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Resumo

O objetivo deste trabalho é analisar do ponto de vista fisico-cuimico algumas
amosiras selecionadas de asterdides visando wna melhor compreensao destes nhjatos. Para
isto foram realizadas observacdes, tanto em fotometria como em espectroscopia. A finali-
dade das observagies espectroscdpicas é a determinagio da possivel composicio minerals-
gica, enquanto as fotométricas devem caracterizar o estado rotacional. Foram realizadas
também observagoes do cometa Chiron com o objetivo de analisar e monitorar sus ativi-

dade durante sua aproximacao ao periélio.

Para a analise espectroscipica foram selecionadas 3 familias de asterdides (Eos,
Themis e Flora), alguns objetos proximos a érbita da Terra, asterdides do tipo C e can-
didatos 2 missao espacial Roselta. Para os membros das familias observadas ercontramos
wr comportamenlo espectral similar, sngerindo uma origem comum de seas membros. Tn-
contramos indicias de uwm processo de alteragio aquosa nos membros da familia de Themis
¢ um processo de “eovelbecimento” superficial nos de Flora. Os resultados de Fos e Themis
nos levam a concluir gue os corpos originais destas familias deveriam ser parcialmente difer-
enciados. Quanio aos asterdides do tipo taxondmico C, fol encontrado que a malor parle
dos observados apresenta indicios de um processe de alteragio aquosa.

Das estudos fotométricos foram obtidas eurvas de luz para 25 asterdides, senda que
determinamos para 19 destes seu periodo rotacional, As abservacoes de Chiron revelarain

gue apesar de estar nas proximidades de seu periélio, este objeto se mantém num minimao

de brilho.
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A bstract

The aim of the present work is to analyze the physical-chemical propertics of a
selected sample of asteroids in arder ro better understand these objects. Pholometric and
spectroscopic observations were, therefore. realized. The former aiming the determination
of the possible mineralogical composition and the latter the characterization of the rota-
Lional stale of the abjects. Pholomebric observations of comet Chiron were also performed

in order to analyze and monitor its activity as it approached perihelion.

‘The spectroscopic study was performed on three fumilies (Bos, Flora and Themis),
on some objecls will orbit pear the Earth, on a sample of C-type asteroids and an possible
targets of the Hosseta spatial mission. We found a similar spectral trend in each of the
farnilies indicating 4 probable common origin. Indication of a process of aqueous alteration
was found in some of the members of Themis and of space weathering on those of Flora.
The ahtained resulrs for Fos and Themis lead ua to conclude that the parent-bodies of these
farnilics should have been partially differensiated. For the C-type asteroids, the presence

of aqueons alteration was detected in most of the ohjects of aur sample.

I'rom the photometric study the lighteurves of 23 asteroids were obtained. For 19
of these was possible to determine a rotational period. Chiron’s observations revealed that

it 1s currently af a minimum af brightness, although being at perihelion.
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Capitulo 1

Introducgao

Acredita-se gque o 5ol e seu sistema planetario se formaram, a cerca de 4,6 bilhaes de
anos, i partic de woa nuvem de gds e poeira em rotacio. Esta nuvem teria colapsado pela
propria anto-gravidade formando, na regizo central, um objeto estelar, chamado proto-sol,
e um disco de pds e poeira do qual todo o sistema planetdrio se originou. Este disce foi
chamado por Pierre Simon de Laplace de nebulosa solar em 17496, Este modelo, inicialmente
propoato por Emmanuel Kant em 1750 e posteriormente por Laplace, ze tarnou a base dos
atuals modelos de formacio do Sistema Solar, gendo eonhecido como a cosmogonia de

Kant-Laplace,

A partir da cosmogonia de Kant-Laplace torna-se pecessdrio explicar a origemn
dos planetas, asterdides e cometas a partir da nebulosa solar, sendo que o modelo atu-
almente mais aceito para explicar este processo é chamado de “modelo padran”. Neste
modelo considera-se o agregacio fisica ou quimica (“eoagulacio™) de grios de poeira (mi-
crométricos] em corpos de (0,1 a 10 km de didmetro, chamados planetesimais, e a snhse-
quente acnmulacio destes formando finalmente os planetas. Este modelo embora remente
a 1794 com Chladmi, 1595 com Proctor e 1904 com Chamberlin, tem sua versao atual devi-
da aos trabalhos de Safronov (1969) e da “Escola de Kyotoe” comn Hayashi e colaboradores
(1985).

Na formagio dos planetas, segundo o modelo padrio, supdc-se que a forga gra-
vitacional da estrela seja dominante sobre os planesesimais, enguanto gue outras forgas
podem ser tratadas apenas como perturbacoes em snas drhitas kepleriznas. As maiores per-

turbacoes em suas trajetdrias heliocéntricas seriam resultade de interacoes gravitacionais



com outros planetesimais e protoplanetas, enquanto que as forgas nio-gravitacionais seriam
colisoes inelasticas mmitnuas, dissipagho devida ao gas presente na nebulosa solar e pressao
e radiangao (Lissaver, 1993). Estas perturbagoes podemn levar a pequenas mudangas na
inclinacan o excentricidade fazendo com que os planetesimais eruzem a drbita de seus vi-
zinhos ocasionando eventuais colistes. As baixas inclinacio e exceutricidade podem ser
consideradas como uma velocidade relativa entre os corpos em um sistema de referéncia
loeal. que gira com velocidade kepleriana circular. Quando dais corpos colidem inelastica-
mente com uma velocidade relativa menor que duss vezes a velocidade de cscape, cstes se

fundem tornando-se nm corpo maior, caso contririo tem-se um processo de fragmentacao.

Simulagoes numdéricas deste modelo levam & dois tipos de solugoes. A primeira
seria a de um crescimento ordenado onde obleni-se corpos grandes, de btammanhos simi-
lares, sepuidos por pequenos, cuja distribuigio seguiria uma lei de poténcia. A segunda
seria 0 crescimento runaway. onde um corpo cresceria mais rdpide da que seus vizinhos,

capturando todos os planctesimais dentro de wma certa regiao.

Solugdes do tipo runaway tém obtido bons resultados para explicar a formagio de
planetas terresires, principalmente a Terra e Vénus. Entretanto, apresentam problemas
com a formagdo dos planetas gigantes pois a escala de tempo para a formagin destes é
muita grande, incompativel com a hipdtese que tenham se formado antea dos terrestres.
Além do mais, como os planetas gigantes apresentam wmna fragao significaliva de Hy e
He, seria necessdario wn crescimnento rdpido de seus nicleos para ocorrer uma captura

gravitacional do gis da nebulosa solar.

(Quanto & origem dos asterdides, devernos considerd-la como parte de nm proble-
nia mais geral que é a origem dos planetas. Sepundo a hipdtese de Olbers, sugerida logo
apos sua descoberta de Pallas, os astertides seriam vriundos da fragmentagio de um pla-
neta, Esba hipolese € enbretanlo contraditoria com a variagio da composicio quimica das
asterdides em relagao a suas distincias heliocéntricas e com a distribuicao de suas drbitas,

o que demostra que estas seriam o resultado de evenlos diversos.

Nao foram obtidas, ainda, solugoes do lipo runoway acellivels para aslerdides,

pois levamn A farmacao de corpas muita maiores do que o8 mailores asterdides encontrados.
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Para obter melhores solugoes 6 necessdrio refinar o modelo com a inclisias de outros eleitos
presentes na época da formacao do Sistema Solar como, por exemplo, a hipatese de que
Jiipiter tenha se formado antes dos planetas terresires e dos aslerdides. Esta hipolese
immplica que a forte perturbacio gravitacional de Jipiter pode ter sido responzdvel pela
interrupcan do processo de acumulagio dos planetesimais pa regiao asteroidal, hopedindo

a formacao de um nove plancta.

Com relacfio a origem dos cometas, Qort (1930) propds que estes seriam os pla-
notesimals que se encontravam pa regidao asteroidal e que devido a lorles pecturbagoes
cravitacionais dos planetas gigantes, seriam langados em arbitas quase parabélicas, tendo
em seriida wm aumenta do periglio pela passagem de uma estrela vizinha, formando a

regiio atualmente conhecida como nuvem de Qort.

(Js grandes afélios e a vasta distribuicao daz inclinagdes dos cometas de longo
periodo [superior a 200 anns) sao os mais fortes indicios da existéncia desta grande nuvem
esférica. Estes cometas, por sua vez, poderiam ser lancados desta nuvem para o iuterior
do Sistema Solar através de perturbagies ocasionadas pela passagem de estrelas proximas
e/ou pela passagem de uwma nuvem molecular gigante. Por cutro lado, os cometas de
curto periode (inferior a 200 anos), devido &s suas baixas inclinagoes, viriam da regiao
conhecida como cinturdo de Kuiper (~ 40 - 500 UA) (Ferndndez, 1980). Com as recentes
descobertas de ohjetos transneptunianos (Jewitt e Luu, 1995). temos finalmente evidincias

observacionais da existéncia deste cinturio.

