra with
those of meteorites from the Relab database considering both the
original and de-reddened spectra (the case of S-type asteroids).
The corresponding figures are presented in Appendices A and B.
Some additional data related to meteorites with similar spectra
to our objects are given in Table 3.

4.1. (1917) Cuyo

With an absolute magnitude H = 14.7, this object has an esti-
mated diameter of 5.2 km (Binzel et al. 2002). It is an Amor-type
asteroid,with a synodic period of 2.6905 +0.0005 h (Wisniewski
et al. 1997).

Two spectra in the visible are published for this object. For
the first one, Binzel et al. (2004b) found that this asteroid is a
Sl-type in Bus taxonomy, with a high slope of (0.7233 um™).
The second one was classified by Michelsen et al. (2006) as an
S-type asteroid in Tholen taxonomy. We joined the visible spec-
trum from the SMASS database corresponding to Binzel et al.
(2004b), with our data in NIR region (Fig. 1). The analysis was
made on the composite V + NIR spectrum.

With the tool from the MIT-SMASS website, this NEA was
classified as Sr-type with a higher spectral slope of 0.5086 um™".
Using our y? method, R- and Sr-types are obtained as possible
classes for this object. The R-type is obtained with a slightly
better coefficient of reliability than Sr-type, because of the trend
in the 1-1.5 um spectral region. By visual inspection of the two
solutions, we can see that the features around 1 gm and 2 ym are
more shallow than for R class (Fig. 3), so we can conclude that
this object is an Sr type asteroid.

The comparison with the Relab database shows that the clos-
est spectral fit is obtained for a tiny section from the Dhajala me-
teorite (Sample ID: LM-LAM-026, Fig. A.1). This corresponds
to an ordinary chondrite meteorite rich in Fe (H3-4 olivine-
bronzite). Das Gupta et al. (1978) estimated a total iron con-
tent of 27.1% of the total mass of Dhajala. This meteorite was
also studied by analyzing the metallic grains in its OC structure
(Kong & Ebihara 1997). While the formation of metallic iron is
a consequence of the spatial alteration of an object, space weath-
ering models are nevertheless justified.
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Fig. 1. Spectra of (1917) Cuyo, (5620) Jasonwheeler, (8567) 1996 HW1, (16960) 1998 QS52, (188452) 2004 HE62, and 2010 TD54, with error-
bars. All spectra are normalized to 1.25 um. For (1917) Cuyo, (8567) 1996 HW1, and (16960) 1998 QS52, we added the visible part (plotted with

green) from the literature (Binzel et al. 2004b; Vernazza 2006).

Modeling the effects of space weathering on the basis of the
exponential continuum, we find that C; = —0.484 um, corre-
sponding to strong spectral reddening. Owing to the size of this
NEA, this value agrees with the general conclusion that larger
objects are collisionally older, hence contain surfaces that are
more space-weathered, or are not subject to other surface reju-
venating events as frequently as smaller NEAs. The number of
displacements per cm?, which provides a measure of the solar-
wind ion irradiation, is 3.25 x 10'°, which implies that the expo-
sure has been longer than 1My (Brunetto et al. 2006).

By removing the exponential continuum and fitting the
unweathered spectrum with meteorite spectra from the Relab
database, the closest match was found for ordinary chondrites
with high level content of Fe but with a higher petrological
type (HS5, H6). The spectra of the following meteorites are very
similar to the de-reddened spectrum of (1917) Cuyo: Lancon,
Collescipoli, Ehole (Table 3, Fig. B.1).

4.2. (5620) Jasonwheeler

This object has the geometric albedo p, = 0.094 (Mueller et al.
2011). It is an Amor-type asteroid with a diameter of 1.77 km
(Mueller et al. 2011) and the synodic period of 5.307 = 0.001 h
(Durkee 2010). The light-curve amplitude of 1.2 magnitude
(Durkee 2010) is indicative of an object with an elongated shape,
or a binary system. Having AV = 6.974 kms~!, this asteroid is
a suitable target in terms of propulsion for a possible spacecraft
mission.

No other spectroscopic studies of this object were found in
the literature. The NIR spectrum obtained on May 5, 2009 when
the object had the apparent magnitude 16.5, is plotted in Fig. 1.

The MIT-SMASS online tool for taxonomy classified this
object as belonging to D-class. With our best-fit method, the
spectrum is more similar to T-class (Fig. 3). In general, D-type
asteroids have linear spectra with a very steep slope (greater than
0.38 um~") and display a slight curvature around 1.5 um. On the
other hand, T-types also have linear spectra with a steep gradi-
ent — between 0.25 and 0.38 um~' — that nevertheless gradually
curves concavely downward (DeMeo et al. 2009). The spectrum
of this asteroid has a steep slope in the 0.9-1.5 um region and a
slight curvature between 1.5-2.2 um (Fig. 3), though the classifi-
cation is at the boundary between D-type and T-type. The overall
NIR slope is 0.2504 ym~".

Taking into account the low geometrical albedo when com-
paring with spectra from the Relab database, we found close
spectral matches for this spectrum with CM2 carbonaceous
chondrite meteorites (Table 3, Fig. A.2). In general, the CM2
meteorites are characterized by 30% levels of chondrules with
grain sizes of =300 um, the absence of Fe-Ni alloys,and the
presence of CAI (Ca-Al inclusions) (Dobrica 2010). The closest
description of the spectrum is provided by a sample of particu-
lates (0-75 um) from the meteorite Mighei/Meghei (Sample ID:
MR-MIJG-108). Other spectra of CM2 carbonaceous chondrite
meteorites that fit the Jasonwheeler NIR spectrum are those of
powdered samples with particle sizes smaller than 125 ym. This
fit suggests that the asteroid might be covered by a fine regolith
layer.

By fitting the spectrum (Fig. 2) with an eighth order poly-
nomial function, we can observe an excess of flux after 2.2 um
that cannot be explained by the general trend in the spectral re-
gion 1.4-2.2 ym and its taxonomical classification. Even if the
level of noise is relatively important, it can be assumed that this
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Table 3. Summary of results obtained by matching the asteroid spectra and de-reddened asteroid spectra with spectra from the Relab database.

Matching results for asteroid spectra

Spectrum Meteorite Sample ID Type Texture Size [ um]
(1917) Cuyo Dhajala LM-LAM-026 OC/H3-4  Thin Section -
(5620) Jasonwheeler ~ Meghei (Mighei) MR-MIJG-108 CC/CM2  Particulates 0-75
Cold Bokkeveld MB-TXH-061 CC/CM2  Particulates 0-125
ALH84029 MB-TXH-052 CC/CM2  Particulates 0-100
(8567) 1996 HW1 Hamlet OC-TXH-002-C ~ OC/LL4 Particulates 0-125
(16960) 1998 QS52 Saratov MB-CMP-028-H OC/L4  Particulates 0-370
Homestead MR-MIJG-048 OC/L5 - -
Hamlet 1 MR-MJG-069 OC/LL4 - -
(188452) 2004 HE62  La Criolla MH-FPF-050-B OC/L6  Particulates 0-150
Cherokee Springs OC-TXH-001-A  OC/LL6  Chip -
Wold Cottage MH-FPF-064 OC/L6 Particulates -
2010 TD54 Saratov MB-CMP-028-B OC/L4  Particulates 10-45
Mirzapur TB-TIM-111 OC/L5 Particulates 0-150
Rio Negro TB-TIM-081 OC/L4 Particulates 0-150
Matching results for de-reddened asteroid spectra
(1917) Cuyo Lancon MR-MJG-033 OC/H6 - -
Collescipoli MR-MJG-030 OC/H5 - -
Ehole TB-TIM-074 OC/H5 Particulates 0-150
(8567) 1996 HW 1 Cherokee Springs TB-TIM-090 OC/LL6  Particulates 0-150
Hedjaz OC-TXH-016-C ~ OC/L3-6 Particulates 0-125
Ensisheim TB-TIM-092 OC/LL6  Particulates 0-150
(16960) 1998 QS52 Hamlet 1 MR-MJG-069 OC/LL4 - -
Gruneberg MR-MIG-040 OC/H4 - -
(188452) 2004 HE62  Nanjemoy MR-MJG-034 OC/H6 - -
Olmedilla de Alarcon ~MR-MIJG-075 OC/H5 - -
MACS88119.9 MB-TXH-044 OC/H5 Slab 0
2010 TD54 Gruneberg MR-MIJG-040 OC/H4 - -
Queen’s Mercy MR-MJG-035 OC/H6 - -
Ochansk MR-MIG-027 OC/H4 - -

Notes. The comparison was made using a y*> method and a selection of the obtained results was done based on spectral features (band, band-gap,
concavity) positions, and albedo values. For (5620) Jasonwheeler, a de-reddening model was not applied. The figures for this comparison can be

found in Appendices A and B.
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Fig. 2. Spectrum of (5620) Jasonwheeler. The dashed line indicates
where a linearly extrapolated continuum would fall, the solid line shows
the presence of thermal flux.

feature is caused by asteroid thermal emission. Following Rivkin
et al. (2005), we calculated the “thermal excess” parameter that
describes this phenomenon:

_Ros+Tos
Rys
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1 =0.092 + 0.0420 ()

where R; s is the reflected flux at 2.5 um and T 5 is the thermal
flux at 2.5 um. This value agrees with the geometrical albedo
pv = 0.094 for an asteroid at a 1.345 AU distance from the
Sun and a phase angle of 20° (Rivkin et al. 2005). This value
also agrees with the result obtained from mid-IR observations
by Mueller et al. (2011).

Taking into account its dynamical parameters and that D and
T types are considered to be of a primitive composition, we can
conclude that this object is very interesting from the point of
view of “in situ” exploration.

4.3. (8567) 1996 HW1

This asteroid has an Amor type orbit and a AV = 6.495 kms™!,
though it is a suitable target in terms of propulsion for a space
mission. The radar observations show a two-lobed object about
1.1 by 2.7 km in size (Taylor et al. 2009). The object is rotating
with a synodic period of 8.7573 +0.0009 h (Higgins et al. 2006).

Vernazza (2006) found this asteroid to be an S-type based on
the visible spectrum (0.5-0.95 um) acquired on August 29, 2005
at TNG. Our NIR spectrum of (8567) 1996 HW1 was obtained
in August 28, 2008 using an integration time of 60 s, since the
apparent magnitude was 12.9. We combined the visible spec-
trum from Vernazza (2006) with our NIR data (Fig. 1) before
analyzing the composite spectrum.

Using the classification tool from the MIT-SMASS website,
this NEA was classified as an S-type with the spectral slope
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Fig. 3. Classification in Bus-DeMeo taxonomical system for (1917) Cuyo, (5620) Jasonwheeler, (8567) 1996 HW1, (16960) 1998 QS52, (188452)
2004 HE62, and 2010 TD54. The polynomial fit of the spectra are plotted against the curves for the resulting classes. The reflectances are

normalized at 1.25 ym.

0.2245 um~'. Using the y? approach, it can be found that an
Sq type provides a closer fit spectrum than an S (Fig. 3), being at
the transition between S and Q classes with two absorption bands
around 1 um and 2 um that are more shallow than for Q-type
(DeMeo et al. 2009). Comparing the features for the two consid-
ered spectral types with a polynomial fit of the spectrum, it can
be observed that an Sq type matches more closely our data than
an S type. Since there has been no measurement of the albedo
for this object, assumes a value of 0.20 as typically found for the
albedo of S-type asteroids (Fulchignoni et al. 2000), hence the
diameter can be estimated to be 2.5 km.

The spectrum from the Relab sample that provides the clos-
est fit is a particulate ground sorted (0-125 ym) Hamlet mete-
orite (sample ID: OC-TXH-002-C), an ordinary chondrite with
a low level content of Fe and metal — LL4 (Table 3, Fig. A.3).
The asteroid spectrum in the region 1.6-2.5 um is shallower than
that of the meteorite spectrum, which could be explained by con-
sidering space-weathering effects.

Using the space weathering model of Brunetto et al. (2006),
we calculated Cy = —0.258 um, which corresponds to the red-
dening of the spectra. Modelling this with a damage parame-
ter due to the solar-wind ion irradiation we found d = 1.08 x
10" displacements per cm?, thus it has experienced an appre-
ciable amount of space weathering.

By removing the exponential continuum and comparing
again with Relab meteorite spectra, we also found the closest
match with an ordinary chondrite(LL6, L3-6 types) spectrum
with a low metal, low Fe content. The meteorite spectra that pro-
vide the closest descriptions of the de-reddened spectrum of this
asteroid are those of: Cherokee Spring, Hedjaz, and Ensisheim
(Table 3, Fig. B.2). The Relab samples of these meteorites are
particulates sorted in order of their sizes, which are smaller than
150 pm.

4.4. (16960) 1998 QS52

With an absolute magnitude H = 14.20, this asteroid has an esti-
mated diameter of 4.3 km (Binzel et al. 2002). It is characterized
by a synodic period of 2.900 + 0.001 h (Warner 2009). It has
an Apollo orbit type and AV = 6.5 kms~!, which makes it an
accessible target for a spacecraft mission. (16960) 1998 QS52 is
a PHA object type with 0.01408 AU MOID computed at epoch
55600.0 MJD (Neodys>).

On the basis of a visible spectrum acquired with the MDM
2.4 m telescope in 15 October 1998, Binzel et al. (2004b) clas-
sified this asteroid as an Sq type. The spectrum of the visible re-
gion has a small negative slope of -0.0205 um~!. We joined the
SMASS visible spectrum with our NIR spectrum (Fig. 1). The
following analysis was made on the combined V + NIR spec-
trum.

Both methods of classification gave the same results: this
object has the characteristics of an Sr type in Bus-DeMeo tax-
onomy, with a fairly 1 um feature (Fig. 3). The slope of this
composite spectrum is 0.1126 ym™".

Comparison with meteorite spectra from Relab database
shows the match with ordinary chondrites samples with low con-
tent of Fe (L4, LL4, LS). The best fit is a powdered sample (di-
mensions: 10—45 ym) from Saratov meteorite, an ordinary chon-
drite L4 (Table 3, Fig. A.4).

Analyzing this composite spectrum with a space weathering
model (Brunetto et al. 2006), we computed the value of C; =
—0.149 which describes an unreddened spectrum corresponding
to a fresh surface. It can be speculated that this young surface is
due to a relatively recent close encounter with a planet (Binzel
et al. 2010).

> http://newton.dm.unipi.it/neodys/
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To verify this hypothesis, we generated 100 orbital clones of
1998 QS52 using a random Gaussian distribution centered at the
nominal values in each of the six orbital elements. The 1o values
were obtained from the orbital elements uncertainties provided
by the Neodys service for this asteroid. The 100 clones were
numerically integrated backward in time for 5000 years using
the computing routines proposed by Nedelcu (2010). Each close
encounter (MOID) with Venus, the Earth, and Mars was then
carefully analyzed to find the closest one able to rejuvenate the
surface of the object.

In addition to the 1989 close approach with Earth, an event
already identified by Neodys, we were able to confirm that an-
other five close approaches with Venus had occurred in the past
3000 years before the common origin signature of our cloud of
clones was erased by close planetary encounters. The MOID val-
ues are larger than those predicted by Binzel et al. (2010), whose
findings,however we cannot exclude. Our deterministic clones
approach can reliably obtain NEAs positions only for a couple
of thousands years backward in time (Nedelcu 2010). Systematic
errors in osculating elements can affect the position of the object,
and close approaches with telluric planets will modify in a non-
linear way the uncertainty in the position. Thus, we estimate that
for timescales of millions of years (the scale for SW determined
by Brunetto et al. 2006) the object might experience additional
close encounters that cannot be reproduced by our numerical in-
tegration of orbit.

Comparing the de-reddened spectrum with the Relab
database, we found a good fit to the spectrum with a Hamlet me-
teorite, a LL4 ordinary chondrite (Fig. A.4). This result was also
found when comparing with the original spectrum. This agrees
with our finding that dividing the spectrum with the exponential
continuum by the small value of Cy does not alter its character-
1stics.

4.5. (188452) 2004 HE62

Few physical parameters of (188452) 2004 HE62 are known.
This asteroid has an Amor orbit and an absolute magnitude
H = 17.30 (Table 2). No other spectral investigations have
been published for this asteroid. Our NIR spectrum observations
(Fig. 1) of this object were made on August 27, 2008 when the
object had an apparent magnitude of 16.7.

The spectrum of (188452) 2004 HE62 has two features
around 1 and 2 um: these are two deep absorption bands that are
larger than for Sv-type meteorites but not so deep to be classified
as one of the end members R or V. However, the classification
is between the Sr and Sv classes in the Bus-DeMeo taxonomy
(Fig. 3). A visible spectrum would help us to clarify the object’s
classification, which in the end was obtained with both methods
of classification. The spectral slope computed on the NIR part
of the spectrum is 0.1167 um~'. Assuming an average albedo of
0.2, which is typical of S-type objects, we can estimate the di-
ameter to be ~1 km.