(uanto & orizem da nuvem de Qort existern variaz hipdieses, como a formulada
par Ouort, onde esta seria win remanescente da formagio plaveldria (Ferndndez e Brunini,
1998). 114 ainda as hipdteses de uma formacdo independente dos planetas, ou uma captura
sravitacional de uma nuvermn de uma estrela vizinha em formacao. Quanto ao cinturao de
Kniper, este poderia ser o remanescente dos planetesimais que se encontravam na regiao
além de Netuno e que devide a baixa densidade nao consegniram se aglutinar em mais um

planeta (Festou es al., 1993).

+

E necessiario se obter mals informagoes sobre os processos pelo quais o Sistema

Solar passou, nao apenas para refinar o modele padrao, mas também para servir como
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urn Leste de seus resultados. Os asterdides e os cometas podem ser esta fouve de in-
formagoes, pois seu pequeno tamanho e consequentemente sua limitada atividade geologica,
indicam que sejam corpod primordials em comparagdo com os planetas. Estes provavel-
mente gnardam as informagies da histéria quimica e mineraldgica e dos processos pro-
dominantes na nebulosa solar. sendo portanto possivel que alguns dos mareriaia presentes
no cinturio de asterdides sejam [Ossels residuais dos plunctas terrestres no inicio de sna

formagia.

Atualmente temos mais de %5300 asterdides numerados em um total de mais de
25000 observados (Tholen, 1998), Estes objetos nao sao exclusivos da regido entre Marte
e Jupiter, chamada de cinturao principal, mas sao também encontrados no Sistema Solar
interior sendo conhecidos como objetos proximos da Terra (NEO, ou Near Earth (-
jects), ou no sistema solar exterior, cruzando a drbita de planelas gigantes ¢ denominados
de Centourcs. Hé& também os objetos recém descobertos além da drbita de Neluno, os

Tronsnetuniancs.

A distribuicio de asterdides no cinlurio prineipsl nos revela uma estrutura resul-
Lante de wna série de fendmencs [izicos significalivos., Observamos wma série de lacunas e
acurmulos de abjetos em determinadas repioes determinados por ressonincias com Japiter.
Outras concentragaes seriam resuliados de colistes catastrolicas de corpos maiores, sendo
chamadas de femilins para diferencid-las de outros agrupamentos de origem essencialmente
sravitacional, como o Trotanos ¢ og Flldes. que estdo om ressonéineia I:2e 302 com Jipiter,
A figura 1.1 mostra a distribuigio heliocéntrica de semi-cixo maior para aproximadamente

4000 asterdides numeradoes.

O objetivo deste trabalho é analisar do ponto de vista [sico-guimico algumas
amostras destes pequenos corpos considerados entre os mals primitivos do Sistema Solar.
Para isto realizamos varias missdes de observag@o, tauto em [olometria como em espec-
troscopia. As observagdes espectrosedpicas com a finalidade de delerminar a possivel com-
posiciao mineralégica de asterdides, e az fotométricas a de caracterizar o estado rotacional

destes objetos. No caso especifico de Chiron, objeto possivelmente em Lransicio entre o
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Figura (1.1) Distribuicdo heliocéntrica de semi-eixo maior para aproximadamente 4000
asterdides numerados (Binzel et. al, 1991). Notamos uma série de agrupamentos, como as
familias de asterédes FEos, Themis, Koronis e Flora, e agrupamentos de origem essencial-

mente gravitacional como os Hildas e os Troianos.

Cinturao de Kuiper e o Sistema Solar interior, o objetivo foi o de analisar e monitorar a

sua atividade cometéria, visando um melhor entendimento de sua evolugao.

As amostras escolhidas para a andlise espectroscépica foram principalmente de
familias de asterdides, visando a confirmacao ou nao de uma origem comum de seus

membros, assim como o conhecimento da composi¢do mineralégica atual destes objetos

5



¢, conseqgientemente, um entendimento da possivel composicio do corpo ariginal. Isto
poderia fornecer indicios sobre gradientes fisico-quimicos ¢ térmicos ocorridos na regiao do
cinturao, jd que suas formagdes devem ter sido originadas em regioes distintas. Também
escolhemos objetos proximos a drbita da Terra, pois estes podem [ornecer informacoes
importantes sobre a origem de meteoritos,  Os asteroides de tipo taxonomien C foram
também analisados. pais nos remetem ao problema da alteraciio agquosa em asterdides e

a0s eventos térmicns ocorridos,

Estudamos também o estado rotacional de asterdides do cinturao principal, dando
énfase aos pequenos objetos. O interesse principal deste estudo & a caracterizagao da
evolugao colisional sofrida por estes objetos. Nosso objetive [ol principalmente o de au-
mentar & amostra estatistica dog periodos de rotagao e amplitudes de curvas de luz con-
heeidos.

Clam respeito a Chiron, a finalidade foi de analisar e monitorar sen comportamento,
visando uma melhor compreensao deste Lipo de objeto. Chiron, desde a sua descoberta,
apresentou umn compoertamento atipice. e sua primeira aproximacio ao periélio se carac-

terimava portanto como wn momento mmuito propicio para observacao.

O presente trabalho estd organizado em gquatro partes, iniciando com uma breve
revisao histdrica sobre a descoberta dos asterdides. Os resultados das observacdes espec-
troscopicas s&o apresentados no capitulo 3. As observagoes fotométricas de asterdides sao
descritas no capitulo 4, enguanto as de Chiron no capitulo 5. Por fim, apresentamos as

conchites e algumas perspectivas hituras,



Capitulo 2

A Descoberta dos Asteroides

A exisléncia de um planeta na regiio que chamamoes de cinturio de asterdides
foi sugerida por Johannes Kepler quando escreveu: “Jnter Jovem et Martem Interpossii
Flanetarn”. Kepler deve ter ulilizado sua crenca emn wm universo ajustado de forma orde-
nada para fazer esta afirmagio, ja que a distincia entre Marte e Jipiter era muito maior
comparada 85 distAncias entre os outros planetas ja conhecidos (Gg. :3.1). Apesar desta

afirmagao este plenela nao [azia parte de seu modelo cosmoldgico.

Em 1766, Titius von Wittenburg, professor em Wittenbere, desenvolve nma fiarmn-
Ia empirica para as distdncios planetirias (Cunningham, 1988a). Titius definin a distincia
do 8ol a Saturno eomo sendo de 100 unidades, logo Merairio estaria 2 4 unidades do Sal,
Vénus a 4—3=7, a Terra a 14t=10, e finalmente Marte a 4—12=10, Entretanto, existe uma
falha nosta progressio regular: oo espago 4-+-24=3% unidades nan ¢ encontrado nenhum
planeta. “Podemos acreditar gue o Crindor do munds tenha deizado este cspage vazia?
Certamente, naaf® Disse Titius, provavelmente influenciado pela mesmsa crenca em wn
universo ordenado que Kepler possnia. Segnindo com a lei teriamng Jiipiter a 44+48=52 e,

finalmente, Saturno a 44196=100 unidades. Esta formula pade ser eserita como:

¥ =04+0,3(2""), wm=012. (2.1)

Paran=10, ¥ = 0,4 que corresponde a drbila de Meredrio em unidades astrondinicas.
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Figura (2.1) Distancias planetdrias

Na segunda edigao do livro de Johann Elert Bode *, “Introducio ao Conhecimento
do Céu Estrelado”, publicado em Hamburgo em 1772 (Shapley e Howarth, 1929), ele fala
da provavel existéncia de outros planetas no Sistema Solar. Em 1781, William Herschel
descobre Urano. Bode se vale desta descoberta para divulgar esta férmula, onde ao aplica-

la para Urano obtém-se 4+192=196 unidades, valor este em acordo com as observagoes.

Devido a utilizagao por Bode da férmula de Titius para promover o problema
do planeta ausente (entre Marte e Jupiter), esta é normalmente conhecida como Lei de
Titius-Bode (fig. 2.2). Uma das caracteristicas desta “lei” é a de ser puramente empirica,
baseada apenas nas observagoes, como adverte Bode, que faz o seguinte comentirio em

relagao a esta lei: ...ela indica a ordem harmoniosa que reina em todo lugar, no grande

* Johann Elert Bode (1747 - 1826), astrénomo alemdo, diretor do Observatério de

Berlin, fundador da revista Astronomisches Jahrbuch
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Mean

distance
T o T T 387 units 387
VB o i s s AR 387 + 293 = 680 723
The Earthi ... ..coveniee e omeimmsoe 87+ 2293 = 973 1,000
Mars s omssmrmaerei L s e o . 3874+ 4X 293 = 1,559 1,524
Probable planet between Mars: and

Jtllpitcr ......................... 3874 8X 1293 = 2,731

J.uplu:r ........................... 387 + 16 X 293 = 5,075 5,203
SULUTRL o 387 432X 293 = 9,763 9,541
Uranus.. . oo, 387 464 X 293 = 19,139 | 19,082

Figura (2.2) Lei de Titius-Bode. Publicado por Bode com o professor Wurm na As-
tronom. Jahrb. em 1790, p. 168. A distancia média de Merciirio ao Sol é de 387 (a
distancia da Terra = 1000) (Shapley e Howart, 1929).

trabalho da Natureza.

Neste momento histérico, onde a comunidade astrénomica anseia pela descoberta
do planeta ausente, surge a figura do Barao Franz Xaver von Zach (1754 - 1832). Zach,
nascido em Pest, hoje parte de Budapeste, muda-se para Londres em 1783 onde torna-
se amigo de William Herschel e Count Moritz von Briihl, embaixador da Saxénia. Em
1785, ele acompanha Briihl a uma visita a Ernst II, Duque de Saxe-Gotha, que expressa o
interesse em construir um observatério proximo a Gotha (na antiga Alemanha Oriental).
Briihl se oferece para adquirir um telescépio de Herschel e sugere que Zach seja o diretor.
Logo em 1788, Gotha possui o “Observatério Seeberg”, contendo finos refratores, sextantes

e cronometros, tornando-se um dos mais bem equipados da Europa.

Quando o Observatério Seeberg estava pronto, Zach deu atengdo & pesquisa as-
trondmica, j4 que se dedicava anteriormente a geodésia. Crente na “lei de Titius-Bode”,
ele tenta encontrar o planeta entre Marte e Jupiter. Mas, sem sucesso, logo conclui que

um esfor¢o mais organizado seria necessario.

Para conseguir a ajuda da comunidade astronomica, Zach comegou em 1798 a

editar a revista astronéomica “Geographical Ephemeris” e organizou o primeiro congresso
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astrondmica. Por 10 dias, 14 astronomos disentivam sobre diversos Lemas, eomao o signifi-
cido do tempo, a adogao do sistema meélrico e a demarcagao de novas constelagdes, O
jornal logo se torna uwm veiculo importante de disseminacao de pesquisas. Seu primeiro
volume conbém 18 observacoes do eclipse solar de 24 de junho de 1797, Zach deve ser

apreciado pelo rigorass eritério cientifico na ezcolha dos artigos (Shapley e Howart, 1929),

Em 1800 Zach [unda um jornal menos formal. o Meonthly Correspandence. e cede a
editoracao do Geographical Ephemeris a outres. Com isto sobra mals lempo para 8 procura
do plancta ausente e eolao Zach estabelece uma companhia fechada de 24 astrinomos
para & procura deste suposto planeta, Schriter foi selecionado como presidente da “policia
celeste”™ e Zach seu secretario. Para cada membro fol designada wma direa de 157 de largura
por 77 & 87 de altura em relacan a cclitica para efetuar a procura sisterpética (Cunninzham,

1488h).

Mas coube ao acaso a descoberta do “plancta ausente”™ por nm astrondmo siciliano,
Giuseppe Piazzi, que fol o primeire diretor do Observatdrio Real de Palermo, responsavel
por nm dos mals inportantes catalogos de estrelas do sen tempn. Durante a primeira noite
de 1801, Piazzi vin uma “estrela” fraca nio catalogada na constelacao de Toura. Em 24
de janeiro de 1801, época da Invasao da [tilia por Napoledo, Plazzi escreve wma varta em
seu dialeto siciliane & una amizy em Mildo:

“‘Dewdn a circnstancias politicas, temaos interrompido todas as nossas correspon-
dénecias, eu me avenluro a the escrever, smpociente por contar-the as novidades. No
prumeire dio de janeiry enw observed wma estrele de ottave magnitude em Tourn, o gual
na noite sequinte avangon aprovimedamente 3307 para o norte ¢ 4 para Aries. Verifi-
cando mandias observagoes do 3% & 4.9 dins de jomevrn ew encontre mais on MeNos 0 MESMo
morimenta. No 2.7, 6.7, ©.7. 87 ¢ 87 dias de janeire 0 cfu estava nubfado. Fu ainde vi o
estrelu em janeiro no 10.% e 119 dias subsequentes e 13,9 ... 25.° de janeiro. Sua ascengio
reta na primeirn ohservagdo era 519 47" com wma declinagdo de 167 8 19" dos dias 10 ao
11, de win movimento vetrogrado lormou-se direio. E no 23° din de joneiro eu observer
uma ascengdo reta de 512 46° com nwmae declinegdo de 172 8. Fu tinha anunciade esta

estrele como umn comela, Mas o fato de @ eslrela nio estar scompenhude de nebulosidade
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e aen movimento ser mule lento e wm lento uniforme. tem me cansado muitas vezes con-
siderncoes que talfvez este sein mais que am cometa. Fatvelanio ew sered oo cutdoduso
anfes de fuzer conjecturas publicas. Quando ew colelur win grande niimern de observacdes,
cu calewlarei gsens elementos. Neste meio tempo zerin muito lom se vocé o observasse,

formando-me de seus resullados.

No dia seguinle ele escreve uma carta similar 4 Bode em Berlim, onde no final da
carta diz “...Fu pego agnda para saber se anlros astrdnemos jo o observaran; nesle caso
me solvaria de compular sue orbila.” Bode pao Leve divida de gue o ohieto descoheorto
por FPiazzi era o oitavo planeta do Sistema Solar. A descoberta fol anunciada no Monthly
Correspondence. Em honra a deusza protetora da Sicilia, Piazel den o nome de Ceres a este
novo objeto. Logo apos sua descoberta Piazzi recebe nma carta, enviada por Zach anses

deste fato, convidando-o a participar da “policia celeste™.

O novo abjeto foi ohservado durante 41 noites quando entao, devido a uma doensa
de Piazzi, as observagoes foram inverrompidas. Quando ele retomnon as observagtes, Ceres
jé tinha se deslocado hastante no cén e era tio dificil acha-la quanto na época de sua
dezcoberta. [ira necessdrio um nove método de determinacio de drbita com pouces pontos
astromeétricos. Surge entao Carl Friedrich Gauss (1777 - 1855), matemdtico alemio e
diretor do Observatorio de Gottingen, que resolven o problema, aplicando o método dos
minimos quadradaos A tearia de drbitas. Como ele mesmo diz: ¥ wma étima apartunidade de
teslar o valores priticos de meus conceitos € empregd-los pare a delerminagdo da drbita do
planeta Ceres” (Shapley ¢ Howarth, 1929). Em outubro de 1801 ele publica os clomentos
arbiztals de Ceres: semi-eixe maior 2,77 LA excentricidade (0,08; inclinagho 11°.

Com as cfemérides provistas por Ganss, Zach fol o primeiro a reencontrar Ceres em
7 de dezembro de 1801. Como havia quatro estrelas fracas proximas da posicdo prevista,
ele nao se sentiu apte a confirmar & redescaberta. Somente nas primeiras horas da manha
do més de jancirn em 1802, Zach concluin a identificacao de Ceres. Independenlemente,

Heinrich W. M. Olbers em 1 de janeiro de 1802 lambém o enconlra.

Mas o problema do planeta ansente nao estava solucionado, pois a magnitude de

Ceres era muito menor do gue a de Marte e Jupicer. Og astrondmos Linham previsto um
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corpo bem maior, o qual apresentaria seu disco quando observado através de um telescépio,
assim como 0s outros seis planetas conhecidos. Olbers continua a observar Ceres a fim de
fornecer novos dados a Gauss para um célculo mais preciso da 6rbita. Em 28 de margo,
ele descobre um outro objeto se movendo préximo a Ceres no céu. Um segundo planeta,
que levou o nome de Pallas, tinha sido descoberto. Gauss, se referindo a Ceres e Pallas
diz: “ um casal de torrao de barro o qual chamamos de planeta.”. Esta frase é um bom

indicador de que estes novos objetos nao foram prontamente aceitos como planetas.

No ano seguinte 3 descoberta de Pallas, o préprio Olbers, baseando-se em uma
teoria de 1794 de Chladmi sobre a origem extra-terrestre dos meteoritos, chegou a propor
que estes novos objetos seriam restos da explosao de um planeta na regidao entre Marte e
Jupiter. Neste mesmo ano, William Herschel sugeriu o nome de “asteréides” para estes
corpos, que significa em grego “quase-estrela”, devido & sua aparéncia estelar quando vistos

através de um telescépio.

Com as descobertas de Juno, feita por Harding no Observétorio Schoeter em
1.° de setembro de 1804, e Vesta, encontrado por Olbers em 19 de marco de 1807, a
hip6tese do planeta ausente terminava. Mas a teoria que propunha que os asterdides
seriam fragmentos de um planeta maior “salva” a lei de Titius-Bode. O interesse sobre os
asterdides parece terminar momentaneamente, e os seguintes a serem descobertos foram
Astraea (1845), Hebe (1847), Iris (1847), Flora (1847), Metis (1848) e Hygieia (1849), por

diversos observadores.

E o Barao? Ele funda o seu terceiro jornal astronémico, Correspondence, publicado
em francés entre 1818 e 1827, quando j& nao era mais diretor do Observatério de Seeberg.

Ele morre na epidemia de célera em 1832.

Sucederam-no na dire¢ao deste observatério, Bernhard von Lindenau, Joham En-
cke e Peter Hansen. Em 1856, o observatério foi transferido para a cidade de Gotha, e a

sede antiga transformou-se em restaurante e foi finalmente destruida pelo fogo em 1901.