By comparing with data from the Relab database, this spec-
trum was found to be closely matched by the spectra of ordinary
chondrite meteorites with low Fe, low metallic content, and high
petrologic class (L6, LS5, LL6) — see Table 3 and Fig. A.5 for
details. The best-fit solution was obtained with a spectrum of
a particulate sample (0-150 um) from the La Criolla meteorite
(Sample ID: MH-FPF-050-B).

Modeling the spectra with the exponential continuum
(Brunetto et al. 2006), the parameter Cs is found to be of
—0.377 um, which characterizes a surface affected by space
weathering effects. Removing this continuum and comparing
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with Relab meteorite spectra, the best fit is also an ordinary
chondrite (Fig. B.4), the same petrologic class but with a high
content of Fe (OC types H5, H6). The closest match in this case
is a sample from a Nanjemoy meteorite, a H6 olivine-bronzite
OC, which consists of 18% Fayalitic material (Fig. B.4).

4.6. 2010 TD54

The analysis of this object is interesting from the point of view
of its size and the phenomena that occur on the surface of
small bodies during a close encounter with Earth. With an ab-
solute magnitude H = 28.75, 2010 TD54 was discovered by the
Catalina Sky Survey in October 09, 2010. Having an Apollo or-
bit type, this object passed within 0.00035 AU of the Earth on
12.55 Oct. 2010 (Hicks & Rhoades 2010).

Preliminary measurements were done by Hicks & Rhoades
(2010). They found a rotational period of 42.0 s, which im-
plies that this small NEA is the most rapidly rotating natural
body known in the solar system. They also measured the ob-
ject’s average colors (B — R = 1.284 + 0.045 mag; V — R =
0.461 £0.030 mag; R — I = 0.344 + 0.022 mag). These are com-
patible with an S-type spectral classification.

The NIR spectrum of 2010 TD54 is plotted in Fig. 1. Using
the MIT-SMASS online tool for Bus-DeMeo taxonomy, this as-
teroid is classified as belonging to a S complex, of subtypes Sr
or Sq. An end class Q is also proposed but with a lower coeffi-
cient. By using the y?> method, this spectrum can be classified to
be between Sv and Sr classes (Fig. 3). It has a fairly prominent
feature around 1 yum and another around 2 um. When consider-
ing these two results and the depth of the two absorption bands,
we found that the Sr type provides a more accurate description
for this object. The slope for this NIR spectrum is 0.062 um™~".

The matching with meteorite spectra (Fig. A.6) shows that
the best fit is a spectrum for a sample from Saratov — an ordinary
chondrite meteorite with a low content of Fe (L4). This sample
contains particles with sizes between 10 and 45 um (Sample ID:
MB-CMP-028-B). The spectrum can also be closely fitted with
spectra of powdered samples from the meteorites Mirzapur and
Rio Negro, which are also L ordinary chondrites.

Modelling the space weathering effects, we computed C =
—0.223 um, which describes a relatively fresh surface. This
agrees with the small bodies having relatively young surfaces,
and Earth encounters being one of the origins for rejuvenating
surfaces on near-Earth asteroids (Binzel et al. 2010). Removing
the exponential continuum and comparing again with spectra
from the Relab database, we found a good fit to the spectrum
with those of ordinary chondrite meteorites with high level of Fe,
from petrologic class 4 (H4 — olivine-bronzite). Spectra of mete-
orites such as Gruneberg, Queen’s Mercy, or Ochansk match the
unweathered spectrum of this asteroid (Table 3, Fig. A.6).

4.7. (164400) 2005 GN59

This asteroid has an absolute magnitude H = 17.40, derived
from astrometric observations. The synodic period of the aster-
oid was estimated to be 38.62 + 0.01 h (Vander Haagen 2011),
but the monomodal solution of 19.31 + 0.01 h cannot be totally
excluded.

A preliminary spectrum of this object was presented by
Birlan et al. (2009), while Taylor et al. (2009) presented ther-
mal emission data corroborated with radar observations. From
these radar observations, Taylor et al. (2009) uncovered that this
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Fig. 4. NIR spectrum of (164400) 2005 GN59 and 2001 SG286. These spectra are normalized to 1.25 ym.

object has a two-lobed 0.35 by 1.1 km shape, with non-convex
surface features.

Dynamically, (164400) 2005 GN59 is an Apollo asteroid. Its
calculated AV = 6.002 kms~! imply that it is a suitable target in
terms of propulsion for spacecraft mission.

The NIR spectrum of 164400 was obtained in August 28,
2008 for a total integration time of 480 s. While the spectrum
is quite noisy, to obtain information about its taxonomic class,
we used a five order polynomial function to reproduce the real
data. The values for reflectance corresponding to wavelengths
between 1.7 and 2 um were excluded because of the very high
noise caused by atmospheric turbulence (Fig. 4).

Both the MIT-SMASS on-line tool and the y? routine clas-
sify this object as an L-type. However, the K taxonomic class is
also a reasonable match to our data (Fig. 4).

An additional NIR spectrum of this object was obtained
by the MIT-UH-IRTF Joint Campaign for NEO Spectral
Reconnaissance®. This spectrum has higher S/N than ours. We
classified this spectrum with both methods and found it to be be-
tween Sq and Q types, while a K taxonomic class was proposed
as a third solution. The L taxonomic class is also considered as
a possible solution by the MIT-SMASS on-line tool. The differ-
ence between our spectrum and this one is caused by the low
signal-to-noise ratio of our spectrum, which prevented us taking
into consideration the feature between 1.7 and 2 um. A visible
spectrum would again help us to distinguish between the five
possible solutions for the NIR part of the spectrum.

The spectrum of 2005 GN59 is noisy and we did not attempt
to compare it with the Relab database and the de-reddening
model.

4.8. 2001 SG286

This is an Apollo type asteroid with an absolute magnitude of
20.9. It is classified as PHA. Its AV = 5 kms~! makes it a suit-
able target for a spacecraft mission. Michel & Delbo (2010) esti-
mated its median lifetime as an NEA to be about 22.19 Myr. The
mechanism of injection into the NEA population is the secular
Ve resonance, but the 3:1 mean motion resonance with Jupiter
could not be entirely excluded (Michel & Delbo 2010).

On the basis of spectral data in the visible region, Binzel
et al. (2004a) classified this asteroid as a D-type one. Using an
average albedo of 0.09 for D-type asteroids, Binzel et al. (2004a)
computed a diameter of about 350 m for this object.

The object was observed on May 19, 2009 in the NIR
for a total time of 480 s, in difficult conditions (considerable

% http://smass.mit.edu/minus.html

Table 4. Slope and C, parameter for the S-type objects studied in this
article.

Object Slope (um™)  C, (um)
(1917) Cuyo 0.5086 -0.484
(8567) 1996 HW1 0.2245 -0.258
(16960) 1998 QS52 0.1126 -0.149
(188452) 2004 HE62(*) 0.1167 -0.377
2010 TD54(*) 0.0620 -0.223

Notes. The calculation was made by normalization of spectra to
0.55 um. Objects marked with (¥) are normalized to 1.25 um (only for
NIR part).

differential motion, only a few hours of visibility over three
nights, limited atmospheric transparency). The NIR spectrum is
reliable only for the spectral interval 0.8—1.7 um.

The composite V+NIR spectrum was obtained by superpos-
ing data in the 0.82-0.9 um spectral interval (Fig. 4). The slope
parameter for the composite spectrum is 0.7202 um~! (computed
for a spectrum normalized to a reflectance value at 1.25 um) in
agreement with the slope range for D-type taxonomic class.

5. Discussion

Luu & Jewitt (1990) suggested that the phase angle can affect the
spectral slope. This was called “phase reddening” and consists of
an increase in the spectral slope (reddening of the spectra) with
the phase angle. Some studies have been performed based on
laboratory measurements (Gradie & Veverka 1986) and during
the approach to (433) Eros by the NEAR spacecraft (Veverka
et al. 2000). However, for our method of observation we retain
the result mentioned in Binzel et al. (2004b) regarding a study
conducted at MIT for which no correlation was found between
the phase angle and the spectral slope for the ground-based as-
teroid reflectance spectra.

During our observing runs, all the asteroids were observed
at phase angles as small as possible. Owing to this constraint,
we succeeded in observing only six objects at a phase angles
between 17° and 30° (Table 1). We observed (1917) Cuyo and
(188452) 2004 HE62 at a phase angle around 60° (Table 1).

Assuming similar surface mineralogies, the influence of
phase angle on spectral slope is unclear from our measurements.
For (1917) Cuyo, a high spectral slope was obtained, but for
(188452) 2004 HE62 the computed spectral slope is compa-
rable to the spectral slope of (8567) 1996 HW1 and (16960)
1998 QS52, which were measured at phase angles smaller than
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Fig. 5. (Left) Wavelength position of the centers of the two absorption bands computed using Cloutis et al. (1986). The regions enclosed correspond
to the band centers computed for the H, L, and LL chondrites, respectively (de Ledn et al. 2010). (Right) Band area ratio (BAR) versus band /
centers. The regions enclosed by continuous lines correspond to the values computed for basaltic achondrites, ordinary chondrites (OC), and

olivine-rich meteorites (Ol) (Gaffey et al. 1993).

30° (Table 4). Considering the trend of S-class objects, the re-
flectance value at 1.25 um is higher than the reflectance value
at 0.55 um, thus our comparison of slopes is correct. Therefore,
no correction has been applied for this presumed effect of phase
reddening.

Several NIR spectra for the asteroids (1917) Cuyo, (8567)
1996HW1, and (16960) 1998 QS52 were obtained by the MIT-
UH-IRTF Joint Campaign for NEO Spectral Reconnaissance.
These spectra are similar to those presented in this paper in
terms of spectral features. However, a variation in spectral slope
between the spectra of the same object was observed. Similar
spectral variations in the NIR spectrum of a NEO was previ-
ously reported by de Ledn et al. (2011). For our sample, the as-
teroid (8567) 1996HW1 was observed five times, at phase an-
gles between 20° and 55°. In this case, a variation in the spectral
slope with phase angle was observed (i.e. the spectrum is red-
der for larger phase angles). While this object is not well-known
in terms of spin axis and shape, it is difficult to draw any con-
clusions about the first order dependence of the slope on phase
angle, while a surface dichotomy and degrees of space weather-
ing could compete with this effect.

The S-types objects in our sample have widely varying spec-
tral slopes (Table 4), which is a general conclusion for the as-
teroids belonging to this complex (DeMeo et al. 2009). In the
Bus-DeMeo taxonomy, the objects in the S-complex with a slope
larger than 0.25 um™' receive the notation “w” added to their
type as an indication that they may be affected by space weath-
ering effects. This is the case for (1917) Cuyo.

Although space weathering may occur on all asteroids, many
types lack strong spectral-band contrasts that ensure that weath-
ering effects are easily detectable (Clark et al. 2002). S-class as-
teroids are significantly reddened compared with their presumed
meteorite analog, and this difference can be explained by space
weathering phenomenon (Vernazza et al. 2008). This process
may be the result of dust impacts and solar wind sputtering on
the surface of atmosphereless bodies and cause a reddening of
the spectral slope, a decrease in spectral absorption intensities,
and a diminishing of albedo (Fornasier et al. 2003).

An important concept in understanding space weath-
ering processes is the development and accumulation of
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Table 5. Computed parameters from the Cloutis et al. (1986) model
applied to the V+NIR spectra of (1917) Cuyo, (8567) 1996 HW1, and
(16960) 1998 QS52.

Object BI BII BAR OPX
(um)  (um) (%)
(1917) Cuyo 0.93 195 0.670 +0.1526 33.28
(8567) 1996 HW 1 0.99 2.06 0.485+0.2687 25.50
(16960) 1998 QS52  0.97 203 0.232+0.1996 14.94

Notes. The estimation error for band centers (BI, BII) is +£0.005.

submicroscopic single-domain metallic Fe (4-30 nm), produced
in the space environment by a reduction of FeO in minerals.
Referred to as nanophase reduced iron — “npF ¢%”, these are
formed through the fractional processes that occur during ion-
particle sputtering, vapor deposits from energetic micromete-
orites impacts, or both. As more “npF €% accumulates, the entire
continuum becomes redder until it is almost linear through to the
near-infrared region. With small amounts of “npF ¢%”, redden-
ing of only the visible region of the spectra occur (Pieters et al.
2000).

A space weathering model has been applied to five spectra
in our samples (of S-type objects). For two asteroids, (188452)
2004 HE62 and 2010 TD554, the models imply that the iron con-
tent ambiguity changes the best analog among meteorite sam-
ples. Thus, the best mineralogical analog will always be an
OC meteorite, the same petrologic type, but the spectra for a
sample containing Fe will be different. This could be explained
in the following terms: highly curved continua occur for sam-
ples with small amounts of npF ¢, and the more linear continua
occur for samples with large amounts of npFe® (Pieters et al.
2000).

A quantitative comparison between the reflectance proper-
ties of (1917) Cuyo, (8567) 1996 HW1, and (16960) 1998 QS52
(since for these objects we have both visible and NIR data)
and potential meteorite analogs could be made with the pa-
rameters computed from the model of Cloutis et al. (1986).
The values of these parameters are given in Tabel 5. Plotting
Band I center versus the BAR (Gaffey et al. 1993), we found
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that all three objects are located in the ordinary chondrite region
(Fig. 5). (1917) Cuyo and (16960) 1998 QS52 are under the
olivine-orthopyroxene mixing line, while (8567) 1996 HW1 is
above the olivine-orthopyroxene mixing line.

Another comparison was made by plotting the Band I center
versus the Band II center (Fig. 5). Considering the results of de
Leén et al. (2010), we found that (1917) Cuyo is in the region of
OC -H meteorites, while 16960 is in the region of OC-L mete-
orites. (8567) 1996 HW1 is outside the enclosed areas, between
the regions for L and LL chondrites.

This statistical interpretation of the results agrees with our
results obtained by comparison to Relab meteorite spectra.
These measured parameters are direct indications of a spec-
trum’s basic properties — revealing their distributions without
making any assumptions about their underlying mineralogy
(Vernazza et al. 2008).

6. Conclusions

We obtained NIR spectra for eight near-Earth asteroids using
IRTF/SpeX. The observations were performed remotely between
the IRTF and Observatoire de Paris-Meudon. This technique
proved to be robust while providing full control of the spectro-
graph and access to several telescope operations (focus, tracking,
etc.).

Four of the observed objects have AV lower than 7 km s~h
which make them suitable targets in terms of propulsion for a
future spacecraft mission.

We have modelled and interpreted the obtained spectra using
a variety of techniques with the goal of interpreting the asteroidal
surfaces in terms of their mineralogical composition. Each aster-
oid spectrum was analyzed to obtain its taxonomic class and the
closest matching meteoritic analogs in the laboratory. We have
considered and discussed the effects of space weathering based
on the model of Brunetto et al. (2006).

The taxonomic classification of five objects was reviewed
and we assigned a corresponding type to the other three asteroids
that had not been previously classified. We found that (1917)
Cuyo, (8567) 1996 HW1, (16960) 1998 QS52, (188452) 2004
HEG62, and 2010 TD54 are in the S-complex. For these objects,
a good matching with the spectra of ordinary chondrites mete-
orites has been obtained.

The asteroid Jasonwheeler was found to have a NIR spec-
trum similar to that of carbonaceous chondrite meteorites. It was
classified to be between D and T taxonomic class. Since these
classes are considered to have primitive compositions and the
AV for this object is smaller than 7 km s~! Jasonwheeler could
be a very interesting candidate for a sample and return spacecraft
mission.
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ABSTRACT

Context. The interpretation of asteroid spectra provides the basis for determining the chemical composition and physical process that
modified the surface of the asteroids. The increasing number of asteroid spectral measurements has lead to well-developed methods
for analyzing asteroid spectra. There is however no centralized database for all the published data and a set of standard routines is
also required.

Aims. We present a public software tool that combines both data archives and analyses of asteroid spectra.

Methods. Our project MAAST (Modeling for asteroids) consists of an asteroid spectral database and a set of applications for analyzing
asteroid spectra. These applications cover aspects related to taxonomy, curve matching with laboratory spectra, space weathering
models, and mineralogical diagnosis.

Results. M4AST project is fully available via a web interface. The database contains around 2700 spectra that can be either processed
in M4AST and/or downloaded. The paper presents the algorithms we developed for spectral analyses based on existing methods. The
robustness of routines is proven by the solutions found for spectra of three different asteroids: (9147) Kourakuen, (99 942) Apophis,
and (175 706) 1996 FG3. The available results confirm those in the literature. MAAST applications can also be used to characterize

any new asteroid spectra.

Conclusions. M4AST is a robust and reliable tool dedicated to asteroid spectra.

Key words. minor planets, asteroids: general — methods: data analysis — techniques: spectroscopic

1. Introduction

Spectroscopic studies of celestial bodies connect astronomy with
fundamental physics on both atomic and molecular levels. The
interpretation of the visible and near-infrared reflectance spectra
of asteroids provides a powerful remote method for characteriz-
ing their surface composition. The mineralogical and the chem-
ical properties of these objects provide direct information about
the conditions and processes that were present during the very
early stages of the evolution of the solar system. Another im-
portant aspect related to asteroids is their relative accessibility to
spacecraft investigations. This enables their scientific study and
the detailed assessment of their future use as space resources.
The choice of targets and the planning of space missions are
based on the ensemble of physical and dynamical parameters of
these objects, which are properties inferred from ground-based
observations.

Asteroid spectra have been obtained since the late 1960s.
McCord et al. (1970) published the first spectral measurements
in the 0.3—1.1 um wavelength region for the asteroid (4) Vesta,
and found that its spectrum is similar to those of basaltic achon-
dritic meteorites. The most important surveys in the 1980s
for measuring the spectral characteristics of asteroids were the
Eight-Color Asteroid Survey (ECAS, Zellner et al. 1985), and
the 52-color survey (Bell et al. 1988). All these results showed
the diversity of asteroid surface composition.

* M4AST is available via the web interface:
http://cardamine.imcce. fr/m4ast/

Article published by EDP Sciences

In the past two decades, the development of CCD spectro-
graphs have made it possible to obtain spectra of significantly
fainter asteroids with a much higher spectral resolution than
achievable with filter photometry. Several spectroscopic sur-
veys have been performed, including SMASS (Xu et al. 1995),
SMASS2 (Bus & Binzel 2002b), and S?0S? (Lazzaro et al.
2004). Other spectroscopic surveys have been dedicated only to
near-Earth asteroids such as SINEO (Lazzarin et al. 2005) or
the survey performed by de Ledn et al. (2010). The total num-
ber of asteroid spectra resulting from these surveys is on the or-
der of thousands and has led to a mature understanding of their
population.

Currently, the spectral data of asteroids continues to grow.
The most important spectral surveys for asteroid have made their
data available online. There is no centralized database containing
all the asteroid spectra'. Moreover, the exploitation of these data
in terms of the construction of mineralogical models, compari-
son to laboratory spectra, and taxonomy is treated individually
by each team working in this field. While the spectral databases
for asteroids have become significant in size and the methods for
modeling asteroid spectra are now well-defined and robust, there
are no standard set of routines for handling these data.

We developed M4AST (Modeling for Asteroids), which is a
tool dedicated to asteroid spectra (Popescu et al. 2011; Birlan &
Popescu 2011). It consists of a database containing the results

I Some of these data are archived within the Small Bodies Node of

the Planetary Data System (http://pds.nasa.gov/).
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of the observational measurements and a set of applications for
spectral analysis and interpretation. M4AST covers several as-
pects related to the statistics of asteroids — taxonomy, curve
matching with laboratory spectra, modeling of space weather-
ing effects, and mineralogical diagnosis. M4AST was conceived
to be available via a web interface and is free for access to the
scientific community.

This paper presents M4AST as follows: in Sect. 2, we briefly
review the general methods used to analyze asteroid spectra.
In Sect. 3, we describe the structure of the database, and in
Sect. 4 we give details about the M4AST interfaces and their
use. Section 5 presents the algorithms behind the different mod-
els implemented in M4AST. Section 6 shows some examples of
spectral analysis and discusses the applicability of the models.
We end up with the conclusions and further perspectives.

2. Methods for asteroid spectra analysis

“Asteroids” actually means “star-like” and viewed through a
telescope, as these planetesimals are merely a point source of
light. A panoply of new observational techniques (e.g. spec-
troscopy, photometry, polarimetry, adaptive optics, radar, etc.)
has transformed these star-like objects into individual little
worlds.

One of the techniques used to characterize the surface of
asteroids is reflectance spectroscopy in the visible and near-
infrared wavelength regions. Diagnostic features in spectra re-
lated to electronic and vibrational transitions within minerals or
molecules are detectable in the 0.35-2.50 um spectral range.
The overlapping of the absorption bands from different min-
eral species provides a distinctive signature of the asteroid sur-
face. Olivine, pyroxene (clino- and ortho-pyroxene), iron-nickel
(Fe-Ni) metal, spinel, and feldspar are some of the most impor-
tant minerals that can be identified by carefully analyzing the
reflection spectra of the asteroid (McSween 1999).

The analysis of reflectance spectra can be done using several
methods, such as taxonomic classification, comparison with lab-
oratory spectra, band parameter determination, and modeling of
the space weathering effects. We briefly discuss below the meth-
ods implemented via M4AST.

2.1. Taxonomy

Taxonomy is the classification of asteroids into categories
(classes, taxons) using some parameters and no a priori rules.
The main goal is to identify groups of asteroids that have similar
surface compositions. The classification into taxons is the first
step for further studies of comparative planetology. In the case
of asteroids, a precise taxonomic system gives an approach to a
specific mineralogy for each of the defined classes.

Taxonomic systems of asteroids were initially based on as-
teroid broadband colors (Chapman et al. 1971), which allowed
us to distinguish between two separate types of objects, de-
noted “S” (stony) and “C” (carbonaceous). Based on the in-
creasing amount of information from different types of obser-
vations, new taxonomic classes were defined. Historically, the
most widely used taxonomies are the following: Tholen (1984)
and Barucci et al. (1987), which used data from the Eight-Color
Asteroid Survey (Zellner et al. 1985); Bus & Binzel (2002a),
which used data from the SMASS2 survey; and DeMeo et al.
(2009), which is an extension of a previous taxonomy scheme
into the near-infrared.
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Statistical methods are used for defining taxonomic systems
of asteroids. We point out two of them, namely principal com-
ponent analysis (PCA) and the G-mode clustering method.

Principal component analysis (PCA) is a method for reduc-
ing the dimensionality of a data set of M variables, involving
linear coordinate transformations to minimize the variance. The
first transformation rotates the data to maximize the variance
along the first axis, known as the principal component 1 (PC1),
then along the second axis — the second principal component,
and so on. Overall, the new coordinates are ordered decreasingly
in terms of the dispersion in the principal components.

The G-mode is a multivariate statistical clustering method
that allows us to classify a statistical sample consisting of N ele-
ments with M variables. The parameter G is the analog of the dis-
tance in a NxM space. This statistical distance between an object
and a taxonomic class shows the similarities of the characteris-
tics of this object to those of its class (Birlan et al. 1996). One
of the advantages of this method is that even if only a subset of
variables are available for an object (only part of the spectrum),
a preliminary classification can still be achieved.

2.2. Spectral comparison

Spectroscopy of different samples performed in the laboratory
provides the basis upon which compositional information about
unexplored planetary surfaces can be understood from remotely
obtained reflectance spectra. Thus, confronting the spectral data
derived from telescopic observations with laboratory measure-
ments is an important step in study of asteroid physical proper-
ties (Britt et al. 1992; Vernazza et al. 2007; Popescu et al. 2011).

Several spectral libraries are available for accomplishing this
task, such as Relab?, USGS Spectroscopy Laboratory?, the Johns
Hopkins University (JHU) Spectral Library, the Jet Propulsion
Laboratory (JPL) Spectral Library*, etc. We use the Relab spec-
tral library in M4AST, which is one of the largest libraries and
contains more than 15000 spectra for different types of materi-
als from meteorites to terrestrial rocks, man-made mixtures, and
both terrestrial and lunar soils.

2.3. Space weathering effects

It is now widely accepted that the space environment alters the
optical properties of airless body surfaces. Space weathering is
the term that describes the observed phenomena caused by these
processes operating at or near the surface of an atmosphere-less
solar system body, that modify the remotely sensed properties of
this body surface away from those of the unmodified, intrinsic,
subsurface bulk of the body (Chapman 1996, 2004).

The objects that are most affected by the space weather-
ing are silicate-rich objects for which a progressive darkening
and reddening of the solar reflectance spectra appear in the
0.2-2.7 um spectral region (Hapke 2001). Lunar-type space
weathering is well-understood, but two well-studied asteroids
(433 Eros and 243 Ida) exhibit different space weathering types.
The mechanism of space weathering for asteroids is still cur-
rently far from being completely understood.

The latest approaches to the study of space weathering
are based on laboratory experiments. Simulations of microm-
eteorites and cosmic ray impacts have been achieved using
nanopulse lasers on olivine and pyroxene samples. These have

2 http://www.planetary.brown.edu/relab/
3 http://speclab.cr.usgs.gov/
4 http://speclib. jpl.nasa.gov/
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Fig. 1. Block diagram and work flow of M4AST.

shown that laser ablation lowers the albedo, dampens the ab-
sorption bands, and reddens the spectrum. These effects could
explain the transition from “fresh” ordinary chondrite material to
the observed asteroid spectra (Yamada et al. 1999; Sasaki et al.
2001). The spectral effects generated by the solar wind irradi-
ation to silicate materials were investigated by Brunetto et al.
(2006). On the basis of ion irradiation experiments, they found
“a weathering function” that could be used to fit the ratio of the
spectra of irradiated to unirradiated samples, which was imple-
mented in M4AST.

2.4. Band parameters

The “traditional” method used for mineralogical analysis is
based on different parameters that can be computed from the
reflectance spectra of the object. These parameters give infor-
mation about the minerals that are present on the surface of the
asteroid, their modal abundances, and the size of the grains.

Cloutis et al. (1986) outlined an analytical approach that per-
mits the interpretation of visible and near-infrared spectral re-
flectance to determine the mineralogic and petrologic parame-
ters of olivine-orthopyroxene mixtures, including end-member
abundances, chemistries, and particle size. These parameters are
the wavelength position of the reflectance minima around 1 um
and 2 um, the band centers, and the band area ratio (BAR) which
is the ratio of the areas of the second absorption band relative to
the first absorption band.

Gaffey (2010) noted that mineralogically diagnostic spectral
parameters (band centers, BARs) are “essentially immune to the
effects of space weathering observed and modeled to date”.

3. Spectral database

The schematic of the M4AST project is given in Fig. 1. The
first component is the spectral database. It contains the results
of telescopic measurements for the reflectance spectra of dif-
ferent wavelength ranges (V — visible, NIR — near infrared,
V+NIR - visible and near infrared) of the asteroids and the
observations logs.

3.1. Structure of MAAST database

The information in the database is organized into two type of
files: permanent and temporary files. Additionally, there is a cat-
alog to keep track of the permanent files recorded.

Modeling interface

Plot spectrum

Taxonomic classification
Spectral comparison
Space weathering

Mineralogical analysis

Computation

(Octave 3.2) Model results

Permanent files are uploaded through a dedicated interface
protected by a password. Any new file submitted in this way
is recorded in a catalog together with its observation log. The
observation log is also kept in the header of the file containing
the corresponding spectral data, including AU designations of
the asteroid, the date and hour (UT) of the observation, and the
IAU code of the observatory. Additional information could be
included such as the investigator name and e-mail address as
well as the link to a reference if the spectrum was published.

Each file containing the spectral data includes a header with
the observation log and the measurements given in two columns:
the first column contains the wavelength in um, and the second
column contains the corresponding reflectance values (normal-
ized to unity at 0.55 um if the visible part of the spectrum is con-
tained, and otherwise at 1.25 um). If the dispersions in the mea-
surements are available, they are provided in the third column.

Temporary files are created by the users only for processing
the data. They provide a way for the anonymously user to use
the applications of M4AST for his own spectral data. Temporary
files receive a random name and can be removed by the same
user that created them (no administrative rights are required).
The application library is fully available for modeling spectral
data contained in temporary files. No permanent information is
recorded.

3.2. The content

Historically, the database was designed for making available to
the scientific community the spectra obtained after observations
performed remotely from the Centre d’Observation a Distance
en Astronomie a Meudon (CODAM) (Birlan et al. 2004, 2006).
The observations were obtained in the 0.8-2.5 um spectral re-
gion using the SpeX/IRTF instrument, located on Mauna Kea,
Hawaii. The project now includes around 2,700 permanent spec-
tra (in the V and NIR wavelength regions) of both main belt and
near-Earth asteroids.

Along with the spectra obtained via CODAM, the main
sources of the project are SMASSI (Xu et al. 1995), SMASII
(Bus & Binzel 2002b), and S?0S? (Lazzaro et al. 2004) and
de Leon et al. (2010). Together with our program of asteroid
spectroscopic observations, some collaborations are intended in
order to enlarge M4AST database.

The purpose of this database is not to duplicate other spectral
libraries that already exist, but to offer a unique format for the
data, a fast way of applying the existing models, and a rapid
comparison of the results.
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3.3. M4AST database via the Virtual Observatory

The Virtual Observatory (VO) is an international astronomical
community-based initiative. Its aims are to allow global elec-
tronic access to the available astronomical data archives of space
and ground-based observatories and other sky survey databases
and to enable data analysis techniques through a coordinating
entity that will provide common standards.

The M4AST spectral database can be accessed via VO-
Paris Data Centre’ using Simple Spectral Access Protocol (Tody
2011). The M4AST spectral data obtained via VO can be re-
trieved in both VOT able format or our native AS CII format. A
“simple query search” based on asteroid designation correctly
returns all the spectra from our database for the corresponding
object.

New protocols, dedicated to planetology, (such as table ac-
cess protocol) will be implemented in the future.

4. The interface

M4AST includes two interfaces, one dedicated to database ac-
cess and another for running the different applications dedicated
to spectral analysis®. The access flow starts with the database in-
terface and continues with the modeling tool interface. Figure 1
gives an overview of the M4AST work-flow.

4.1. Database interface

The database interface (Fig. 1), called user input interface, al-
lows the users to access the spectra from the database or upload
their own spectra for further processing. The following options
are available:

Search spectra in database — the user can search spectra in the
database based on a maximum of three keywords. These key-
words include object designations, observing date, and the
IAU observatory code.

Download file from database — the user can download any spec-
trum using as input the filename provided by the previous
option.

Upload temporary spectrum to database — the anonymously
user can upload his own spectral data for further process-
ing. The file with the spectrum should contain two or three
columns, the first column containing the wavelengths (given
in angstroms, nanometers, or microns), the second column
containing the corresponding reflectance. Optionally, the
third column may include the dispersion of measurements.
The file is given a temporary name over which the user has
full control.

Concatenate spectra — spectra in different wavelength re-
gions (V and NIR) can be merged. The procedure consists
in the minimization of data into a common spectral region
(usually 0.8-0.9 um). The result is stored in a temporary file
and can be further processed.

The results of all these options are displayed at the bottom
of each page. These results can be either spectra found in the
database or temporary files. The connection with the modeling
tools is made using the name of the file containing the spectrum.
This filename is provided as a link and a simple click allows us
to access the modeling tool interface.

5 http://voparis-srv.obspm. fr/portal/
® http://cardamine.imcce. fr/méast/
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4.2. Modeling tool interface

The second component of the M4AST project is the set of appli-
cations for modeling and analyzing the spectra from the database
or any spectrum submitted by the user. The usage of this tool
(Fig. 1), called the modeling interface, is based on the name of
the file containing the spectral data.

The following applications are currently available in this
interface:

Plot spectrum — plot the reflectance as a function of wavelength.
Additional information related to the selected spectrum (the
observing log) are also given.

Taxonomy — classify the spectrum according to different tax-
onomies. Taxonomic systems that can be selected are
Bus-DeMeo (DeMeo et al. 2009), G13 (Birlan et al. 1996),
and G9 (Fulchignoni et al. 2000). The methods behind these
classifications are outlined in Sect. 5. The results of this
application consist in the first three classes that match the
asteroid spectrum, together with some matching quantitative
values (coefficients). In addition, the asteroid spectrum is
plotted together with standard spectra corresponding to the
best matches.

Search matching with spectra from the Relab database — per-
forms spectral comparison with spectra from Relab
database. In general, only the meteorite spectra are of
interest, thus an option for selecting between all spectra
and only meteorite spectra is included. However, the “all
spectra” option includes spectral measurements for mixtures
(olivine/pyroxene) prepared in the laboratory that can be
considered when analyzing asteroid spectra. Four methods
are available for the spectral matching. Their description
is given in Sect. 5. This application provides the first
50 laboratory spectra that matched the spectrum (in order
of the matching coefficient). These results are given in a
table, along with a link to visualize a comparative plot of
laboratory spectra and asteroid spectra. The table includes
all the information regarding the spectral measurements and
the sample characteristics.

Space weathering effects — uses the space weathering model de-
fined by Brunetto et al. (2006). The results consists in com-
puting the parameters of the model and de-reddening the
spectrum. The de-reddening (removal of space weathering
effects) is done by dividing the spectrum by its continuum.
The spectrum obtained can be further analyzed, being pro-
vided in a temporary file.

Band parameters and mineralogical analysis — computes the
spectral parameters defined by Cloutis et al. (1986). If only
the infrared part of the spectrum is given, the algorithm com-
putes the band minima. If the spectrum contains both V and
NIR regions, all the parameters described in Sect. 2.4 are cal-
culated. Along with the results, the plots required to interpret
these parameters are also provided.

After each computation made in M4AST, the results are dis-
played at the bottom of the page. It must be noted that some of
these applications provides meaningfully results only for certain
types of spectra. Their applicability is indicated in the publica-
tions describing the models. The reference to the relevant publi-
cations is also available via the web interface.