Na virada do século a comunidade astronémica perdeu parte do interesse pela
pesquisa sobre estes pequenos planetas, chegando ao ponto de ser considerado impréprio

aos grandes observatérios seu estudo (Gehrels, 1979). Somente no final da década de
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70 o estudo de asterdides comegon a passar por nma grande transformacio, devida prin-
cipalmente ao desenvolvimento de uma taxonomia ¢ 4 interpretacio de sua compesican
nuneralogica, assim como a5 descobertas de uwm namero muito maior destes objetos. Es-
peramos acrescenlar, cow este trabalho, nm poueo mais de informacio sobre estes pequencs

corpus, que jd chegaram a ser chamados de vermes do e,
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Capitulo 3

Composicao Mineralogica de Asteroides

3.1 - Introdugao

Acredita-se gue os asterdides sejam objetos preservados de uma populagao de
planetesimais que exizstia na regido do Cinturde. Ewm outras partes do Sistema Solar, po-
pulagdes similarves a esta se aglutinaram para fortnar os planelas. A medida que & maléria
foi sendo acretada para formar os planetas, processos fisico-quimicos foram modificando
os componentes originais. O2 asterdides, por ontra lado, devide ao sen pequens tamanho,
devemn ter mantido menos alterades sens materiais originais. Mais ainda, a identificacan da
composicao mineraldgiva dos asterdides pode fornecer dados sobre o5 possivels gradientes
de temperatura, pressao e compoesigao da nebulosa proto-planctiria. Note-so que certos
materiais exigem intervalos de femperatura bem definidos para ze formar. Como exemplo
podemos citar certos materiais condritos. os enstatites, gue requerem uma temperatura
muito maior para formaczo do gue o3 carbondceos. Conseqiienterenle, associar a coin-
pusicao mineralogica & posigac heliocéntrica pode prover informacoes importantes para
elahorar modelos de formagio do Sistema Solar.

0O conhecimento sobre a composicio dos asterdides pode ainda ajudar a resolver
alguns problemas [undamentais em planetologia (Gaftey et al, 1993), tais como: aj a
origem dos meteoritos, em especial dos condritos ordindrios, que representam a maior
parre dos que caem na Terra e para os quais ainda nao hd uma identificagio preciza da
populacao de asterdides a eles associados; b/ 0s mecanismos principais de aquecimento, que
podem ser discrizninados através de uma caracterizagio detalbada doy asterdides fpneos,
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Figura (3.1) Curvas espectrais de reflexio para 4 minerais comuns em meteoritos e
possivelmente presentes em asteroides. (&) Ni-Fe; (b) olivina; (¢) piroxénic e (d) feldspato

(Burns, 1993).

desenvolvidos para determinar as abunddocias relativas destes mioerais alravés de cali-
Lragoes enipiricas em laboratorio (Adams, 1974; McFadden e Gaffey, 1978; Cloutlis &l ol
1986; Cloulis ¢ Galley, 1991), mas todos limitados a algumas espéeles de minerais.

A caracterizacin do material superhcial pode ser dividida om 4 categorias: clas-

sificagan taxonomica, forma da curva espectral, bandas de absorcao o amalise gquantitativi

16



dos espectros. A classificagao taxondmica usa parimetros como Indice de cor e albedo os
quais devem ser representativos da composicae superficial. FEm geral, diferentes claszes
taxonomicas podem representar diferentes composigdes, embora o oposto nao seja obvio:
os aslerdides de uma mesma classe ndo possuem necessariamente o mesmo tipo de com-
posigan. A comparagio da curva espectral de asterdides com a de meteoritos é uma forma
rapida de identificar uma pessivel mineralogia, embora algumas classes, como as E, M e
I, sejam diliceis de distinguir enlre si apenas através da curva cspectral, A existincia de
certags bandas de absorgao & também um forte indicio de seu tipo mineralézico; como ex-
emplo mais comnm temos as bandas que indicam um processo de alteragdo aguosa, tiplcas
dos filossilicatos. Uma analise quantitativa de algumas bandas espectrais pode indicar as
abundaneias relativas de certos materiais. Por exemplo, as dreas e posicoes do minime das
handas de 1 e 2 pm indicam a quantidade relativa de elivina e piroxénio, caraclerizando o

tipo de composigan pravavel do piroxénio.

Embora a comparagio direta entre as curvas espectrais de asterdides e vs espectrod
de meteoritos e minerais terrestres tenha tido wm sucesso limitado, lem revelado a possivel
cowposicao destes objetos. Muilas das diferengas entre vs espectros de asterdides e de me-
teoritos com composicao provavelmente andloga, tém side atribuidas a processos espaciais
de "envelhecimento” da superficie asteroidal, tais como: virrificacio. choques, vento solar,
erc. As conseqiiéncias destes processos na superficie de nm asterdide foram observadas
pela sonda espacial GALILEO. Discutiremos mais detalhadamente este processo na segio
34,

3.1.1 - Taxonomia e Caracterizacao Mineraldgica

Az primeiras diferencas entre as cores dos asteroides comecaram a ser percebidas
logo apds suas descobertas. Williain Herschel publicon em 1802 que a cor de Ceres era
diferente daquels de Pallas. (s primeiros espectros de asterdides foram obtides em 1920
por Bebrovnikoff, o qual ignalmente constatou que o espectro de Ceres era mais azul do
gue o de Pallas. Entretanto. apenas na década de oitenta fol acumulada wma quantidade

de dados suficiente para se elabarar uma classificagio taxondmica de asterdides.
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A taxonomia de asterdides € baseada na analise estatiztica de grandesas como
cor, albedo e caracleristicas espectrais no visivel e infra-vermelho proximo destes obje-
tos. Trés classificagdes, obtidas independentemente e por diferentes métodos, sdo as mais
utilizadas. Tholen (1984) analisou essencialinente os dades espectro-fotométricos em 7-
cores do catdlogo Eight Color Asteroid Survey—=ECAS [Zellner ef al, 1983) contendo 405
asterdides, Foram propostas 8 classes prineipais —C, 5, M, A, E. P, I, T—, 3 subclasses
—B. F, G— e 3 oulras classes contendo apenas um objelo por classe =V, R, (O—, ou seja_d
Vesta, 349 Dembowska e 1862 Apollo. () método de classificagio utilizado hiseia-se rum

algoritmo chamadao “arvore minimal”.

Na taxonomia de Barueei (Barncei ef al. 1987) ¢ utilizado o métndo *G-NMode”
(Coradini et al., 1977) aplicado aos dados espectro-fotométricos de T-cores do ECAS e
avs albedos de 438 asterdides obiidos pelo Infrared Astronomical Satellite—TRAS (Matson.
1986). Sdo obtidas 9 classes principais: B, B, G, C, M, D, 5, V. A.

Finalinente, a taxonomia de Tedesco (Tedesco el al., 19349) utiliza os indices de
cor v—z do BECAS, os albedos do LRAS e indices de cores U=V, Através de uma andlise
om pares destes trés parametros, os autores encontraram 11 classes de asterdides. embora
estas nan sejam suficientes para classificar todas os abjetos. Tres objetos: 2 Pallas. 4 Vesta,

o 348 Dembowslse nao foram classificados negne sistema.

As classificagoes de Barueci e de Thelen, que sho as mais nsadas, sao coerentes
entre si (Tholen ¢ Barueci, 1989) com algumas pequenas diferencas: asclasses F, T e B de
Tholen estao incluidas nas classes B, D e C de Barucel, respectivamente, Os objetos Q), R

e V de Tholen sao classificados como V por Barucci.

FEstas taxonomias sao baseadas em dados oblidos essencialimente no visivel, igno-
rando as caracteristicas mineraldgicas fundamentais que os asteroides possuem no infra-
varmelho, Com o anmento dos dados neste intervalo de comprimento de onda, se cspera
aque nma nova classificagio taxondmica venha a ser feita a qual possa relacionar de forma

mais segura uma classe com um tipo mineraldgico.
Vale galientar que embora a elassificacdo laxonomica pao utilive nephum eritério
mineraldgico especilico para a delinicio das classes, os pardmetros oticos ulilisados nestas
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classificagoes estao ligados i composicio mineraldgica superficial dos asteroides. Uma ca-
raclerizacao mincralégica superficial para alguns asterdides e alguns tipos de meteoritos
com compnsican similar a uma determinada classe taxonomica. foram propostos por Gaffey
(1978) e Galffey e co-antores (1498%). Os tipos mais comuns de meteoritos andlogo. e uma
caracterizagio mineraldgica geral para as priacipais classes laxontmicas estao descritos na
tabela I Podemos notar nma variagio considerivel de composicio cntre as classes, assim
como dentro de uma mesma classe. () tipo S por exemplo, varia desde os meteoritos

pallasitas (rochoso-ferroses) aos condritos ordindrios (ver secio 3.1.2).