4.3. Updating the database

Permanent spectra can be added into the database via a dedicated
interface — update database (Fig. 1) — that requires administrative
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rights. The information needed to add a new permanent file with
spectral data are asteroid designations (an additional utility is
provided to check the designations), information about the ob-
servation (date, investigator, and IAU code of the observatory),
and information about the uploaded file containing the measure-
ments. Each record submitted to the database can be removed
only from this interface.

5. Algorithms — the mathematical approach

This section describes the algorithms used to analyze the differ-
ent types of spectra.

5.1. Taxonomic classification

We used different approaches for the three taxonomies types pro-
posed in M4AST.

To classify a spectrum in the Bus-DeMeo taxonomy, we de-
termine how closely this asteroid spectrum is fitted by the stan-
dard spectrum of each class using a curve matching approach.
This approach involves first fitting the spectrum with a polyno-
mial curve and then comparing this curve to the standard spec-
trum at the wavelengths given in the taxonomy. We select the
taxonomic classes producing the smallest standard deviation in
the error (see Eq. (5)).

For G-mode taxonomy, we used the algorithm defined in
Fulchignoni et al. (2000). This comprises the computation of the
g parameter, which gives the statistical distance of a new sample,
characterized by {x;} from the taxonomic class s

D

Tis

M — 2
ge = JZRS Z(ﬂ) _ 2R M—1,

i

where M is the number of points and i = 1...M. The G-mode
method defines for each taxonomic class s the mean values {x;,},
the standard deviations {0}, and a statistical indicator R;. We
select the classes that have the lowest g, the ideal case being
gs=—V2R; M- 1.

The taxonomic classes are defined depending on the tax-
onomy in different wavelength intervals (0.45-2.45 um for
Bus-DeMeo taxonomy, 0.337-2.359 um for G13 taxonomy, and
0.337-1.041 and for G9 taxonomy) and some of them also us-
ing the albedo. The curve matching or g factor computation can
be made across a smaller wavelength interval (depending on the
available wavelength range of the asteroid spectrum) but with a
lower confidence, thus a reliability criterion is required (Popescu
etal.2011)

card ([Am, A1 (AT, 45, ..., A%})

N 9
where [Ay,, AM] is the spectral interval between the minimum
wavelength and the maximum wavelength in the asteroid spec-

T .
trum, ], A7, ..., Ay" are the N wavelengths for which the stan-
dard spectra of the taxonomy are given, and card() represents
the number of elements of a discrete set.

Reliability =

2

5.2. Curve matching

The methods for taxonomic classification and comparison with
meteorite spectra are based on curve matching. These proce-
dures involve minimizing a quantity (usually called @) in order
to determine the best estimates for a given asteroid spectrum.

A quantity commonly used to test whether any given
points are well-described by some hypothesized function is
chi-square (y?), the determination being called the chi-square
test for goodness of the fit (Bevington & Robinson 1992).

The classical definition for the y? is:

N 2
) (X — i)
X = - 5 >
Z O'?

where there are N variables x; normally distributed with the
mean y; and variance o-?. If o-i2 are correctly estimated, the data
are well-described by the values i; when ® = y? — 0.

We denote by {e;} the error between the data (asteroid spec-
trum) and the curve that was fitted

3)

e; = (x; — ). 4)

Our first approach to curve matching, derived from chi-square
fitting, is based on the formula

N
1 _
Dy = ¥\ Ei (ej —e),

where we have denoted with e the mean value of the set {¢;}
(Eq. (4)).

The quantity to minimize in this case is the standard devia-
tion of the errors. To apply this procedure, we smooth our aster-
oid spectrum by a polynomial curve (using the poly fit function
from the Octave3.2 computation environment). This step is re-
quired to eliminate the outlier points produced by the incomplete
removal of telluric absorption lines.

We used this type of curve matching to find the taxonomic
class of the asteroid in the Bus-DeMeo taxonomy and to com-
pare with laboratory spectra. In the latter case, we determine how
well the asteroid spectrum is fitted by different laboratory spec-
tra, and select the closest 50 fits, in ascending order of ®.

A second approach to curve matching can be made using x>
with the definition (Nedelcu et al. 2007):

N 2

1 (xi — i)
2—_ - - 7
o _N Zl: Xi ’

where x; are the values of a polynomial fit to the asteroid spec-
trum and y; are the reflectance values for the meteorite spectrum.
The meaning of this formula is that of a relative error at each
wavelength (N being the number of wavelengths on which the
comparison is made).

The third approach to curve fitting is based on the correlation
coefficient

&)

(6)

PXM=—""" "> (7
Ox OMm
where, X = {x;} is the spectrum of the asteroid and M = {u;}
is the laboratory spectrum. The correlation coefficient detects
linear dependences between two variables. If the variables are
independent (i.e. the asteroid and laboratory spectra), then the
correlation coefficient is zero. A unitary value for the correlation
coefficient indicates that the variables are in a perfect linear re-
lationship, though in this case we search for laboratory spectra
that match the desired asteroid spectrum with the highest px ys.
Finally, we concluded that a good fitting can be achieved by
combining the standard deviation method and correlation coeffi-
cient method. Thus, the fourth coefficient we propose is

Px.M

XM 8
chtd ( )

Deomp =
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where px ) was defined in Eq. (7) and @y was defined in
Eq. (5). In this case, the laboratory spectra that match the as-
teroid spectrum are those with the highest value of ®¢opp-

5.3. Computing the space weathering effects

Our approach to computing space weathering effects applies the
model proposed by Brunetto et al. (2006). On the basis of lab-
oratory experiments, they concluded that a weathered spectrum
can be obtained by multiplying the spectrum of the unaltered
sample by an exponential function (see Eq. (9)) that depends on
the precise parameter C.

By fitting the asteroid spectral curve with an exponential
function using a least-square error algorithm, we can compute
the C parameter

W) =K x exp(%) 9

Brunetto & Strazzulla (2005) demonstrated that ion-induced
spectral reddening is related to the formation of displacements,
with the C; parameter being correlated with the number of dis-
placements per cm? (named damage parameter — d). Brunetto
et al. (2006) obtained an empirical relation between Cy and the
number of displacements per cm?
Ci=axIn(Bxd+1), (10)
where @ = —0.33 um and 8 = 1.1 x 10" cm?. M4AST applies
Eq. (10) to compute the damage parameter d.

This model for the space weathering effects describes the ef-
fects of solar-wind ion irradiation. While this is not the only ac-
tive weathering process, it seems to be the most efficient at 1 AU
(Vernazza et al. 2009; Brunetto et al. 2006).

The removal of space weathering effects is made in M4AST
by dividing the asteroid spectrum by W(1) at each wavelength.

5.4. Application of the Cloutis model

Cloutis et al. (1986) proposed a method for the mineralogical
analysis of spectra showing absorption bands. We implemented
an application to compute the spectral parameters defined by
this method. The computation of all the parameters described
in Sect. 4.2 is done for spectra that contains the V + NIR wave-
length regions. If only the NIR region is given, then only the
band minima can be computed.

The following steps are made: we first compute the minima
and maxima of the spectrum. This is done by starting with the
assumption that there is a maximum around 0.7 um followed by
a minimum around 1 gm, then a maximum between 1.3—1.7 um
and a minimum around 2 ym. The spectrum is fitted around these
regions by a polynomial function. The order of the polynomial
is selected to be between three to eight, in order to obtain the
smallest least square residuals. The minima and the maxima are
the points where the first derivative of the fitted polynomial func-
tions is zero.

In the second step, using the wavelengths and the reflectance
at the two maxima and at the end of the spectrum (around
2.5 um), we compute two linear continua, tangential to the spec-
tral curve. The continuum part is removed by dividing the spec-
trum by the two tangential lines (in the corresponding regions).
The band centers are computed following a method similar to
that applied to the band minima, but after the removal of the
continuum.
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The last step consists in computing the two absorption-band
areas. The first absorption band is located around 1 ym and be-
tween the first and second maxima. The second absorption band
is located around 2 um, between the second maximum and the
end of the spectrum. The area is computed using a simple in-
tegration method. This method consists in computing the area
between two consecutive points in the spectrum defined by a
trapezoid and summing all these small areas corresponding to
the absorption band.

OPX

oy o7 D
OPX + OL

BII
= 0.4187x (- +0.125).
BI
The ratio of the areas of the second to the first absorption band
(BAR = BII) gives the relative abundance orthopyroxene vs.

BI
olivine presented in Eq. (11) (Fornasier et al. 2003).

6. Results and discussions

The functionality of M4AST is now exemplified by the analysis
of three spectra available in the database that were previously
discussed by Popescu et al. (2012), Binzel et al. (2009), and
de Ledn et al. (2011). Our selection here covers a wide variety
of spectra: (9147) Kourakuen is a vestoid with deep absorption
features, (99 942) Apophis is an Sq type asteroid with moderate
features, and (175706) 1996 FG3 is a primitive type with fea-
tureless spectra.

The discussion of the taxonomic type of each object is made
with reference to both Fig. 2 for Bus-DeMeo taxonomy and
Fig. 3 for G-mode taxonomies. Table 1 summarizes the com-
parison of asteroid spectra with spectra from the Relab database.
The corresponding plots are given in Fig. 4.

6.1. Results

The spectrum of (9147) Kourakuen has the characteristics of
a V-type asteroid. In Bus-DeMeo taxonomy, V-type asteroids
are characterized by a very strong and very narrow | um ab-
sorption and a strong 2 um absorption feature (DeMeo et al.
2009). M4AST undoubtedly classify this spectrum as V-type.
This agrees with the classification made via the MIT-SMASS
online tool’. The next two matches (the programs always returns
the first three matches) of Sv and Sr types have larger matching
errors (Fig. 2(a)).

The solution given by all four methods for comparison with
laboratory spectra shows that the spectrum of (9147) Kourakuen
is almost identical to the spectrum of a sample from the Pavlovka
meteorite (Fig. 4(a)), which is a howardite achondrite meteorite.
The second best match corresponds to the spectrum of a a man-
made mixture of pyroxene hypersthene plagioclase bytownite
ilmenite (Fig. 4(b)). This man-made mixture reproduces quite
well the natural composition of volcanic rocks or melting rock of
volcanic beds, and is consistent to the V-type mineralogical com-
position of asteroids. The majority of the laboratory spectra pro-
posed by M4AST as good matches to this asteroid corresponds
to Howardite-Eucrite-Diogenite (HED) achondrites, which are
meteorites that come from asteroid (4) Vesta. This agrees with
the the classification of a V-type asteroid.

While the standard deviation measures the overall matching
between the two spectra, the correlation coefficient find the spec-
tra for which the spectral features positions and shapes are very
close. In the case of spectrum of (9147) Kourakuen, a very high

7 http://smass.mit.edu/busdemeoclass.html
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Fig. 2. Classification in Bus-DeMeo taxonomical system for: a) (9147) Kourakuen; b) (99 942) Apophis; and ¢) (175706) 1996 FG3. All the

spectra are normalized to 1.25 um.
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Fig. 3. Classification in the G-mode taxonomical system for: a) (99 942) Apophis using G13 taxonomy; b) (175 706) 1996 FG3 using G13 taxon-
omy; and ¢) (175706) 1996 FG3 using G9 taxonomy. All the spectra are normalized either to 1.25 um (left and central panel), or to 0.55 um (c)).

Table 1. Summary of the results obtained by matching the asteroids spectra with spectra from the Relab database.

Spectrum Std. dev.  Corr. coef. Meteorite/Sample Sample ID Type Texture
(9147) 0.01884 0.99477 Pavlovka MR-MIJG-094 Achondrite(AHOW) -
0.02244 0.99207 Mixture SC-EAC-039 Pyrox Hyper Plagi Bytow Ilmen  Particulate
(99942) 0.01756 0.98013 Simulant CM-CMP-001-B Soil/Lunar Particulate
0.01970 0.98224 Hamlet OC-TXH-002-C OC-LL4 Particulate
(99942) 0.01539 0.96245 Cherokee Springs TB-TIM-090 OC-LL6 Particulate
de-reddened | 0.01609 0.97272 Cat Mountain MB-DTB-035-A OC-L5 Particulate
(175706) 0.01219 0.90546 Sete Lagoas MH-JFB-021 OC-H4 Slab
0.01504 0.85366 Murchison heated 1000 °C ~ MB-TXH-064-G CC-CM2 Particulate

Notes. For each asteroid, we show the best two matches, obtained by measuring the standard deviation (std. dev.) and the correlation coefficient

(corr. coef.).

correlation coefficient (more than 0.99) characterizes the first
matching solutions (Table 1).

Since only the NIR part of the spectrum is available, we can
only compute the band minima. The high signal to noise ratio of
this spectrum ensures that there is a small error in computing the
band minima. The first minimum is at 0.9217 + 0.0005 ym and
the second minimum is at 1.9517 + 0.0062 um, which imply
a band separation of 1.03 um. The band separation provides a
way of estimating the iron content. Cloutis et al. (1990) noted
that the band separation is a linear function of the BII minimum
for orthopyroxenes and that both parameters increase with the
iron content. If we refer to the relation obtained by de Sanctis
et al. (2011), the parameters that we found match their formula

y = 0.801 = x—0.536, where y is the band separation and x is the
BII minimum. These parameters corresponds to an iron content
of around 40 wt%. However, the laboratory calibrations suggest
that the correspondence is true for a number of low aluminum
orthopyroxenes but invalid for mixtures of olivine, metal, and
both ortho- and clino-pyroxenes (de Sanctis et al. 2011).

The second spectrum we consider to exemplify the M4AST
routines is that of the potential hazardous asteroid (99942)
Apophis (Binzel et al. 2009). On the basis of this spectrum this
asteroid was found to be an Sq type, and has a composition that
closely resemble those of LL ordinary chondrite meteorites.

MA4AST classifies this spectrum in the Bus-DeMeo taxon-
omy as an Sq-type (Fig. 2(b)). The next two types, S and Sr,
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Fig. 4. Asteroid spectra and the best two matches derived from a comparison with laboratory spectra: a) spectrum of Kourakuen and the spectrum
of a sample from Pavlovka; b) spectrum of Kourakuen and the spectrum of a mixture of pyroxene hypersthene plagioclase bytownite ilmenite;
¢) spectrum of Apophis and the spectrum of a simulant Lunar soil; d) spectrum of Apophis and the spectrum of a particulate sample from the
Hamlet meteorite; e) de-reddened spectrum of Apophis and the spectrum of a particulate sample from the Cherokee Springs meteorite; f) de-
reddened spectrum of Apophis and the spectrum of a particulate sample from the Cat Mountain meteorite; g) spectrum of 1996 FG3 and the
spectrum of a sample from the meteorite Sete Lagoas; and h) spectrum of 1996 FG3 and the spectrum of a sample from the Murchison meteorite

heated to 1000 °C.

are relatively good matches, but have larger errors. Applying
the G13 taxonomy, M4AST classifies this asteroid as being in
class 2 (Fig. 3(a)). Two other classes (namely 6 and 7) are rel-
atively close in terms of g factor (Fig. 3, upper plot). Class 2
has the representative members (7) Iris and (11) Parthenope,
which are S- and S-q type asteroids according to DeMeo
et al. (2009). The classes 2, 6, and 7 are equivalent to the
S profile.

Being an Sq type, for this asteroid spectrum we can ap-
ply the space weathering model proposed by Brunetto et al.
(2006). Thus, fitting the spectrum with an exponential contin-
uum we found C; = -0.196 um, corresponding to a mod-
erate spectral reddening. The result obtained by Binzel et al.
(2009) is C; = —0.17 = 0.01 um. This difference could be
caused by the different method that they used: their “best fit was
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performed as an integral part of the overall minimum RMS solu-
tion”. The C; value gives the number of displacements per cm?,
d = 0.74x10" displacements/cm?. We analyze both the original

spectrum and the de-reddened spectrum.

Comparing the original spectrum of (99 942) Apophis with
all laboratory spectra from Relab, M4AST found matches with
some ordinary chondrite meteorites (L and LL subtypes, and
petrologic classes from 3 to 6) and some lunar soils (Figs. 4(c)
and 4(d)). Referring to standard deviation and to correlation co-
efficient, the closest matches were those of particulate lunar soils
and some spectra from the Hamlet meteorite which is particulate
with grain sizes smaller than 500 ym. The meteorite Hamlet is
an ordinary chondrite, subtype LL4.

In the case of the de-reddened spectrum, the majority of so-
lutions correspond to ordinary chondrite meteorites, of subtype
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L and LL, with petrologic classes from 4 to 6. The best matches
were those of the Cherokee Springs meteorite (an LL6 ordinary
chondrite, Fig. 4(e)) and the Cat Mountain meteorite (an L5 ordi-
nary chondrite, Fig. 4(e)). From spectral modeling of mixtures of
olivine, orthopyroxene, and clinopyroxene, Binzel et al. (2009)
correlate the spectrum of (99 942) Apophis with the spectra of
LL meteorites. This results agrees with the spectral matching
solutions found by M4AST.