Tabela I
Prinecipais Classes de Asterdides: Caracterizagan Mineraldgica

e Meteoritos Analogos

Classe Possivel Caomposigao Metearita Anilogo
C (B, Fe@) Silicatos hidratades — Carbono Condritos Cle CM
Substancias Organicas
DzP Silicatos anidras + Carhono Nfo tem
Material orginico Particula de poeira orginica(?)
E Enstatite Acondrilos enstaliles
M Metal + Enstatites Meteoritos forrosos
5 Metal+ Olivina + Piroxénio Pallasilas (Lerro-rochosos)

Condritos CO/CV
Clondritos ordinirios

Vv Piraxénio + Feldspato Acondritos hasdlticos

3.1.2 - Classificacao Geral de Meteoritos

Uma classificacao geral de meteoritos quanto & sua composicao quimica os separa
ern 3 tipos lundamentais: rochosos, ferrosos e rochoso-ferrosos. Os ferrosos sao misturas de
Fr. Ni e Co, enquanto gue os rochoso-terrosos sio misturas de minerais siliciacos ¢ mebads.
Os ferroscs representam em torno de 3 %% de todos o meteoritos que caem na Terra e, de
acordo com a quantidade de Ni em soa composicio, eles sdo classificados em: hexahedrito

(< 7 % Ni). octahedrito (> 7 % Ni) ¢ ataxito ricos em Ni (16 a 60 % de Ni) (Lewis ¢ Hutson
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1993). Os rochoso-forrosos, que s2o0 em torno de 1 % dos que caem na Terra podem ser
agrupados em 2 classes: os pallasitas, onde a olivina é dominante e os mesosideritos, onde
(5 piroxenios e feldspatos sao dominantes, A tabela IT mostra nm esquema da taxonomia

de meteoritos,

Dentro dos rochosos ha nma enorme diversidade em relacio as propriedades fisicas
& guimicas, podendo esta classe ser subdividida em condritos e acondritos. baseado na
presenca ou nao de céndrulos. Os céndrulos sao pequenos grios esféricos que variam de
tamanhe microsedpico a alguns milimetros, usualmente compaostos par ferro, aluminia ou
silicatos de magnesio, sendo sua composigio similar aquela encontrada na fotosfera solar

(Sears e Daodd, 1988).

Tabela IT

Taxonomia de Meteoritos

Rochosos: Predominia de silicacos, sendo 96% de todos os que caem na Terra
Condritos 88%
Primitivos, material indiferenciado, com idade de 4,63¢10° anos
Abundancia de elementos proximas a solar
Farmado por edndrulaos
Acondritos 8%
Objetos ipneos (99% de silicatos e 6xidos)
Marerial diferenciado de acordo com a densidade
Quase todo o material [oi solidificade a 4,6 210% anos atris
Rochaso-ferrosos: 1% de todos os que carm na Terra
Aproximadamente 50% de misturas metalicas e 30% de silicalos
Ferrosos: 3% de tados os que caem na Terra
Apreximadamente 89% de misturas de Fe, Ni e Co

Oz meleorilos coudrilos nao zofreramn uma fundigio nem nma diferenciagio de sens
elementos, sendo portanto considerados primitives. Esta diferencincio separaria gravita-
cionalmente pm camadas seus camponentes, devido A diferenca de densidade entre eles. Os
acondritos teriam sofrido este processo de aquecimenlo e, conseqgilenlemente, uma difer-

enclacao de seus materiais. A figura 3.2 mostra um esquema idealizado de dois Lipos de
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Figura (3.2) Secgoes transversais de um corpo ariginal (aslerdide) idealizade de mete-
oritos. A primeira figura representa wm asterdide 1adiferenciado, compuosio por grios de
olivina, pirosxcénio, feldspato e ferro misturados de forma homogenea. com composicia sinni-
lar aos condritos ordindrios. A segunda representa um asterdide dilferenciado formado pola
fusao destes matcriais, scparados gravitacionalmente de acordo com a densidade (Fejerhers
el ul, 1952), Bate segundo modelo poderiam ser o corpo original dos meteoritos acondritos

e/ou rochosos-ferrosos.

asterdides, onde o primeiro nae sofreun nm processo de diferenciacio de seus materials,
enquanto o segundo foi aquecido suficientemente para fundir seus elementaos e separd-los
em camadas. No primeiro caso, esle corpo poderia ser a arigem de um mieteorito con-
drits, snquanto no segumdo caso de acondritos e/ou rochoso-ferrosos. No segundo caso, se
0 corpo diferenciado sofresse uma colisao catastrofica, sen micles metilico poderia ser o

corpo origical de meteoritos ferroses.
Qs meteoritos condritos, por sua vez, ge dividem em 3 suclasses: os carbondceos, os
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ps enstatites e os ordindrios. Os vondritos ordindrios =30 a grande maioria. aproximada-
mente 88 74 dos que cacm na Terra, e possuem UIma composicao que é wma mistura de graos
de olivina, pirexenio, feldspalo e metais. De acordo com a abundincia de ferro presente em
sua composigao sao dividides em: H, L e LL. Os meteoritos do grupo H apresentam uma
alta quantidade de ferro (l'e:5i =2 (,8), os L possuem uma baixa guantidade de Fe (Fe:Si
= 0,6) e o8 LL uma quantidade ainda menor (Fe:5i = 0,3). Estes meteoritos tém aproxi-
madamente a mesoma mineralogia, sendo que estas diferencas na guantidade de Fe devem
refletit termnperaturas distintay em sna formacan, onde o farro poderia sar mais abundante

a altas temperaturas na nebnloza solar (Lewis e Tutson, 1993).

(s condrilos carbonaceos representam aproximadamente 9% de todos os condri-
tos, sendo altamente oxidados e contendo cornpostos organicos, minerais opacos, dguza ¢
pouco metal livee, Estes meteoritos sdo [reqlientemente aceitos como as amostras quimicas
mails primitivas do material proto-salar, embora tenham sofrido uma alceragio em sua min-
eralogia devido a um metamorfismo Lérmico e/ou um processo de alteracao aquosa a baixa
remperatura (MeSween, 1979). O metamorfismo térmico resultaria em uma mudanga de
Fe/Mpg entre os condrulos e os graos de olivina e piroxénio, enguanto gue num processo de
alteragio aquosa a baixa temperatura (< 320 K) a dgua agiria como solvente produzindo
materiaiz como as filossilicatos, sulfatos, dxides, carbonatos e hidréxidos. Os condritas
carbonaceos 8a0 subdivididos nos grupos: CI, CM. CO e CV. Os CO e CV sao sinilares
ans condritos ordindrios, mas possuem olivinas mais ricas em Fe. Os condritos CM ¢ CT
possuem uma variedade de silicatos hidratados. A maior parte dos meteoritos CO e CV
parece ter sofride um metamorfisine, enquanto que os CM e Cl um processo de alteragao

AQUOSA.

Os condritos enstatiles, que representam de 4 a & % de todos os condritos, possuem
predominantemente metais, enstatites e vidrios sulfidos (Sears e Dodd 1988). Eles sao
divididos em 2 grupos: EH (alta quantidade de Fe e condrulos) e EL (baixa guantidade
de Fe e condrulos).

(rs meleoritos igneos rochosos, chamados de acondrilos, s&o agueles que foram

submetidos a altas temperatnras sendo, no minimo, parcialmente fundidos e resultando
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em uma diferenciagio de sfus componentes (fig 3.2). Os acoudrilos representam aproxi-
madamente 8 % dos que caem na Terra, sendo divididos em 6 classes de acorde com as
abundéancias de Ca. Mg ¢ Fe: encrites, howardites, diogenites, wreilites. acondritos en-

statites e rachas lunares e marcianas,
3.1.3 - Principais Classes e suas Problematicas

A sepuir faremos uma breve descricdo das principais classes de asterdides, suas

provavels composicoes e suas problematicas.
a) Classe C

s asterdides do lipo €, que 830 4 maioria no cinturfio principal (fig. 3.3), sio
caraclerizados por baixos albedos e por wmn espectro de reflexfo plano no visivel ¢ infra-
vermelho proximo, além de wn declive em intensidade para comprimentos de onda infe-
riores a 0,5 pem (fig. 3.4). Tstes asterdides tém sido associados a meteoritos condritos
carbonaceos CI e CM os quais, devido aos seus baixos albedos, leriam uma grande quan-
tidade de material opaco, como o carbono (Johson e Fanale, 1973). As classes F, Be G
foram deseritas por Tholen como variagoes da classe C e teriam surgido, segundo Bell e
co-antores (1989), por alteragio quimica em um perindo pos-acrecao. Todos ns membros

destas classes se enconlram na mesma zona do cinturio que os objetos da classe C.

Os espectros de reflexao de muilos asterdides do tipo € mostram a banda de ab-
sor¢ao em 3 pm, caracteristica da presenga de silicatos hidratado ou filossilicatos (Lebolsky,
1978; Foiberg et al., 1983). Esta banda sugere que a superficie destes asterdides tenha sido
submetida a umn processe de alberagio agquesa em wma mistura de silicatos anidros e gelo.
Por outro lado, a auséncia desta banda em mmitos asterdides desta classe poderia indicar
mmsuficieneia destes silicatos hidratados implicando que: (i) o corpo original nao possuia
golo, (i) o asterdide escapon de nm processo de aquecimento necessério para gerar esta
alteracio aquosa, (iii) o objete fol aguecido a tul ponto de se desidratar completamente
(Gaffey el al., 1993).

A auséncia desta banda também foi estudada por Feierberg e co-autores {1983),

(ue propuseram gque um acquecimento interno devido ao decaimento de radicisétopos (como
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Figura (3.3) Alguns tipus faxonémicos em fungdo de suas distdncias heliveéntricas.
Vemos que os § dominam na parte interna do cinturdo, enguanto que os O na parte

externa (Gradie e Tedesco, 1982).

o 2% A1) levaria a agua do interior para a superficie. Subsegiientes colisdes revelariam
entao seus nicless anidros. Sendo assim, o8 asterdides oriundos do material nuclear nao
aprezentariam as handas de absorgio relativas a4 alteragio agquosa. Evidencias de nm
metamorizmo térmico nestes tipos de asterdides foram encontradas por Hirol e eo-autores
(1993) quando compararam os espectros de trés meteoritos do tipe CM - Cl incormuns
(apresentavam evidéncia de melamorlismoe térmico), com o8 de irés asterdides [1 Ceres
(G), 31 Euphrosyne (C) e 704 Interamnia {F)] encontrandn grandes semelhangas. Além

disto, aquecendo (entre 600°C e 10007C") em laboratdrio o meleorito Murchison, um tipo
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Figura (3.4) Espectros tipicos de reflexac de 4 fipos taxoudimicss.

comnm de meteorito condrito carbondceo, verificou-se que a medida que a temperatura
aumentava o espectro deste objeto se tornava mails proximo dos de 5 asterdides do lipo

C e 5 do tipo G. Izsto levou Miral ¢ co-autores a sugerir que ca asterdides do tipo C, B,
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(i e I seriam o8 micleos de objetos que sofreram uma alteracdo térmica, e 0s meteoritos
condritos carhaniceos seriam uma amostra das camadas mails externas que permaneceriam

malteradas,

Uma banda de absorcio em 0,7 pm, abribuida i transferéncia de carga Fe¥™ —
Fe't em filossilicatos, tom sido também encontrada em varios asterdides do tipa C e C
(Sawyer. 1991) e em varios meteoritos condritos carbondcecs (Gaffey e MeCord, 1979).
Uma forte correlacao entre as bandas de 3,0 e de 0,7 pm fol posteriormente encontrada
por Vilas (1994) sugerindo sua origem por processos de alteracio aguosa de seos materiads
superficiais. ji que a handa de 3.0 pgm & um indicador da presenca de dgua. A presenca
desta banda em vérios asterdides deste tipo contradiz a hipdtese de que eles tenham sofrido
um grande aguechinento, pois esta banda desaparece totalmente quando submetemos um
meteorito condrito carbondees (do tipo Murchison) a uma temperatura préxima ou maior

que 400°C (Vilas e Sykes, 1996).

Esta aparente contradicao entre 03 modelos para explicar a composigio superhicial
destes asterdides Lalvés possa ser explicada se considerarmos que haja uma diversidade na,
compoesicio mineraldgica dentro desta classe de objetos. Além disto, esta diversidade pode

também ser uma indicacio de diferentes processos térmicos que estes objetos solreram.

Foi encontrado por Vilas e Sykes (1996) uma leve correlagio entre o metamorfismo
térmico, a alteragao agquosa e o didmetro dos asteroides do tipo O e subtipos. Exceto para,
a classe B, a pereentagem das asterdides que apresentam a banda de 0.7 pm diminui camn
a didmetro. Isto poderia ser explicado considerando que, para uma dada distdncia he-
liscenlrica, 08 corpos menores seriam os fragmentos de partes distintas de corpos originais,
revelando eotio uma mator diversidade em sua composigio. Os corpos malores, por sua
vez, manteriam uma maior homopgeneidade na composigao. Este tipo de correlagao fol

tambén encontrado por nds nos mermbros da familia de Themis (ver secio 4.7.3).

Muitas outras bandas de absorgao relacionadas com o processo de alteragio aquosa
¢ atribuidas i transferéneia de cargas erm minerais silicatos tém sido encontradas, tais como:
(0,43, 0,60-0,65 ¢ 0.80-0,90 wrn (Vilas ef al., 1994). Todas estas bandas sdo atribuidas &

presenga de dxidos de ferro em filossilicatos.  Vilas e co-aunores (1994) propuseram a
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existéncia de nma regido no cintnurio principal onde estariam os peterdides com indicios de
alteracio aquosa. Esta regiao estaria entre 2.6 e 3,5 A, com a excecao de uma peguena
zona entre 2,8 ¢ 3,0 U.A.. Dados obtidos por nds confirmam a existéncia desta regian, mas

nio da pequena zona vazia deste Lipo de asterdides {ver segio 3.2).

b) Classe S

(s asterdides do tipo S, que dominam a parte interna do cinturao de asterdides
(fig.3.2), pertencem i segunda classe mais numerosa. Suas caracteristicas espectrals sao
ay bandas de absorgio em 1 e 2 g devidas & transicio do ion Fe®t. A razdo entre ay
areas das bandas de 1 e 2 pm pode ser usada para se caleular a abundancia relativa de
olivina e piroxénio, enquanto & posicao destas bandas pode [ornecer o tipo de composicao
do piroxénio (Cloutis et al., 1986). A inclinacio da curva espectral no visivel é atribuida
a presenga de Nile na superficie. Os asterdides do tipo S possnem um albedo moderado,
entre (0,10 e 0,30. Um espectro do tipo S pode ser visto na fpura 3.4.

A presenca de olivina, piroxénio e NiFe na superficie deste tipo de asterdide nao
é suficiente para realizar nma precisa correlagio com um meteorito andlopo. Este tipo de
composicao pode estar associado tanto aos condritos ordindrios, de composicio indiferen-

ciada, quanto aos acondritos e rochoso-lerrosos, de malerial diferenciado (Hg. 3.2).

(s espectros dos asterdides do tipo S apresentam uma grande variacao em seus
pardametros esapectrais, e a interpretacao de sua composicao superficial tem sido fonte de
muitas controvérsiag (ver Chapman 1996 e referéncias). Foi comnm associar esta tipo de
asterdide aos meteoritos condritos ordindrios, pois eles 340 05 mais abundantes entre os
que caemn na Lerra e o8 asterdides do tipo 8 sdo o8 mals comuns na parte interna do
cinturio. Iintretanto, os tipos especirais destes asterdides e meteoritos nio sio idénticos.
Na tentativa de resolver este problema duas teorias surgiram. Uma afirma que estes
astertides seriam sim os corpos ariginais dos condritos ordindrios e que a diferenca nos
espectros seria devida a um processo de alleracio espacial agindo em sua superficie. Esie
processo agiria sobre a superficie dos asterdides tornando sens espeetros mais avermelhados

e ag bandas de ahsorgAo mais atenuadas, além de escurecer sua superficie (fig 3.5) (Pieters

27



Time

e

maxbmium

slapeA

albedn

A e ey TS

Figura (3.5) Conseqiiéneias sobre as parimetros espectrais devido a um processo de

alteracan espacial.

&z McFadden, 1994; Chapman, 1996). Os melesritos condrites ordindrios seriam porsanto

o5 fragmentos das camadas mals internas. que nfio teriam sofrido alteracio de composicao.

Cutros pesguisadores, entretanto, rejeitam a hipdtese acima ¢ associarmn estes
asterdides a wm Lipo de composicao diferenciada. Eles propdem que os meteoritos caon-
dritos ordinarios viriam ou de um asterdide até hoje ainda nio descoberto, on de pequenos
asteroides, menores do que 10 lan, os quais, por estarem abaixo do limite observacional,

ainda nio foram derectadas (Bell et al., 1889).

Determinar a natureza dos asterdides do tipo 5 pode nos dar importantes in-
formagoes sobre as condiches e processos no infeio do Sistema Solar. Se estes asierdides
tiverem um tipo de composicao indiferenciada, a parte interna do cinturdo [ol pouco ague-
eida. Por oulro lade, se estes asierdides forern diferenciados, isto significa que eles zafreram

wn grande evento térmico (Wetherill e Chapman, 1988; Galfey et al.. 1993).
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Historicamente, a diversidade de caracteristicas espectrais neste tipo de asterdide
levon virios wutores a diferentes resultados sobre sua composicia. Chapman e co-autores
(1973} encontraram semelhangas entre o asterdide 1985 Toro (objeto proximo a drbita da
Terra) e alguns meteoritos condritos ordindrios, sugerindo entao & hipdtese de alteracao es-
pacial na superticie deste tipo de Iastm‘-ﬁide, Felerberg ¢ co-autores (1982), analisando os es-
peciros de |1 asterdides nnm intervalo especiral de 0,3 a 2.5 g, obliveram as abundineias
relativas de olivina ¢ piroxénio. Comparando estes resultados com os de minerais terrestres.
concluiram gue estes asterdides possuiam wna composivas muito similar acs condritos or-
dindrics. Bell [1988) definiu uma nova classe de objetos (tipo K}, pertencentes i classe
S, vomn material andlogo aos meleoritos condritus carbondcens (ver item e) Classe K).
I'or outro lado, Gaffey (1984) encontrou variagdes especirais vom a totacin em & Flora
e concluin gue estas varlacoes seriam incompitiveis com meteoritos indiferenciados, comao
os condritos ordindrics. Remetemos ao artigo de Chapman (1998) para uma detalhada

desericao € revisdo histérica da problemdtica dos asteréides do tipo 8.

Eztas diferentes canchisoes sobre a mineralogia devem reflelir uma diversidade na
composicao deste tipo de asterdide, ineluindo wma composicio indiferenciada encontrada
nos condritos ordindrios. Desta forma, Gaffey e co-autores (1993) analisando os espectros
de 39 asterdides do tipo 5 propuseram T subtipos (desiznados de S(I) a S{VIL)). Os tipos
mincralégicos propostos seriam produto desde uma pequena até uma total diferenciagac.
Apenas o subtipo S{TV) poderia ser associado acs condritos ordindrios. Como a percent-
agem sugerida pelos autores para o subtipo S(IV) é muito pequena, eles concluiram que a

maior fonte dos mescoritos condritos ordindrios nao seria este sublipo.