No significant differences between the Cloutis model param-
eters computed for original and de-reddened spectrum are found.
The application found the first band center at 0.9721+0.0143 um
(0.9755 + 0.0144 um for the de-reddened spectrum), the second
band center at 1.8200 + 0.0679 pum (1.8404 + 0.0591 pm for the
de-reddened spectrum), and the band area ratio 0.4059 + 0.0047
(0.3886 + 0.0015 for the de-reddened spectrum). These param-
eters correspond to an ordinary chondrite with an OPX/(OPX +
OL) ratio of 0.222 (0.215 for the de-reddened spectrum). This
ratio agrees with the compatibility relation between NEA and
LL ordinary chondrites found by Vernazza et al. (2008), which
is similarly consistent with the spectral matching we found.

This value means that the ordinary chondrite consist of 78%
olivine, which is consistent with an LL ordinary chondrite. And
this result agrees with the spectral matching.

The dark primitive asteroid (175706) 1996 FG3 is the pri-
mary target of the ESA Marco Polo-R mission. Some papers
were dedicated to this object, namely de Ledn et al. (2011),
Wolters et al. (2011), Rivkin et al. (2012), and Walsh et al.
(2012). There are few spectra published in both V and NIR. In
the M4AST database, we included the spectra from the MIT-
UH-IRTF (MINUS) survey® and the spectrum of de Leén et al.
(2011).

On the basis of different spectra, the asteroid has been clas-
sified as belonging to primitive types (C, B, or X), but there
is no consensus on its classification in the literature (de Ledn
et al. 2011; Walsh et al. 2012). In addition some spectral match-
ings have been noted with meteorites ranging from ordinary
chondrite H-type to both CM2 and CV3 carbonaceous chondrite
(de Leon et al. 2011; Rivkin et al. 2012).

To exemplify the applications of M4AST, we used the spec-
trum obtained on March 30, 2009 by MIT-UH-IRTF (MINUS).
The classification in the Bus-DeMeo taxonomy returned the Ch,
Cg, and Xc taxonomic types (Fig. 2(c)). The scores obtained for
the classes Ch, Cg, Xc, C, and Cgh are very similar. This ob-
ject has neither the absorption band centered at 0.7 um typical
of Ch-type, nor the redder spectral slope of Xk-types (de Ledn
et al. 2011). In addition, the slope in the NIR part of the spec-
trum, that is of Cg type does not corresponds to the spectrum of
(175706) 1996 FG3.

Classifying this spectrum of (175706) 1996 FG3 using the
G13 taxonomy, we obtain with high confidence (g, = —1.237)
the type corresponding to class 3. The other two types (classes
9 and 4) have greater g, coefficients (Fig. 3(b)). Groups 3 and
4 are the equivalents for the C-type asteroids. As representative
members of the class 3, there are (1) Ceres and (10) Hygiea,
which are both primitive asteroids. The classification in the G9
taxonomy (Fig. 3(c)) confirms the classification as a primitive
type, suggesting as the first options the classes G and C, while
the third option (V) could be ignored because it has a larger g;.

Considering these three classifications, the solution on which
the applications of M4AST seems to converge is that the spec-
trum of (175 706) 1996 FG3 is of a Cg taxonomic type.

8 http://smass.mit.edu/minus.html

Comparing the spectrum of (175706) 1996 FG3 to the lab-
oratory spectra, we obtain a good match to a sample of the
meteorite Sete Lagoas (Fig. 4(g)). Other matches are the spec-
trum of a sample from meteorite Murchison heated to 1000 °C
(Fig. 4(h)), the spectrum of a sample from the Dhofar 225 me-
teorite, and the spectrum of a sample from Ozona. This is puz-
zling, since both the Sete Lagoas and Ozona meteorites are ordi-
nary chondrites (H4 and H6, respectively), and both Murchinson
and Dhofar 225 are carbonaceous chondrites. However, we note
that the majority of matching solutions are spectra of carbona-
ceous chondrite meteorites (CM type). If additionally, we take
into account the asteroid albedo®, then the spectrum of Dhofar
225 (sample ID: MA-LXM-078) and Murchison heated to 1000
°C (sample ID: MB-TXH-064-G ) seems to be the most probable
analogs of this asteroid spectrum.

With the results of M4AST in agreement with those already
published, we conclude that the routines of M4AST work cor-
rectly and their implementation is robust.

6.2. Discussions regarding misinterpretations of spectra

Applying the correct methods for interpreting asteroid spectra
can reveal a lot of information about the physical properties
of these objects. However, each method has its own limitations
which in general are well-described in the corresponding paper,
and using the methods beyond their limits may of course lead to
incorrect results.

The first misinterpretation that may occur is related to space
weathering. As Gaffey (2008) noted, “space weathering is com-
monly invoked to reconcile observational data to the incorrect
expectation that ordinary chondrite assemblage are common in
the asteroid belt”. While space weathering for the lunar samples
has been well-documented using the samples returned from the
Apollo missions, it has been observed that different models are
required to interpret the space weathering processes that acted
on different asteroid surfaces.

The model we applied for space weathering was based on
laboratory experiments that consist in ion irradiation (Ar*) of
olivine and pyroxene powders. This model is suitable for aster-
oids that seems to consist of olivine and pyroxene, such as those
from the S complex.

According to these experiments, the reddening in the in-
frared part of spectra due to solar-wind ion irradiation can be
removed, by dividing the spectrum by an exponential function.
However, there are several other effects that can modulate the
spectra, such as either thermal influence (Rivkin et al. 2005) or
the debated phase-angle effect (Veverka et al. 2000).

The second misinterpretation that may occur is related to the
spectral matches with laboratory spectra (Gaffey 2008). Curve
matching can provide clues to the nature of the asteroid surface
composition. The efficiency of this method can be clearly ob-
served in the case of asteroids that have strong spectral features,
such as the vestoids. Misinterpretations can occur when the as-
teroid surface is modified by space weathering effects, while the
meteorite can be modified by terrestrial influences.

The four methods we proposed take into account different
characteristics of the spectra: spectral slope, band depths, and
the various feature positions. In the context of taxonomic classi-
fication, albedo value, space-weathering effects, and similar so-
lutions obtained from all four matching methods, we believe that

% The geometric albedo was found as 0.039 + 0.012 by Walsh et al.
(2012).
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spectral matches with laboratory spectra provide valuable con-
straints of the asteroid surface nature.

By applying the methods of M4AST, we observed that a
good solution for interpreting the asteroid spectrum is found
when all the methods converge to the same mineralogical inter-
pretation. For example, when the spectrum of (99 942) Apophis
was processed, despite the poor signal to noise ratio in the in-
frared part of its spectrum, we obtained the classification Sq in
the Bus-DeMeo taxonomy and an analog of this class in the G13
taxonomy. We then found that the spectra of ordinary chondrite
meteorites (L, LL subtypes) match this spectrum. These two
results were confirmed and developed by applying the Cloutis
model: the fraction of olivine-orthopyroxene is 22%, and the as-
sociated parameters are equivalent to those of an ordinary chon-
drite. This conclusion is in general valid for all the spectra we
analyzed via M4AST.

7. Conclusions and perspectives

Spectroscopy plays a key role in determining the chemical com-
position and physical processes that took place and modified the
surface of atmosphere-less bodies in the solar system. The devel-
opment of telescopic instruments (such as SpeX on IRTF, NICS
on TNG etc.) and the possibility to access them remotely has led
to an increasing number of asteroid spectral measurements. In
this context, the exploitation of spectral measurements becomes
one of the important means of developing minor planet science.
During the past few decades, several methods have been devel-
oped to analyze asteroid spectra in order to reveal the physical
and chemical properties of these objects. These methods com-
prise taxonomic classifications, band analyses and comparative
mineralogy.

In this paper, we have described M4AST (Modeling for
Asteroids), which is a software project dedicated to asteroid
spectra. It consists of an asteroid spectral database and a set
of applications for analyzing the spectra. The M4AST spectral
database has around 2700 asteroid spectra obtained from our ob-
serving program and different collaborations. The spectra from
the database are in a standard format and are fully available for
download.

The M4AST applications cover aspects related to taxonomy,
curve matching with laboratory spectra, space weatherin models,
and diagnostic spectral parameters.

M4AST was conceived to be fully available via a web inter-
face and can be used by the scientific community. We have pre-
sented the interfaces available to access this software tool and
the algorithms behind each method used to perform the spectral
analysis. The applications have been exemplified with three dif-
ferent types of spectra. The robustness of the routines has been
demonstrated by the solutions found for the asteroid spectra of
(9147) Kourakuen, a V-type asteroid, (99 942) Apophis an Sq as-
teroid, and (175 706) 1996 FG3 a Cg type asteroid and a target of
Marco Polo — R mission. The results agree with and complement
those previously published for these objects.

Future developments of this project will include increasing
the number of spectra in the database, additional methods for
analyzing the spectra (such as mineralogical charts — Birlan et al.
2011), and a more friendly interface.
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APPLICATIONS OF VISIBILE AND INFRARED
SPECTROSCOPY TO ASTRONOMY

Marcel POPESCU', Mirel BIRLAN?, Radu Mihai GHERASE?, Adrian Bruno
SONKA*, Marian NAIMAN®, Constantin P. CRISTESCU®

Sunt descrise doua aplicatii ale spectroscopiei in studiul obiectelor de pe
bolta cereasca. Prelucrarea §i analiza datelor pentru spectrele de emisie si spectrele
de reflexie sunt exemplificate folosind observatiile la quasarul PG1634+706,
respectiv observatiile la asteroidul (9147) Kourakuen.

Pentru quasarul PG1634+706 s-a obtinut deplasarea Doppler spre rosu a
liniilor spectrale utlizand o schema simpla de telescop si spectrometru. Rezultatul
este in concordantd cu valoarea acceptatd in literatura de specialitate.

Spectrul in infrarosu apropiat obtinut pentru asteroidul (9147) Kourakuen a
permis clasificarea acestuia in tipul vestoizilor. Utilizand acest spectru a fost facutd
o descriere a comporzitiei suprafetei acestui obiect. Solutia compararii cu spectrele
meteoritilor a scos in evidentd potrivirea spectrald cu meteoritii HED.

We describe two applications of spectroscopy to study the properties of
celestial bodies. Data reduction and data analysis for emission and reflection
spectra in astronomy are outlined using the spectra acquired for the quasar
PG1634+706 and the asteroid (9147) Kourakuen.

For the quasar PG1634+706 we obtained the Doppler redshifi of the
spectral lines using a basic design of a spectrometer and a telescope. Our result is
in agreement with the one accepted in the literature.

The accurate near-infrared (NIR) spectrum obtained for the asteroid (9147)
Kourakuen allows to classify this object as a vestoid. A description of the surface
composition for this object was obtained using this spectrum. The comparison with
meteorites spectra reveals a spectral matching with HED meteorites.

Keywords: spectroscopy, astronomy, asteroid, quasar
1. Introduction

Spectroscopy is one of the most powerful scientific tools for studying
nature. The study of celestial bodies using spectroscopy connects astronomy with
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fundamental physics at atomic and molecular levels. The beginning of
astrophysical spectroscopy could be traced back to early nineteenth century with
the discovery of dark lines in the solar spectrum by W. H. Wollaston in 1802 and
J. von Fraunhofer in 1815. The dark lines at discrete wavelengths arise from
absorption of energy by atoms or ions in the solar atmosphere [1].

Due to atmosphere transparency, there are two spectral windows which
allow the observation of celestial bodies: the visible to near-infrared region (Fig.
1), and the radio window. The X-rays and ultraviolet wavelengths are blocked due
to absorption by ozone and oxygen, while the far infrared radiation is blocked
mainly due to absorption by water and carbon dioxide [2].
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Fig. 1. Earth’s atmospheric absorption as a function of wavelength (Adapted from [2])

In this article, we focus on the data reduction and data analysis for two
types of spectra that we could obtain from celestial bodies: - the emission
spectrum of a quasar and the reflection spectrum of an asteroid. Our observations
were carried out in 0.4 — 0.7 um and 0.8 — 2.5 um spectral intervals.

For the emission spectroscopy, we attached a spectrometer to a telescope
with the diameter of primary mirror of 200mm, with the purpose of studying the
possibility to measure the redshift from quasars using this type of equipment.
Thus, as application for the emission spectra, in this paper we describe the visible
spectrum obtained on August 06, 2011, for PG1634+706 - a bright quasar with
apparent magnitude ~14.7, for which a large redshift was reported [3,4]. At this
apparent magnitude, the observations with a Newtonian telescope, having a
primary mirror with 200 mm diameter, are very challenging. With a robust
method for data reduction we succeed to obtain a redshift (z = 7.340) similar with
the one accepted in the scientific literature (z = 7.337). Both observing
procedures and data reduction methods could serve as a basis for further
systematic spectroscopic studies of celestial bodies using this relatively simple
equipment.

In the case of reflectance spectroscopy we used the NASA InfraRed
Telescope Facility (IRTF) - a 3.0 meter telescope located at the Mauna Kea
Observatory, Hawaii. Reflectance spectroscopy is a remote sensing technique
used to study the surfaces and atmospheres of solar system bodies. It provides
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first-order information on the presence and amounts of certain ions, molecules,
and minerals on the surface or in the atmosphere of the object. By looking at the
changes in reflectance, the presence of absorption features can be identified.
Localized dips in the spectrum indicate a particular material is absorbing light at
that wavelength. From Mercury to the most distant dwarf planet, almost
everything that is known about surface mineralogy has resulted from reflectance
spectroscopy using ground-based telescopes [5, 6].

Our observation target for reflectance spectroscopy was the asteroid
(9147) Kourakuen. Based on its colors in the visible, this asteroid was suspected
to have a basaltic surface. We chose to observe the spectrum in the near-infrared
(NIR) of this puzzling object from the main belt, having a favorable position and
apparent magnitude (/6.4) for observation with IRTF telescope on November 15,
2011.

The paper is organized as follow: in section two we present the
observation methods giving also some details regarding the equipment we used. In
section three we describe the data reduction and data analysis for the visible
spectrum of PG1634+706. The steps for obtaining the spectrum of (9147)
Kourakuen together with the analysis of the results are given in section four. The
last section is dedicated to discussions and conclusions.

2. Acquiring spectra for celestial bodies

A simple way to obtain the spectra from celestial bodies is to use a prism
or a transmission grating in front of a telescope objective. Depending on the
equipment used, the sky quality at the observing moment and the data reduction
procedures, the limiting magnitude could be pushed up to V=15 with a small
telescope. On the other hand, a three meter telescope allows magnitudes up to
V=18. These limiting magnitudes are valid for low resolution modes of the
spectrograph.

Our first observations were carried out with telescopes having the
diameter of principal mirror between 200-300 mm and a diffraction grating having
100 lines/mm. Since promising results were obtained both for stars and the quasar
3C273 we took the challenge to observe a quasar with an apparent magnitude
V=14.7. For this run we used a Celestron C8-NGT telescope, which is a
Newtonian type having the primary mirror of 200 mm and a focal length of 71000
mm, which means a focal ratio f//5. It is used on a AS-GT (CG-5 GoTo) equatorial
mount allowing automated tracking of the objects. For image recording we used
an ATIK 314L+ CCD (charge coupled device) camera having .45 Megapixels (a
matrix of 1391x1039), each pixel being a square - 6.45 x 6.45 um (chip size - 8.98
x 6.71mm). This camera has a resolution of 16 bits.
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The spectrum was obtained using a Star Analyser 100 - a high efficiency
100 lines/mm transmission diffraction grating, blazed in the first order. It was
mounted in a standard /.25 inch diameter threaded cell which is compatible with
the telescope and CCD camera. A rough calibration of the system can be
estimated according to the designer formula [7] adapted to our system (Eq. 1):
canlim ! pivel) = ()
where d is the distance between grating and CCD. Our optical design allows a
resolution around /.5nm. A precise calibration was made using known lines
identified in the spectrum of a bright star.

Dispersion

Fig. 2. Portion of the final image showing the field of quasar PG1634+706 (north is at bottom of
the figure). The object and its spectrum are surrounded by a rectangle. In this image we distinguish
the zero order (objects are dots) and the first order (light is dispersed)

The software used for data acquisition was Artemis Capture. The
observations were carried out on 6 August 2011 in an area with low light pollution
(Vélenii de Munte — Romania). The observational circumstances are given in
Table 1. The final image (Fig. 2) consists in a stack of eighteen images with 90
seconds exposure time and three images with 60 seconds exposure time each, thus
a 30 minutes total exposure time. Bias and flat field corrections were made using
corresponding images taken at the beginning of the night.
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Table 1
Observational circumstances of the selected objects: name of objects, moment of observation
(UT), position of the objects (RA and DEC), visual magnitude (VMAG), airmass, and the
integration time (ITIME) are presented.