Entretante, Chapman (1996) baseado nos resultados da sonda GALILEO defende
a hipotese de que os corpos originais dos condritos ordindrios sio de fato os asterdides
do tipo 5. Um dos resultados mais importantes obtidos por esta sonda foi o de encontrar
evidéncias de que wn processo de zlteragao espacial pode agir sobre um asterdide. Este
eleito poderia ser responsavel pela conversio de um espectro do tipo comdrito erdindrio em
um de asterdide tipico da classe 5. As imagens e ospectros de Ida mostram uma variagéao de
cor em sua superficie, também ohservada em menor grau em Gaspra. Estes dois asterdides

5a0 do tipo 5, sendo que Gaspra pertence A familia de Flora ¢ Ida & familia de Koronis.
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Na figura 3.6 reproduzimos uma imagem de Gaspra obtida pela sonda GALILED.
mostrando sua superficie coberta por crateras. As bordas das crateras, chamadas de regides
azzurrns, se mostram mais azuis que as regices planas. Estas bordas seriam regioes mails
“iovens” pois teriam exposto sua composigan mals interna. O espectro destas regites se
mostra mais proximo de um meteorito condrito ordindrio do que o de regifes mais planas,

ou “velhas” (Chapman, 1996).

A hipdtese de alteracio espacial ¢ também corroborada analisando-se a Lua. Us es-
pectros da superficie lunar aparecem mais lineares. mais avermelhados e com bandas de ab-
sorcao mais fracas do que as rochas lunares. Uma evidincia experimental deste processo foi
também obtida por Moroz e co-autores (1996) por simnlagio em laboratério numa amostra
do meteorito Elenkova (condrito ordindrio L3). Foai observado que os parametros espec-
trais desta amostra de meteorito se modificavam de forma a se aproximar dos pardmetros
tipicos dos asterdides da classe 5, quando submetides a uma fundigio e cristalizacao de

seu material superficial através de impulsos de laser no vdcun.

¢) Classes D e P

Qs asterdides pertencentes &3 classes D e P dominam o cinturdo externo, sendo
caracterizados por baixos albedos e associados a uma mistura de materiais orgénicos,

silicatos anidros. material opaco e gelo (Bell et al., 1989; Gaffey et al., 1939).

Os asterdides do tipo D sao consideradoes o8 mais primitivos, tendn side formados
# balxa temperatura na nebulosa solar. Us espectros desta classe sio muito vermelhos,
cotn uma ineclinaggo aumentando com o comprimento de onda (fig. 3.4). Os do tipo P
possuem uma inclinacdo menor estando entre os dos tipos C e D (Lazzarin et al., 1995;
Fitzsimmons et al., 1994), Nenhum meteorito analogo foi encontrado para estes tipos de

ohjeros.

d) Classes Ee M

A plasse B possui umn albedo muito alto (0.4 a 0.5), com nma composigio normal-
mente associada aos meteoritos enstatites acondritos (aubrites). Os aubrites sdo [ragmen-

tos da crosta efou manto de corpos que sofreram um grande processo de diferenciacio,
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tendo sido submetidos a temperaturas superiores a 1500°C (Gaffey et al., 1992). Na regiao
de Hungaria encontramos a maior parte dos asterdides da classe E, com semi-eixo maior

entre 1,79 e 1,98 U.A. e inclinacgao entre 15° e 40°.

Os asterdides do tipo M possuem um albedo moderado, entre 0,15 e 0,25, com
uma caracteristica espectral similar aos meteoritos ferrosos (diferenciados) e aos condritos
enstatites (material levemente diferenciado com alta percentagem de ferro, mais do que
25%) (Moroz, 1994). Os membros de ambas as classes devem ser diferenciados e os corpos
originais devem ter sido submetidos a altas temperaturas (Rivkin et. al., 1995; Zellner
et al., 1977). Sao caracterizados no visivel e infra-vermelho préximo por um espectro de

plano a similar aos do tipo P, sendo dificil de diferenciar entre si os tipos E e M.

e) Classe K

Bell (1989) propds esta classe baseado nos espectros de 4 membros da familia
de Eos. Os espectros desta classe sdo parecidos com os do tipo S, mas com uma fraca
absorcao em 1 pm e um comportamento plano entre 1,1 e 2,5 um, ou seja, similar aos do
tipo C no infra-vermelho. Estas caracteristicas sugerem que os condritos carboniceos CO
e CV sejam seus meteoritos andlogos. Nos espectros de 43 objetos da familia de Eos foi
encontrado um valor méximo de intensidade em aproximadamente 8388 A, bem diferente
do valor médio dos asteréides do tipo S, que é em 7500 A (ver segdo 3.8.1). Este valor

pode ser uma identidade muito forte para este tipo taxonomico.

3.2 - Observagoes e Redugoes

Com o objetivo de estudar a composicdo mineralégica de asteréides realizamos
observagoes espectroscopicas, escolhendo as familias de asterdides como objeto principal
de andlise e, em segundo plano, os objetos préximos da érbita da Terra, os asterdides do

tipo C e os candidatos & missdo espacial Rosetta.

Os espectros de baixa resolugao deste capitulo foram obtidos em vdarias missoes
de observacdo, realizadas principalmente nos anos de 1996, 1997 e 1998. As observagdes
foram feitas essencialmente no telescépio de 1,5 m do European Southern Observatory

(ESO, La Silla, Chile) usando um espectrégrafo Boller&Chivens com um detector CCD
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Ford (2048x2048). A faixa espectral estudada varia de 4900 a 9200 A com wmn FWHM

(largura & meia altura de uma distribuigio gaussiana) da 10 A

As redugoes dos dados foram feitas utilizando os pacotes IRAF (Image Reduction
and Analysis Facility) e MIDAS (Munich Image Data Analysis System). Esta redugio
consiste preliminarmente em: - 1) Subtrair uma imagem de fundo (Bias) do CCD das
imagens dos objetos. O bins & o valor constante de leitura do CCD quando o obturador
estd fechado - 2) Dividir todos os dados pelo flat-field, obtido através de uma exposicao
do CCD a uma luz de intensidade uniforme. Isto é feito para corrigir a diferenca de ganho
entre wm pixel e outro. - 3) Obter um espectro unidimensional com a escala em intensidade
por pixel. - 4) Calibrar a escala em pixel para comprimentos de onda do espectro obtido,

através do espectro de uma lampada de He—Ar. - 5) Corrigir a extincdo atmosférica.

Para a obtengio do espectro de reflexfo do asterdide efetuamos também ob-
servagoes de estrelas do tipe solar (Hardorp, 1978). Lembramos que um asterdide naoc
tem luz prépria mas apenas reflete a luz do Sol, desta forma seu espectro ¢ do tipo solar.
As caracteristicas mineralogicas da superficie do asterdide sao obtidas através da divisiao
do espectro do asterdide pelo da estrela do tipo solar (fig. 3.7). Em geral observamos
trés estrelas por noite e fazemos a divisdo entre estas para verificar se o resultado desta
divisio é um espectro plano, o que indicaria que a diferenca nos espectros destas estrelas
nao afetard os resultados. Em quase todas as missdes fol realizado este teste, obtendo-se
uma diferenga insignificante entre as andlogas solares. Nas primeiras missdes também tive-
mos o cuidado de observar alguns asterdides com espectros bem conhecidos, para efeito de

comparagao, obtendo sempre bons resultados.
3.3 - Resultados

A sepuir descreveremos os resultados obtidos destas observacdes.

3.3.1 - Alteragcao Aquosa

Com a objetivo de entender melhar o processo de alteragao aquosa realizamos uma
campanha de observagao de asteroides do tipo C procurande indicios deste processa. O

artizo a seruir descreve o trabalho realizado, cujos resultados podem ser resumnidos em:
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Figura (3.7) Passos a serem efetuados para a obtencdo de um espectro de reflexao

asteroidal.

— observamos 29 objetos, sendo que em 70 % deles encontramos caracteristicas de

alteragao aquosa;

— destes 29 objetos, 13 apresentavam a banda de 0,7 um, e 7 as bandas entre 0,60-

0,65 e 0,8-0,9 pm;

— confirmamos a existéncia, no cinturdo principal, da regiao onde sao encontrados

os asteréides com indicagdo de hidratacao;
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~ [ Teglao em questio nao apresenta limites muito precizos, contrariando o proposto
por Vilas e co-autores (1994);
— foram encontradoes alguns asterdides com indicios de alteragao aquosa entre 2,8 &

3.0 TLA., excluindo assim a existéncia de uma lacuna onde nio haveria ocorréncia

deste processo.
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The analysis of visible and near-infrared reflectance spectra
of C-class ohjects has revealed the presence of features that
appear to indicate a history of aquenus altcration on their
surfaces. This result can provide constraints on our nnderstand-
ing of the early Solar System. We have recorded spectra cov-
ering 0.48-0.92 pm for 2% C-class objects with crbital semima-
jor axes between 2.3 and 3.6 AU. About 70% of the observel
nhjeets show features praduced as the resull of aqueous alrer-
ation ProCcESSEs. - 180 Arademis Prem

L INTRODUCTION

The thermal metamorphism of asteroids is still intriguing
and debated. To contribute to this discussion, we have
investigated the problem of aqueous alteralion of asteroid
surfaces. The detection of agquecus alleralion materials
on dark asteroids can pive imporfant constraints on the
nnderstanding of the formation and evolution of seld bod-
izs in the early Solar System.