Object UT RAThrs] DEC[’] VMAG Airmass ITIME
PG1634+706 2011-08-05.089 16:34:29 +70:31:32 147 1.17 30 min
(9147) Kourakuen = 2011-11-15.357 00:53:18 = -04:36:21 16.4 1.14 32 min
HDA4940 2011-11-15.375 00:51:17  -13:06:52 8.7 1.28 12 sec

In the last century the application of spectroscopy for astronomical objects
has lead to the development of large ground-based observatories dedicated to this
purpose. One of these is the NASA Infrared Telescope Facility (NASA IRTF) - a
3-meter telescope optimized for the infrared astronomy. SpeX, one of the
instruments available to be used with this telescope, provides spectral resolutions
of R~1000-2000 across 0.8-2.4 um, 2.0-4.1 um, and 2.3-5.5 um, using prism cross-
dispersers. Single order long slit modes are also available. A high throughput
prism mode is provided for 0.8-2.5 um spectroscopy at R~100. It employs a
1024x1024 Aladdin3 InSBb CCD array for acquiring the spectra. Image
acquisition could be made with a 572x512 Alladin2 CCD InSb array [8].

Two computers manage the instrument - namely GuideDog and BigDog,
the first is dedicated for pointing and tracking the object and the second is used
for spectrograph setup and image acquisition. Because the asteroid (9147)
Kourakuen has an apparent motion of 0./6"/min a differential tracking was
employed.

We observed (9147) Kourakuen in the 0.8-2.5 um spectral region with the
SpeX/IRTF instrument. The observations were performed remotely from the
Centre d’Observation a Distance en Astronomie a Meudon (CODAM) [9, 10] on
November 15, 2011. The moment of observation (given in universal time -UT),
the position of the object, the visual magnitude, the airmass (optical path length
through Earth’s atmosphere for light from a celestial body) and the integration
time are given in Table 1. The observations were carried out using the low
resolution prism mode of the spectrograph. We used a 0.8 x 15 arcsec slit oriented
north-south.

A solar-like standard star taken at similar airmass is required to correct for
atmospheric effects and to remove the signature of the Sun’s spectrum in order to
have only the signature of the target surface. Two G2V solar analogs were
observed, namely HD22361 and HD4940. We observed the last one (HD4940)
since it was at favorable airmass (the differential airmass between the asteroid and
this standard star was ~0.14) at the moment of observation. Three pairs of images
having 2 seconds exposure time for each image were sufficient to obtain a good
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SNR (signal to noise ratio), considering the 8.7 magnitude of the star. When
choosing the analog solar we also considered that if the star is too bright will
saturate the CCD, while a fainter star will require a too long integration time.

The spectra for the asteroid and the solar analog star were obtained
alternatively at two separate locations along the slit (close to top and close to
bottom) following the nodding procedure [11].

Fig. 3. Part of the image that contains the spectrum of (9147) Kourakuen. The horizontal
trace represents the spectrum of the light reflected by the object.

Because the asteroid had an apparent magnitude of /6.4, eight pairs of
images were taken with an exposure time of 2 minutes per image (Fig. 3). The
spectrum of the object is the horizontal trace from the upper side of the image.
The vertical stripes are the atmospheric lines caused by different transparency.
The subtractions between adjacent images will partially remove the effect of the
atmosphere (Fig. 4).

Fig. 4. Result obtained after the subtraction between two consecutive images. The white
trace is the spectrum from the first image, and the dark trace (it appears black because the pixels
have negative values after subtraction) is the spectrum from the second.

Preprocessing of the CCD images included bias and flat field correction.
An averaged bias frame taken at the beginning of the night was used to perform
bias subtraction. Flat field images were obtained using calibration lamps at the
end of the night.

Our strategy was to look at objects as close to the zenith as possible, thus
all observations were made at an airmass less than 1.3 (~50 deg altitude).
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3. Data reduction and data analysis of emission spectra application
to the quasar PG1634 + 706

Because for these observations we did not use a lamp for wavelength
calibration, this was done by identifying the position of the known lines in the star
spectra. In general stellar spectra share two dominant features: the continuum -
emission at all wavelengths across their spectrum and discrete absorption lines
corresponding to the elements which are present in the stellar atmosphere.
Hydrogen is the most common gas in the atmosphere of stars, and thus its well
known absorption lines from visible (Ha, Hf, Hy) can be used for wavelength
calibration. Since our image (Fig. 2) contains also the spectra of some stars an
accurate calibration can be made using this procedure. The value of the resolution
found is given in Eq. 2:

Dispersion[nm / pixel]=1.480 £ 0.008 )

o8 |

o6 |

Fl [arbitrary units]

[ % B

0.2 |

(4] ' . " !
400 AL B0 550 GO0 GBS0 roo
Wavelength [nm]

Fig. 5. PG1634 + 706 spectrum obtained after data reduction and continuum subtraction.

The preprocessing of this spectrum consists in noise reduction which was
made by applying on the image a Gaussian filter with ¢ = 2 pixels. This filter
replaces each pixel with a pixel of value proportional to a normal distribution
computed over the current pixel and its neighbors [12].

The spectral profile contains a continuum part, which is the continuum
emission part of the quasar modulated by the transfer function of the acquisition
system (telescope, diffraction grating and CCD camera transfer functions).
Continuum subtraction reduces the smoothly varying background to zero and
essentially has the same effect as filtering out the long-period Fourier components
of the spectra. Without continuum subtraction, the intensities of spectral lines are
not clearly detectable [13]. The continuum was removed by dividing the spectrum
with a fifth order polynomial curve fitting. The obtained result after data reduction
and continuum subtraction is given in Fig. 5.

Quasars are objects with star-like appearance and strong radio emissions,
their name being derived from quasi-stellar radio sources. The identification in
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their spectra of the emission lines (example: hydrogen Balmer lines - Ho, Hf, Hy)
reveals that a large Doppler redshift exists for this type of objects. This redshift is
defined as the ratio of the change in wavelength (44 = A,»s — 49) to the non-shifted
wavelength from a stationary source:

_A_/I_ c+v

Ao c—v

where c is the speed of light and v is the recession speed of the object.

-1 3)
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Fig 6. Correlation coefficient between quasar spectrum and the template spectrum shifted with
different z.

The analysis of the obtained spectrum of the quasar PG1634+706 consists
in redshift determination and application of Hubble law to determine the distance.

The most common technique [14] to determine the redshift is the cross-
correlation of the observed spectrum with a template spectrum. The redshift is
determined by the location of the largest peak in the cross-correlation functions.
Several rest frame composite quasar spectra exists for the optical region like the
one from article [15] obtained using data from Large Bright Quasar Survey
(LBQS) and form article [16] based on Sloan Digital Sky Survey (SDSS). Thus
for determining the redshift of our spectrum the following steps were taken: 1.)
shift the template spectrum with a z varying from 0.4 fo 1.8 using the step of
0.001. This is a reasonable assumption made after visual inspection of our data;
2.) at each step, the correlation coefficient between the quasar spectrum and the
shifted template spectrum is computed (Fig. 6); 3.) choose the redshift
corresponding to the best correlation coefficient found.

In this way, we obtained z = 1.340 corresponding to the peak value of the
correlation coefficient equal with 0.5416. Our determination is at ~ 3¢ (where ¢ =
0.1987 is the standard deviation of the correlation coefficient values plotted in
Fig. 6).

Considering the value found for the redshift - z = 1.340, the emission lines of
known chemical elements could be identified in the spectrum of PG1634+706
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(Table 2). Based on the emission line identification the accuracy of z
determination can be ascertained: z = 1.340 + 0.008.

Table 2
Emission line identification in spectrum of PG1634 +706
Line Rest-frame wavelength A shifted with z=1.34 A observed in quasar spectrum

[nm] [nm] [nm]

C 1] 190.6 446.0 444
Fe I 207.7 485.8 488
Fe 11 + CII] 232.6 5443 544
Mg II 280.0 655.2 655

Edwin Hubble showed that there is a pattern in the speeds with which the
galaxies are receding form us which implies that the Universe is expanding [15].
Observations that followed confirmed Hubble law:

v=H,-d 4)
where v is the radial velocity and d is the distance and H is the Hubble constant.
Recently, high-redshift measurements have been used to predict the value of Hy
[16, 17]:

km 5)
s - Mpc

Applying the equation (3), (4), (5) the speed of this object and the distance

to it can be computed (Eq. 6).

poe EED =L 0934 0018).10° ™
> ( )
(z+1)" +1 s

H,=703+13

(6)
d = HL = (9.644£0.16)-10° light  years
0
These results are in agreement with the value found by other studies of this

bright quasar [3, 4, 31].

4. Data reduction and data analysis of reflection spectra [ lapplication
to 9147 Kourakuen

The observation of reflection spectra from a celestial object implies
additional steps in both observing method and data reduction procedure. This is
due to the fact that the light reflected from the surface of the body must be divided
by a spectrum of a solar-like star to determine the reflectance relative to that of the
original light source, the Sun. Thus, the data reduction process for the reflection
spectra consist in tree steps: 1) obtain the raw spectra for the object and the solar
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analog, 2) obtain the wavelength calibration of the instrument using flat field
images taken with calibration lamps and 3) compute normalized reflectance
spectrum by dividing the asteroid spectrum by the solar analogue spectrum and

performing a correction for Earth atmospheric lines [18, 19].
Fig 7. NIR spectrum of (9147) Kourakuen.

9147 Kourakuen
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For the first two steps, the Image Reduction and Analysis Facility (IRAF)
[20] was used in conjunction with some scripts that create the command files for a
specific set of IRAF instructions. For the second step, specific IDL routines were
used in order to diminish the influence of the telluric bands in our spectrum and to
divide the obtained spectrum by the solar analog. The obtained result for (9147)
Kourakuen is given in Fig. 7.

Basaltic asteroids are believed to derive from bodies whose interiors
reached the melting temperature of silicate rocks and subsequently differentiated
[21]. (4) Vesta was the first known asteroid presenting a basaltic crust. In the last
years an increasingly large number of small asteroids with a similar surface
composition have been discovered [22]. (9147) Kourakuen is a main belt asteroid
with an estimated diameter of 5./ Km. Having the semi-major axis a =2.19 AU,
eccentricity e = (.108, and inclination i=6°.892, this object could not belong to
Vesta family considering the dynamical criteria. However, its SDSS (Sloan
Digital Sky Survey) colors [23] suggests a surface composition similar to (4)
Vesta (a V-type object).

The first step in analyzing the reflecting spectrum for this object consists
in finding the taxonomic type of the asteroid. Taxonomic types, although not
usable to determine the mineralogical compositions of the objects, help constrain
mineral species that may be present on the surface of the asteroid. We used two
independent methods to establish the taxonomical class of this asteroid. In a first
approach, spectral data of our asteroids were compared with Bus-DeMeo
taxonomic classes [24] via the MIT-SMASS on-line tool. The second approach to
taxonomic classification was a procedure using a y2 minimization method
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accounting for the mean and standard-deviation values of the Bus-DeMeo
taxonomic classes [18]. Both methods lead to the same result: this object is
undoubtedly a V-type (Fig. 8.a). In the Bus-DeMeo taxonomy, V-type asteroids
are characterized by very strong and very narrow 1-micron absorption and strong
2-micron absorption feature [24].

Putting the spectral data obtained from telescope observations, in relation
to the laboratory measurements could reveal a lot of information related to the
composition of the surface of these celestial bodies. Spectroscopy of different
samples made in the laboratory provides the basis upon which compositional
information about unexplored or unsampled planetary surfaces is derived from
remotely obtained reflectance spectra. Such a comparison could be made based on
ay’ coefficient [11]:

(R, = f(w))’*
Z (7)
N, T fw)
where R; are the reflectances obtained in laboratory, f(wi) are the object
normalized reflectances and Ny, is the number of points.

Taxanomic classification for (S147) Hourakuen
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Fig 8.a) Taxonomic comparison between the polynomial fit of (9147) Kourakuen (blue) and the V-
type class (red); b) Comparison between the spectrum of (9147) Kourakuen (blue) and the NIR
spectrum of meteorite Pavlovka.

The Relab spectral database contains more than 15,000 spectra for
different types of materials from meteorites to terrestrial rocks, man-made
mixtures, and terrestrial and lunar soils [25]. We compared our spectrum with all
the spectra from the Relab database, using a y° minimization method and
additionally, the correlation coefficient. The solution found with both methods
was that the spectrum of (9147) Kourakuen is almost identical with the spectrum
of Pavlovka meteorite (Fig. 8.b). The meteorite sample is of type achondrite
howardite already studied so far [26, 27]. The bulk compositon of the chondrules
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from this meteorite contains SiO2 (50.1%), Mg0O(23.7%), FeO(15%),
Al203(6.2%), CaO(3.8%) [26].

Laboratory spectra similar to the spectrum of (9147) Kourakuen are those
of the meteorites Roda (Achondrite Diogenite), Le Teilleul (Achondrite,
Howardite) and Kapoeta (Basaltic HED Howardite). The first fifty solutions that
matched our spectrum are HED (Howardite Eucrite Diogenite) meteorites. These
are basaltic meteorites believed to result from large asteroids that melted to form a
metallic core and basaltic magmas after the formation.

The absorption band parameters are diagnostic of the mineralogy present on the
surface of the observed asteroids. The relationship between these spectral
parameters and the mineralogy, particularly pyroxene and olivine, has been
studied in various papers over the last years [28]. Most pyroxenes and the basaltic
achondrites show a strong correlation between the position of band centers at 1
um and 2 pm [28, 29, 30]. Thus, we computed the band minima and band centers
(at I um and 2 um), defined as the wavelength position of the point of lowest
reflectance before and after the removal of the continuum, respectively [28]. The
computations were done using the standard procedures [31]. The results are given

in Table 3.
Table 3
Band centers and band separation as deduced from Cloutis model.

BI center (um) |BII center (um) |Band separation [pm]
0.913 +£0.005 1.952 +0.005 1.039+0.010

5. Discussions and conclusions

We described here two types of spectra of celestial bodies — the emission
spectrum of a very far away object, the quasar PG1634 +706 and the reflection
spectrum of a remnant object from the solar system formation, (9147) Kourakuen.
The techniques for acquiring the spectra and the models used for data analysis are
presented.

The two types of observations share common points in acquisition
procedure, data reduction and data analysis methods. Conceptually the design of
the acquisition system is the same: a telescope, a diffraction device (which could
be a grating that works in transmission or reflection, or a prism) and the device to
record the image of the spectrum — a charge coupled device (CCD). Also,
extracting the spectrum from the image follows almost the same steps: the
identification of the trace of the spectrum and getting pixel values, wavelength
calibration, removing the Earth atmospheric influences in the spectrum. Data
analysis includes the comparison between the spectra of celestial body with
known spectra from the laboratory.
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However the wide variety of results that can be obtained from analyzing
the emission spectra and the reflection spectra from celestial bodies has lead to
two separate domains of astronomy.

Because PG1634 +706 is a bright quasar, it has been studied in some
papers like [3, 4, 31, 32]. Our observation for this object was at the limited
magnitude for the type of equipment used. With a robust method, we succeed to
extract the signal from noise and compute the redshift. Our determination of
redshift z = 1.340 + 0.008, with a small telescope agrees with the value found
after observation with large telescopes. The developed methods for observations
and data reduction can be used as a starting point for spectroscopy of celestial
bodies with small telescopes.

We obtained an accurate near-infrared spectrum of the asteroid (9147)
Kourakuen. Based on this spectrum, a description of the surface composition was
made. The comparisons with meteorites spectra revealed a spectral matching with
HED type meteorites and in particular with the spectrum of Pavlovka meteorite.
Using the Bus-DeMeo taxonomy, we classified this object as a V-type
(taxonomic class describing asteroids with similar spectra as Vesta), which agrees
to the type identified using a relatively more noisy spectrum by [22].
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1 INTRODUCTION

ABSTRACT

Near-infrared spectroscopy can play a key role for establishing the mineralogical com-
position and supporting other physical data obtained by complementary observational
techniques such as adaptive optics, radar, and photometry. The objective of our survey
was asteroids which present large variations in their lightcurves. We report observa-
tions for asteroids (854) Frostia, (1333) Cevenola, and (3623) Chaplin carried out in
the 0.8-2.5 m spectral range using SpeX/IRTF in LowRes mode. The spectral mod-
eling of these asteroids give new insights to these peculiar objects in the main-belt.
(854) Frostia is a V-type asteroid, and its spectral properties are similar to those of
basalts. The most probable mineralogical solution WogF'sy3FEngg was calculated for
Frostia. (1333) Cevenola was estimated to have an S, spectral type, in agreement
with its membership to the Eunomia family. (3623) Chaplin is an S-type asteroid, in
agreement with the taxonomic type of the Koronis family.

Key words: asteroids, spectroscopy, mineralogical model

the binarity and multiplicity of asteroids was suggested by

The lightcurve of an asteroid is the display of the variation of
its magnitude over time. The lightcurve is related to the ro-
tation of an asteroid around an instantaneous axis. In other
words, the lightcuve could be interpreted as an observable
of the angular momentum for a given object. This variation
is primarily due to the shape (French & Binzel 1989). The
lightcurve could be also due to the albedo variation (Harris
& Lupishko 1989) of the asteroids. The results of observa-
tions of lightcurves for asteroids are regularly synthesized in
catalogs of lightcurves (for example Lagerkvist et al. (1987)).

Several asteroids exhibit large amplitude lightcurves,
which remained unexplained until the last decade. Several
explanations were proposed for these variations, starting
with elongated shaped asteroids and including double and
multiple systems of aggregates in a weak self-gravitational
field (Cellino et al. 1985).

The number of known multiple systems among aster-
oids has increased significantly in recent years. In the past,

* The article uses observations performed with SpeX/IRTF
1 E-mail:Mirel.Birlan@imcce.fr

© 0000 RAS

several authors (van Flandern et al. 1979) based on oc-
cultations of stars (for example in the articles of Binzel
(1978)', and Donnison (1979)?) or photoelectric photom-
etry (Tedesco 1979; Binzel & van Flandern 1979; Dunlap
& Gehrels 1969). These observational facts were the origin
of theoretical problems related to spin evolution and stabil-
ity (Wijesinghe & Tedesco 1979; Zappala et al. 1980; Leone
et al. 1984).

Several articles are based on observations using vari-
ous techniques namely radar (Ostro et al. 2002, 2000; Magri
et al. 2007), adaptive optics (Marchis et al. 2005), adap-
tive optics combined with lightcurve photometry (Descamps
et al. 2007), and lightcurve photometry (Behrend et al. 2006;
Pravec et al. 2002).

Analytical and numerical simulations of catastrophic
collisions among small bodies, using several hypothesis, are
published regularly by several teams (Durda et al. 2004;

1 The article also presents historical facts of occultation of stars
by asteroids.

2 This satellite was not confirmed by direct imaging. (Storrs et al.
1999)
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Dell’Oro & Cellino 2007; Holsapple & Michel 2008). This
topic remains open despite an important acquisition of
knowledge from laboratory experiments and numerical tests.
In the framework of this paper the most important con-
clusion of these works is that elongated shapes, binarity
or multiplicity could be explained for both large objects
(~100 km in size) and relatively small ones (kilometre-size
asteroids). For instance, a doublet system is a binary system
where both bodies are of nearly equal sizes. Their origin is
not well understood, but several such systems have been re-
ported (ex: (90) Antiope, (617) Patroclus, (69230) Hermes,
1998WW31). Theoretical studies concerning the movement
of components around their center of mass can be validated
with observational results (obtained for instance using adap-
tive optics); results of their dynamics will be constrained by
the physical model which takes into account shape, bulk
density, and internal properties of the components. Further-
more, the interaction between a dynamical and a physical
model allows the derivation of the most probable configu-
ration of the system (in terms of separation of components,
orbital parameters, shapes and densities).

Spectroscopic measurements of asteroids contribute to
the characterization of minerals at the surface. In the as-
sumption of homogeneous bodies, this constrains the nature
of tensile stress inside the object. The features of its spec-
trum constrains the mineralogical composition and implic-
itly the range of its density. By applying these considera-
tions to the models, some physical parameters such as the
macro-porosity or the rubble pile structures will be derived.

The article is focused on the spectroscopy of one binary
system and two asteroids with large amplitude lightcurves.
Near-Infrared (NIR) spectroscopic observations for the bi-
nary system of (854) Frostia are presented. Observations of
(1333) Cevenola, and (3623) Chaplin, asteroids with large
amplitude lightcurves are also presented. A detailed analy-
sis of these spectra, and the models derived for each asteroid
are then discussed.

2 THE OBSERVING PROTOCOL

The asteroids were observed in the 0.8-2.5 pum spectral re-
gion by means of the instrument SpeX on the IRTF located
on Mauna Kea, Hawaii. These observations were performed
in remote mode from the Centre d’Observation a Distance
en Astronomie & Meudon (CODAM), more than 12,000 km
away from Hawaii, (Birlan et al. 2004, 2006) using the low
resolution Prism mode (R = 100) of the spectrograph. We
used a 0.8x15 arcsec slit oriented North-South. The spec-
tra for the asteroid and the solar analog stars were obtained
alternatively on two separate locations on the slit denoted
A and B (the nodding procedure). The data reduction pro-
cess consists of two main steps: 1) obtaining the raw spectra
for the object and the solar analog and 2) computation of
the normalized reflectance spectrum by dividing the aster-
oid spectrum by the solar analog spectrum and performing
a correction for telluric lines.

For the first step, Image Reduction and Analysis Fa-
cility (IRAF http://iraf.noao.edu) was used. For the second
step, after the wavelength calibration, specific IDL routines
were also used in order to diminish the influence of telluric
bands in our spectra (Rivkin et al. 2004). In order to publish

high confidence data, the raw images were also re-reduced
via Spextool (Cushing et al. 2004) and specific MIDAS pro-
cedures, and the results were compared with the previous
ones.

Our strategy was to observe all asteroids as close to
the zenith as possible (circumstances of our targets are pre-
sented in Table 1). Thus, we managed to observe all targets
with an airmass less then 1.25. No other correction for the
differential refraction was considered. Each observed aster-
oid was preceded by observations of solar analogs in the
vicinity of it (airmass differences between the asteroid and
the standard less than 0.1). The seeing varied between 0.7-
1.8 arcsec during the observing runs, and the humidity was
in the 25% - 85% range.

In order to obtain a S/N in the 80-200 range, we needed
15 to 40 minutes of exposure time, depending on the asteroid
magnitude, and counting both the effective exposure and
CCD camera readout time. Circumstances of observations
are presented in Table 2.

For the asteroid spectra, the solar analogs HD127913,
G104-335, HD73708 were observed. For the computation of
the final reflectance (ratio between the asteroid spectrum
and the star spectrum) we took into account the similar
dynamic regimes of the detector (Vacca et al. 2004; Rayner
et al. 2003).

3 RESULTS
3.1 (854) Frostia

This asteroid was observed intensely in photometry
(Behrend et al. 2006) by amateurs and professional as-
tronomers®. The asteroid is a slow rotator with a synodic
period of 37".728. Its regular lightcurve with an amplitude
of 0™.33 presents, for short periods of time, important at-
tenuation, of about 0™.7—0™.8. The large magnitude is very
well explained by mutual eclipse/occultation events for an
object with two components of comparable size. Based on
a physical model of a double system, Behrend et al. (2006)
calculated a bulk density of 750 - 1,020 kg/m>. They explain
such a low density value by a possible C-type asteroid with
a high macro-porosity of about 45 %.

Sloan Digital Sky Survey (SDSS) colors (Ivezié et al.
(2001))* of this object are reported. These data show large
variations in color. It is important to note that the v—1 color
is greater than the v — z one®, which suggest the presence
of absorption band around 1 pm.

Visible spectroscopy of Frostia was reported by Alvarez-
Candal et al. (2006). These results are in agreement with
SDSS colors and the authors classified this asteroid in the
V-taxonomic class.

NIR spectrum of (854) Frostia (Fig 1) was obtained on
March 13, 2007. The total integration time of 40 min allows
an accurate spectrum with the S/N of 120. Following Bus-

3 http : //obswww.unige.ch/ ~ behrend/page_cou.html

4 http : //sbn.psi.edu/ ferret/

5 Sloan Digital Sky Survey was obtained using five broad band
filters, namely wu, g, 7,4,z centered to 3,551, 4,686, 6,165, 7,481,
and 8,931 A respectively
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Table 1. Circumstances of the observations are presented (date of observations with the fraction of the day for the beginning of the
observation, number and name of the asteroid, semi-major axis, eccentricity, inclination, the apparent magnitude, phase angle, as well
as heliocentric and geocentric distances).

Date (UT) Asteroid a (UA) e i(°) \Y% ®(°) r(UA) A (UA)
2007/03/13.48753  (854) Frostia 2.36823  0.17398 6.090 14.93 3.62 2.34843  1.36087
2007/03/12.54861  (1333) Cevenola  2.63584  0.13314 14.642 15.63 13.74 2.66963  1.82769
2007/03/13.57463  (1333) Cevenola  2.63584 0.13314 14.642 15.61 13.45 2.67108 1.82177
2007/03/12.37775  (3623) Chaplin 2.85048  0.08790 3.072 17.15 14.68 3.03656  2.30870
2007/03/13.26730  (3623) Chaplin 2.85048  0.08790 3.072 17.17  14.89 3.03710  2.31966

Table 2. Observation circumstances for each asteroid. The columns show the name of the asteroid, the mean JD value for each series,
the individual time for each spectrum (Itime), the number of cycles, and the airmass at the mean JD of each series. The two columns
present the standard star used for data reduction as well as its airmass during the observation.

Object JD Itime(s) Cycles Airmass  Standard  Airmass
(854) Frostia 2454172.98754 120 10 1.105 G104-335 1.070
(1333) Cevenola  2454172.04901 120 24 1.016 HD127913 1.055
(1333) Cevenola  2454173.07464 120 10 1.034 HD127913 1.031
(3623) Chaplin 2454171.87776 120 18 1.111 HD73708 1.085
(3623) Chaplin 2454172.76731 120 20 1.019 HD73708 1.018
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Figure 1. NIR spectrum of (854) Frostia with the error-bars is
presented. The spectra is normalized to 1.25 pm.

DeMeo taxonomy, the NIR spectrum is typical of V-type
asteroids (DeMeo et al. 2009)°.

3.2 (1333) Cevenola

Dynamically, (1333) Cevenola belongs to the Eunomia fam-
ily (Zappala et al. 1995; Mothé-Diniz et al. 2005). Photome-
try of this asteroid shows a large amplitude of 0™.9740"".03
and a synodical period of 4".88 & 0.702 (Warner 2002). The
visible spectrum was reported by Lazzaro et al. (2004) in
the framework of S20S5? survey, and the analysis of spec-
tral data places the asteroid into the S (S, more precisely)

6 http : //smass.mit.edu/busdemeoclass.html
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Figure 2. NIR spectrum of (1333) Cevenola obtained in March
12, 2007 with error-bars. The spectrum is normalized to 1.25 pm.

complex. The Eunomia family is actually dominated by ob-
jects displaying S-type spectra.

Two NIR spectra were obtained for this asteroid (Figs 2
and 3), on two consecutive nights, separated by 24 hours.
The spectrum of March 12, 2007 is the result of the com-
bination of individual spectra of 120 seconds each, for the
total integration time of 1"28™. The second spectrum was
obtained in March 13, 2007 for the total integration time of
40™. Consequently, a S/N of 50 and 20 was estimated.

The NIR spectra are very similar. The consistency with
the S, classification (DeMeo et al. 2009) is confirmed either
based on NIR data or the composite visible+NIR one.
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Figure 3. NIR spectrum of (1333) Cevenola obtained in March
13, 2007 with error-bars. The spectrum is normalized to 1.25 pum.
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Figure 4. NIR spectrum of (3623) Chaplin obtained in March
12, 2007 with error-bars. The spectrum is normalized to 1.25 pm.

3.3 (3623) Chaplin

(3623) Chaplin belongs to the Koronis family (Zappala et al.
1995; Mothé-Diniz et al. 2005). The asteroid has the synodic
period of 8.7361 4 0.7005, and a large amplitude in its com-
posite lightcurve estimated to 0.97 £ 0.02 (Birlan et al.
1996). There is no estimation for its pole coordinates.

Two NIR spectra of the asteroid, presented in Fig 4 and
Fig 5 were obtained at a time interval of about 23 hours. The
spectrum of March 12, 2007 is the result of combined indi-
vidual spectra of 120 seconds each, for the total integration
time of 72™ while the the second spectrum (obtained in
March 13, 2007) was obtained for the total integration time
of 80™™. The S/N was estimated in the range of 15-20.

The NIR spectrum is typical among S complex aster-
oids (DeMeo et al. 2009), more precisely close to the Sy
taxonomic subclass.
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Figure 5. NIR spectrum of (3623) Chaplin obtained in March
13, 2007, with error-bars. The spectrum is normalized to 1.25 pym.

4 SPECTRAL MODELS AND
MINERALOGICAL APPROACH

The three objects present absorption features around 1 and 2
pm, and the strength of absorption varies from one asteroid
to another. The investigation was conducted using several
techniques, namely the Modified Gaussian Model (Sunshine
& Pieters 1993), and 2D mineralogical charts using x* min-
imization of laboratory spectra.

4.1 MGM applied to spectra

The spectra were analyzed using the Modified Gaussian
Model procedure (Sunshine & Pieters 1993). The procedure
applied to high quality spectral data allows the quantitative
characterization of absorption features, by simultaneous fit-
ting multiple Gaussian-like absorption bands (Pieters & Mc-
Fadden 1994). This condition is satisfied in our case for the
spectra of Frostia and Cevenola, and in a relative way by
the spectrum of Chaplin. The advantage of this method is
the ability to quantitatively compare the asteroid spectra
to certain minerals (Sunshine et al. 1990) by calculating in-
dividual bands centers, Full Width at Half Maximum, and
strength. However, in the case of asteroid spectra, the results
are physically relevant when the steps are carefully tested
using laboratory measurements as standard (Canas et al.
2008). This method is appropriate for spectra revealing ab-
sorption features. The method is unable to solve, in terms of
mineralogical solution, the continuum of analyzed spectra.
The MGM approach was initially used in free parameter
mode, by considering the best fit obtained with a minimum
number of absorption bands, in an a priori assumption of
mineralogical compounds. In a second step, depending on
minerals, the parameters of the continuum were fixed as well
as the parameters of some individual absorption bands. We
used the constrains obtained by Sunshine & Pieters (1998)
for the olivine while the pyroxene was constrained by the
results published by Cloutis & Gaffey (1991a). The MGM
analysis was performed for Cevenola by taking advantage of

© 0000 RAS, MNRAS 000, 000-000
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Table 3. Modified Gaussian Model applied to (854) Frostia and (1333) Cevenola. The best fit of this tool is summarized as follows:
number of bands, the center of the band, the Full Width at Half Maximum value, the absorption strength, and the slope of the continuum.

Asteroid Number of Center of Band FWHM  Strength (log  Continuum
Bands (pm) (pm) reflectance) slope
0.922 0.162 -0.359
1.032 0.202 20.173
(854) Frostia 5 1.248 0.150 -0.064 -5.10 E-05
1.933 0.522 -0.414
2.330 0.546 -0.223
0.482 0.278 -0.196
0.851 0.239 -0.100
(1333) Cevenola 6 0.916 0.184 -0.099 -7.12 E-06
1.045 0.177 -0.118
1.220 0.459 -0.097
2.041 0.570 -0.130
previous work done by Sunshine et al. (2004) on the S-type
asteroids. The non-uniqueness of mineralogical solution ob-
tained from spectral modeling justifies the omission of minor 0.5+ . . . . . . . L—-
components. The major part of the best mineralogical solu- : 854 Frostia
tions from the literature (for the same sample) are reliable R WMWEW,,
in a limit of few percent. Even at this level of confidence, the % 0.0 > -
mineralogy is not unique. Thus, our approach is justified. E
A mineralogical solution was obtained for (854) Fros- E W
tia using five absorption bands (Fig 6). This model shows g 059 /—’/
that spectral features indicate the presence of both Low-Ca- s
Pyroxene(LCP) and High-Ca-Pyroxene(HCP). The pres- 2 . 3
ence of HCP is required for the spectral fit at wavelengths £ oq “‘MM
larger than 2.1 pm. This band over 2.1 pum is a specific - __icp
behavior of type B pyroxene, with bands attributable to ——HCP
15 4— , , , , ,

crystal field transitions in ferrous iron located in the M2
crystallographic site (Cloutis & Gaffey 1991b). For the spec-
tral profile around 1.25 pm, the presence of plagioclase such
as feldspar may be plausible. We note that the presence of
absorption bands for olivine in the MGM analysis is not
necessary for the fit of telescopic data.

The composite spectrum contained the visible data from
S305? program and our NIR data for (1333) Cevenola ob-
tained in March 12, 2007 was also investigated using 6 ab-
sorption bands. In the model we used three absorption bands
for the olivine in the 1 pm region (Sunshine & Pieters 1998).
The band at 2.05 pm is recovered by only one pyroxene
band with a good fit. Finally the fit was obtained by fixing
the continuum and the width of absorption bands for the
olivine. The model (Fig 7) is relatively good within a limit
of 1.6%. Finally, the band at 1 um is reproduced by four
bands superimposed, implying the presence of both olivine
and pyroxenes.

4.2 x? best fit with RELAB data

Spectral properties of minerals in a intimate mixture com-
bine in a non-additive, generally unique manner (Singer
1981). In the case of pyroxenes, this non-linearity was pre-
sented also by Cloutis & Gaffey (1991a). However, no other
analytical law or approach by polynomial function was pro-
posed until now for modelling real spectra. Thus, we propose
the approach of three component minerals linearly mixed

© 0000 RAS, MNRAS 000, 000-000
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Figure 6. MGM modeling of NIR data of (854) Frostia using
five absorption bands of Low-Ca-pyroxene (LCP) and High-Ca-
piroxene(HCP). This figure presents, from the bottom to the top,
the observational data superimposed to the MGM fit, the con-
tinuum, the individual absorption bands, and the errors between
the model and the observational data. These plots are offset for
clarity.

as a possible/probable solution to find families of minerals
which are the best matches for our telescopic data.

The spectra were investigated with three component
mixtures. This is the first time when mineralogical x? resid-
ual space is plotted for asteroids. The initial components
used for the mixtures are real laboratory spectra from the
RELAB database 7.

In order to have a homogeneous data-set, the end-
members were selected from the spectra obtained in the 0.3
- 2.6 um wavelength range using the bidirectional visual
and infrared spectrometer (BD-VNIR) within the Plane-
tary Geology and Geophysics programe (PGG). The olivine

7 http : //www.planetary.brown.edu/relab
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Figure 7. MGM modeling of VNIR data of (1333) Cevenola. The
presence of both olivine (Ol) and pyroxene (LCP) minerals are
necessary for this fit. The individual absorption bands are draw
in black for LCP and gray for the olivine.

(Ol), orthopyroxene (OPx) and clinopyroxene (CPx)® sets
that were identified contain 44, 33 and 55 spectra respec-
tively. The olivine set includes synthetic spectra that span
the FagFoigo - FaigoFoo domain in 5-10 mol% increments
(Dyar et al. 2009) while the members of orthopyroxene set
sample the range EngFsig0 - Eni1goFso (Klima et al. 2007).
The clinopyroxene spectra represents minerals with different
Wo, En, Fs content. The wide variety of minerals included
in the three above sets make them suitable for generating
synthetic mixtures spectra.

The high resolution, high S/N RELAB spectra were fit-
ted using a cubic B-spline function with 25 fitting coeffi-
cients. For the asteroids spectra, in order to avoid the over-
fitting, the number of coefficients was reduced to 12. In both
cases it was confirmed by visual inspection that the inter-
polating functions approximate well the overall shape of the
spectra.

For each possible combination of olivine, ortho- and
clinopyroxene, synthetic spectra were generated from b-
splined end-members spectra using a linear mixture by
varying the end-member’s concentration in 0.5% increment
(step). Each of the obtained spectra were compared to spline
smoothed spectra of (854) Frostia, (1333) Cevenola, and
(3623) Chaplin. The x? calculations were performed follow-
ing the formula:

NZR fw))” 1)

where N,, is the number of R; reflectance values at w;
wavelength, and f(w;) the reflectance value of the geomet-
ric mixture obtained from laboratory spectra (i.e. additive
contribution of individual component).

The concentration for each of the components will span
the range between 0 and 100%, and the sum of the mixture

8 structures of orthorhombic and monoclinic crystals of pyrox-
enes

is 100%. The best mixture identified by the above x2-test
is further refined in 0.1% concentrations step this time with
fixed end-members.

The x? minimization will allow the derivation of a map
of possible/plausible models. This method allows the plot of
2D mineralogical charts, an interesting tool for visualize the
best mineralogical solutions.

Two dimensional charts derived from the x? fit are pre-
sented in Figure 8, Figure 9, and Figure 10 for (854) Fros-
tia (1333) Cenevola, and (3623) Chaplin respectively. These
charts plot olivine on the X axis, and OPx/(CPx+OPx) on
the Y axis. The color code indicates the concordance of the
model to the observational data, the blue color represent-
ing the best fit. The white regions of the 2D charts are an
indicator of the limit where the x? minimization fails.

The best fit mixture for (854) Frostia was obtained us-
ing (Ol, OPx, CPx) = (0, c1dl14, ¢1dl07) with following
ratios (0%, 33.5%, 66.5%), while for the asteroid (1333)
Cevenola the best fit was obtained using (Ol, OPx, CPx)
= (cgpod4, c1dl01, ¢1d112) with ratios (25%, 67.5%, 7.5%).

In the case of (3623) Chaplin the closest analogue was
the mixture (0, c1dl01, ¢1dl08) with ratios (0%, 96.5%,
3.5%).

The inferred mineralogical solutions explain well the as-
teroids spectra. However, giving the inherent complications
of curve matching procedure as the y>-test Gaffey et al.
(2002) a family of mineralogical solutions could fit our spec-
troscopic data.

5 DISCUSSION

The binarity of (854) Frostia is supported by photomet-
ric data (Behrend et al. 2006). Unfortunately, no physical
ephemerides of Frostia are not known to have a precise tim-
ing of possible mutual phenomena of this system. Neverthe-
less there is little chance for a geometry allowing mutual
phenomena at the time of our observations. The spectrum
likely represents this object globally, thus being a first at-
tempt in the characterization of the asteroid’s mineralogy.
The spectrum of (854) Frostia (Fig 1) reveals large and
deep absorption bands around 1 and 2 microns. This spec-
trum, similar to the asteroid (4) Vesta, allows the classifica-
tion of (854) Frostia in the V type taxonomic class. Based
on spectroscopic behavior and dynamical consideration from
the main-belt through the resonances 3:1 and v resonances
(Binzel & Xu 1993), Vesta and the vestoids are supposed to
be at the origin of Howardite-Eucrite-Diogenite meteorites.
The structure of HED meteorites is very close to mafic ma-
terials. Thus, the parent body of HED meteorites are sup-
posed to have experienced volcanism and metamorphism in
the process of formation during the early solar system. The
parent body of Vesta and vestoids underwent accretion, to-
tal melting, fractionation, and differentiation during the first
few million of years of solar system formation (Keil 2002).
(854) Frostia was not included in the family of (4) Vesta
by Zappala et al. (1995). The location of (854) Frostia inside
the Main-Belt is very similar to that of Vesta family in semi-
major axis and inclination and may justify its membership to
the same clan. Frostia’s eccentricity of 0.17 is slightly over
the greater boundary (of 0.12) of Vesta family. This case
is not particular while other V-type asteroids were already
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Figure 8. Two dimension chart of concentration for the asteroid (854) Frostia using olivine, orthopyroxene, and clinopyroxene from
RELAB is presented in the right side of the figure. The best fit mixture for (854) Frostia using (Ol, OPx, CPx) = (0, c1dl14, c1dl07)
with ratios (0%, 33.5%, 66.5%) is presented in the left side in the figure.
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Figure 9. Two dimension chart of concentration for the asteroid (1333) Cevenola using olivine, orthopyroxene, and clinopyroxene from
RELAB is presented in the right side of the figure. The best mineralogical model for (1333) Cevenola using (Ol, OPx, CPx) = (cgpo84,
c1d101, c¢1dl12) and the ratios (256%, 67.5%, 7.5%) is presented in the left side of the figure.
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left of the figure.
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reported in the inner part of the Main Belt, relatively close
to the Vesta family (Duffard et al. 2004).

The V-type asteroids are objects with reflectance spec-
tra similar to the asteroid (4) Vesta and to HED meteorites.
Vesta is considered as the smallest terrestrial planet (Keil
2002) and is a differentiated object with a basaltic crust
and exposed mantle material (Gaffey 1997) that survived al-
most intact during the solar system history. Objects smaller
in size than Vesta (commonly called 'vestoids’) present spec-
tral properties similar to this asteroid. Partly the vestoids
are identified as fragments of Vesta, a result of a catas-
trophic collision who excavated material from the crust and
the mantle (Binzel & Xu 1993) of Vesta. Vesta’s density
was derived from the estimation of its mass (Hilton 2002)
and shape (Thomas et al. 1997). The computed values of
the bulk density span the range 3,000-4,300 kg/m? (Birlan
2000). This interval is supported also by models of internal
structure of large differentiated bodies. Ruzicka et al. (1997)
calculated the density of silicate fraction in Vesta-like as-
teroids, assuming an average value of the bulk density of
3,540 kg/ m?>. They conclude that Vesta could be modelized
with an eucritic/diogenitic crust and an olivine mantle for a
metallic core between zero and 25% of the total mass of the
asteroid. In this case, the density of the crust could not be
less than 3,000 kg/m?®.

In the assumption of (854) Frostia as a fragment of
Vesta’s crust, a value of its density around 3,000 kg/m3
seems to be reasonable. The value calculated by Behrend
et al. (2006) (around 1,000 kg/m?) is very difficult to ex-
plain even if we assume unrealistic porosities of 75% in a
rubble-pile structure. In fact, large porosities for small frag-
ments of large differentiated bodies are not realistic while the
self-gravitation tendency is to decrease the volume of empty
space inside the object. Behrend et al. (2006) inferred a C-
type asteroid by analogy with the asteroid (90) Antiope. It
is difficult to reconcile the C and V taxonomic classes while
the objects experienced different temperatures in their his-
tory.

Descamps (2010) published recently a refined study of
binary systems by accounting inhomogeneous bodies with
ellipsoidal shapes. This model allows the simultaneous fit of
grain density and the bulk porosity. The author calculated a
grain density of (2,7904380)kg/m® in agreement to the one
of Vesta-like asteroids, correlated to a bulk porosity of 63%
(~55% of macroscopic porosity + 8% of microporosity).

The mineralogy of (854) Frostia could be refined by tak-
ing into account the precise position of the band centres at
1 and 2 pm. To estimate the minima of these absorption
features, we removed the continuum by considering a lin-
ear function for each one. The continuum for the Band I
was estimated using the reflectances at 0.7 and 1.43 pm,
while for the Band II the continuum was estimated using
the reflectances at 1.43 and 2.49 pm respectively. While our
spectrum do not contains the reflectance at 0.7 pm, this
value was estimated by polynomial extrapolation. The re-
flectance at 0.7 pm usually represents the lower limit of the
1 pm absorption feature for the V-types asteroids (Duffard
et al. 2004; Vernazza et al. 2005). The continuum was then
extracted from the spectrum in each corresponding region.
The band centre was then computed using a 6-th order poly-
nomial function. We found that the Band I minimum is lo-
cated at 0.931 £ 0.004 pm, while the Band II minimum is

located at 1.976 + 0.004 um. In the case of Band I we cal-
culated the thermal correction using the formulas 2 and 4
from Burbine et al. (2009). This value is of 0.002 pm, within
the value of the errorbar for Band I centre, thus we can ne-
glect its influence. The positions of Band I and Band II
centres are relatively similar to that obtained for the aster-
oid (1459) Magnya (Hardersen et al. 2004). If we place these
values for Frostia in the context of the pyroxene studies of
Adams (1974) and Cloutis & Gaffey (1991a) we conclude a
dominant presence of orthopyroxene on the asteroids’ sur-
faces. The position of the bands place the asteroid between
the Eucrite and Diogenite regions (see Fig 6 from Hardersen
et al. (2004)). These results are partially confirmed by our
Figure 8, that presents a large dominance of orthopyroxene.

The spectrum of (854) Frostia presents an inflexion near
1.2 pm which is an indication of the presence of feldspar in
the basaltic achondrite materials. The mineralogical com-
position using the pyroxene calibration (Gaffey et al. 2002)
suggests the formula WogFsasEnag (with a 4% of uncer-
tainty for wollastonite and ferrosilite). This composition is,
within the error-bars, similar to that of (4) Vesta and (1459)
Magnya, and similar to that of the asteroid (3269) De Sanc-
tis (Duffard et al. 2004).

Another important mineralogical parameter which was
investigated for (854) Frostia was the band area ratio
(BAR). This is the result of the ratio between Band I and
Band II. Band I area was calculated as the area between
the continuum defined by the correspondent reflectances at
0.7 and 1.4 pm and the spectrum. Band II area was cal-
culated as the area between the continuum defined by the
correspondent reflectances at 1.4 and 2.43 ym and the spec-
trum. The reflectance value at 0.7 pm was estimated by lin-
ear extrapolation. Depending on the range that this value
could span, the estimation for the area of Band I could differ
by up to 5%. This extrapolation of our spectrum is also in
agreement with the visible spectrum of Alvarez-Candal et al.
(2006). The procedure of computation for the BAR value
was prior tested and validated using two spectra of V-type
asteroids (4) Vesta and (1459) Magnya (R. Binzel, Personal
communication). The calculated BAR for (854) Frostia was
1.5740.08, in agreement with the basaltic achondrite min-
erals (Gaffey et al. 1993).

V-type asteroids are mainly located in the population
represented by the Vesta family, and is considered to be
the reservoir of HED meteorites. However, basaltic aster-
oids, not yet considered members of Vesta family, are also
located in the vicinity of the family (Florczak et al. 2002;
Duffard et al. 2004). Data on V-type asteroids such as (1459)
Magnya are reported at different semi-major axis (Lazzaro
et al. 2000; Roig & Gil-Hutton 2006; Duffard & Roig 2009)
and in the NEA population (Binzel et al. 2002). This pic-
ture of V-type asteroids supports the hypothesis of forma-
tion of several objects with basaltic crust in the Main-Belt.
The plot of Band I center versus BAR exhibits a diversity
among V-type asteroids much larger than the one obtained
for basaltic achondrite meteorites. This extension of BAR
range may be explained by reconsidering the physics and
mineralogy of asteroid surfaces.

The asteroid (1333) Cevenola is a member of Eunomia
family, counting more than 430 objects (Zappala et al. 1995).
44 members of this family (including Cevenola) were stud-
ied spectroscopically in the visible region by Lazzaro et al.
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(1999). 41 of them were classified as S-type objects, while
three asteroids exhibit flat spectra and were considered as
interlopers. If we consider this sample in the frame of the
Bus-DeMeo taxonomy (DeMeo et al. 2009), only three ob-
jects are re-observed in the near-infrared region. A robust
conclusion about this family cannot be drawn in the Bus-
DeMeo taxonomic system, however we can speculate on a S
taxonomic type for the three objects considering the VNIR
data.

The MGM analysis (Figure 7) strongly indicate that
the presence of both olivine and pyroxene are necessary
for reproducing the observational data of (1333) Cevenola.
The mineralogical solution corresponds to fayalitic material
with the molar percentage equal to 20+5 (Sunshine et al.
2007) and the width of these absorption bands span the
same range as in presented in Sunshine & Pieters (1998).
However, the strength ratio between the M1 and M2 olivine
crystals is different from the callibration values proposed by
Sunshine et al. (2007). This imply that mineralogies with
fayalitic-forsteritic components need to be completed with
other components. Recently Isaacson & Pieters (2010) pro-
poses a mineralogical solution of surfaces of Mars rich in
olivine, by considering the spectral influence of chromites.
The effect of chromite in olivine minerals is observed in the
reduced reflectance and in the absorption feature beyond
1.5 pm. A similar mineralogical solution together with solu-
tions obtained from different olivine varieties (dunite, peri-
dot, chryolithe, wadsleyite) need future analysis.

The family of mineralogical solutions computed by the
x> composition map (Figure 9) for (1333) Cevenola is also
composed by the mixture of ortopyroxene and olivine (the
horizontal dark-blue region in the figure). The olivine is less
constrained ranging from 0% to 60%. This region is com-
pleted by the blue part of the map for high olivine percent-
ages. In this case, the family of mineralogical solutions is
less constrained than that obtained for (854) Frostia.

Following DeMeo et al. (2009) the S, asteroids ”present
a wide 1pum absorption band with evidence of a feature near
1.3 pm like the Q-type, except the 1um feature is more shal-
low” for this class. (1333) Cevenola is similar to the S-IV
mineralogical subtype (Gaffey et al. 1993). Following Gaffey
et al. (1993) this subclass is characterized by assemblages
of olivine-orthopyroxene which could represent assemblages
similar either to the undifferentiated ordinary chondrites or
to the unmelted silicate portions of primitive achondrites.

(3623) Chaplin is a member of the Koronis family. The
NIR spectrum spans the same characteristics with the S-
type complex, which is the taxonomic class of the Koronis
family. We extrapolate its thermal albedo to the one of the
S-class of 0.198 £ 0.067 (Fulchignoni et al. 2000). The min-
eralogical map obtained in section 4.2 (dark blue region in
the mineralogical map) shows a best fit for families of miner-
alogical solutions dominated by orthopyroxene with clinopy-
roxenes and olivine as minor constituents.

(1333) Cevenola and (3623) Chaplin were observed over
two consecutive nights in order to detect spectral variations
in their spectra. Their correspondent spectra has the same
profile, which is interpreted as a homogeneity of the surfaces
of each object.
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6 CONCLUSIONS

0.8-2.5 pm spectral data were obtained and analyzed for
the Main-Belt asteroids (854) Frostia, (1333) Cevenola, and
(3623) Chaplin. This NIR spectral interval is covered for the
first time for our targets, chosen among the asteroids with
large amplitudes in their lightcurves, which were observed
previously photometrically. Detailed mineralogical analysis
using Modified Gaussian Model was performed for our ob-
jects. Newly instruments such are 2D spectral charts by a
x* fit of mineralogical assemblages was performed for (854)
Frostia and (1333) Cevenola.

The asteroid (854) Frostia was classified as V-type, for
which the density and the spectral properties are incompati-
ble with the previous findings on density. Spectral properties
of this object are similar to those of basalts. We calculated
the mineralogical solution WogF'sa3Enag, with an error of
4% in wollastonite and ferrosilite, for Frostia.

(1333) Cevenola is a member of Eunomia family and
belongs to the S, taxonomic type. The mineralogical maps
were constructed for the first time for (854) Frostia and
(1333) Cevenola, using as end-members the available lab-
oratory data for the olivine, ortho- and clinopyroxenes.

Finally, (3623) Chaplin belongs to the S-type taxonomic
complex, which characterize the members of the Koronis
family. Its mineralogy corresponds to minerals with olivine
and pyroxene content.
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