The asternid belt shows a4 compositional structure that
varics with heliocentric distance and with thermal histozy
(Grradic eraf 195%: Bameci e ald 1987). Asterowd composi-
tians reflect 2 trend fram silicaccous abjects (S-tvpes) in
the inner part of the belt, through bodies of carbonaceous
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type, to more primitive ones in the outer part (the D-tvpe
astercids). This trend may indieare that solid materials
experienced different thermal histories in the differaent
zones of the asteroid belt during their primerdial evalution.
The high-albedo objzcts (S-type) seem to have underpone
heating and dilferentiation during their evolution. Near
2.5 AU the belt becomes dominated by low-albedo objacts
helanping ta the classes C, P, and D. C gbyjects dominate
the region up to 3 AU, Their spectra are similar o those
af carbonaceous chondrite meteorites (Hiroi and Vilas,
1995), indicaling a primitive compasition that probably
experienced less dramatic changes than the materials in
the 8 type astercids. Beyond 3 AU the astercid population
is essentially composed of P and D type astsroids. Thess
more distant objects are belicved to have undergone even
less thermal and geological evolution. The surfaces of these
objects are assumed to be darkenzd by the presence of a
significant amount of garbon-rich organic eampounds.
The C class, vriginally defined by Chaprman et of {1975),
is strictly linked 1o some homogeneous subgroups: the F.
B. and G class asteroids, [lirot er al (1993, 1996) studicd
the thermal metamorphism of the C, F, B, and G class
asteroids. They compared the spactra of these asleroids
with specira of carbonacenus ehondrites, ncluding ther-
mally metamerphosed CI/CM meteorites. They gave con-
sirainiz on the heating temperatures of some asteroids.
They conclude that hydrous materials cinnot survive ag
lemperatures highsr than 400°C. Maicrials becoms in-
creasingly anhydrous between 400 and 600°C and com-
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AQUECUSLY ALTERED MATERIALS

3y

Observational Circomstances

Afaln i ., Solar analog
1783 &Y 135 HILY 44544
1470 |94 |27 HI 144585
2290 (L) 128 PRl 44554
1508 1.4 |36 HD 44504
2,263 24 155 [ 44524
N AT T | 3.0 HD 1835
1678 a3 1.5 HTY:44%04
3053 140 1£8 HD 144553
25558 1.2 133 HITS 44594
el g 122 |28 HD» 144555
2172 w.d kb 1417 1R3S
251+ 213 156 HL 44294
2309 T8 136 [Ty 183%
2457 i 143 HLY 144343
2008 63 R HD 144585
2461 e 2 HD 144552
2144 1.4 134 HITY 445594
1154 251 14,3 HIDy 44554
1.724 i B 124 LIy 144585
1.805 3.3 159 HLY 144353
2256 i 133 HID» 44554
R 1.2 132 HLY 14553
T 7.3 1i%A Iy 44554
2670 L2.7 14.1 HIE» 1445845
27 LT 152 Dy 114585
2341 2.4 133 HLY 44354
2 HAK 173 14.7 H» 44554
1.222 11.3 11.5 HIX 44354
231 L7 129 HIEY 44354
2007 10.6 140 HL» 44354
23292 LR 163 HIy 1333
1345 131 142 HD 44354

TABLE I

Asieroids VP | i Exp RLALD

17 Aglaa LL RV S 3
70 Panopaza 20-22005% 2 ZAd
85 Io OGHRET A 3.l
105 Armeniz (LT G 2 T
136 Kantbippe TGS 2 3152
171 Cipheia a0 2 EREL
173 T LERH R 2 Iaid
175 Andromache Al=Z105 % 2 INT
[54 Prokas 03007 2 32135
238 I'I'_n.ll:rﬂnliﬂ 221105 2 |
IE6 Al Z0W06a5 1 .00
50 Clrmameatn LEERE I 2 L]
ZLiMa5 | L}

173 Melngma 2205195 1 e
375 Ucsula L0050 L 1280
379 Huenna 2T 1 1803
404 Arsinos LF 1035 2 1k
Lzanag s 1LY ) Fix]

419 Aurelis 270390 1 L4maa
A28 1.his LA T 1 180
453 Argenling a7 2 L2l
430 Veriag 250598 1 1450
1L Davida 020009 Z 1ol
52 Brixia 2030 1 1.437
T35 Mlarghe nmna 20005,% 1 143h
T Cantahia BETH U] 2 1282
L0197 2 Sh S

751 Faina 13-15/100%6 5 21465
43 Ulla B i 3.197
3L Arsten T 1 2484
Tehba Komboolye 2000675 1 3215
1943 Removec T-Th 1105 4 2165

Moie. Txp is the number of expomures, £ and & are the helincantric and gaoceqtric distances respectively. g the splir pluse amels and s, the

wisual magmitude,

pletely anhydrous for temperatures larger than G, The
thermal matamorphism of low albeds asteraids is oxton-
sively discussed by Vilas and Svkes (1994).

The proof of the presence of agueous alteration praducts
on (0 asteroids was first evidenced by obscrvations near
3 um by Lebotsky (1950) and by Jones ef al. (1990), show-
me the strang water of hvdration absorption feature con-
tered in that wavelength region. They sugzested that aclee-
tive induction heating produced the observed aqucous
alt=racion at the surface (perhaps in the interior) eriginat-
ing both the carbonaceous chondrite parent bodiss and
the material characterizing the present C-tvpe objects.

In the visible range, the presence of aqueous alteration
products was discoverad by Vilas and Gaftev (1959) end
discussed later by Vilas (1994) and Vilas er al (1993).

Vilas er al. (1994) proposed that a particular zene of the
outer main belt seems characlerized by objects which have

a7

undergone some kind of aqueous alleration process, that
is. a low temperaturs chemical alteration of materals by
liquid water which produces materials such as phyllosili-
cates. sulfates, oxides. carbonates, and hydroxides. This
region has been localized betwesn 26 snd 3.5 AU and
the asteroids that have shown the presence of agueausly
altered materials (hydrated silicates or clays) are essen-
tially of the C type. This mighl indicale the presence of
water ice in the original asteroids that were heated sulf-
ciently doring the primordial phases of our Sun to provide
water for chemieal alteration.

aoms (s do not show agusously altersd features. Even
it some of these could be ariginally anhvidrous, others coulid
be unaffected hy heating and may preserve interior ices,
along with the Ps and D& (Bareeci er al, 1996), The P
and 13 classes are cxpected o opreserve nearly unaltered
primitive solid and valatile mixtures,
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TABLE IT
Presence of Hydration Bands on the Ohserved Asteroids
Semni major  DHameter! Band
Mstagoid axis ALl m Hydration  depth %
47 Aglejp’ 2R 127 y=4 20
T Manopsen! 2604 132 ] 25
55 o 2634 135 yas 1.3
115 Acstomis? 2371 ] s 4.4
LS Ranbippe 2730 121 g 22
171 {inhelia™ A 17 ¥ 13
L7 T priel & 154 ne =
175 Andramaches 3148 10kl no -
L04 Prokne! 61T 16 ¥ s
234 Hypatia' 985 123 ¥ 2.0
266 Aline’ 2854 1% s 22
Bl (eraments 3Lts 11L& ] i
373 Mclusina' b B i yas 30
375 [Frquin F12e 194 i —
37 Hilenia 3130 W ne —
414 Arsnpe! 2552 kL ¥ 5%
418 murelia 2537 124 an B
429 Lotls LG8 kil no —
469 Argenting 3157 124 ¥R 13
4490 Wariras! 3148 Ll wes ]
A11 Drawidy 377 i yig 1.3
S21 [brixia® 2742 11L& wiz§ 235
735 Marghenoa' 2734 T4 vas 7
M0 Cantabia ans0 | 1o =
751 Fainn! 2551 114 yes 11
Bl Lllia 3338 Lla e
03 Arctica! EXIEL 3 wes Js
145 Konkulya 3118 35 ao —
1967 Bezovec! b e 45 it de

Nore, The ceprh of the deepest absorpiion is reporteid in the last catumm,
P absorption band arcund 0.7 wm; *absorption basd around 060063
;! ehsorption band around 05-009 wm,

The dimucters are determined by TRAS except for 375 Ursala and
1445 Honkaolva, for whizh the [HAS albedo value s not availabhe and
an estrnewe for lhe diaudeter Bias been computed assuming alnedo 05,

Tabetter define and understand the nature of the “altér-
ation zone," we have perfanned a CCD spectroscopic sur-
vey of C-type asteroids o obain bomogencous and high
SiN spectra W scarch for the presence of features dug to
Aguenus alleration products.

1. OESERVATIONS AND DATA REDUCTION

The observations were performed during several rns
durinog the last [our years at the European Southern Obser-
vatory of La Silla (Chile) wsing the 1.5 m telescope with
# Boller & Chivens spectrograph and a COD (2048 > 2048
pizels). The grating is 225 ar/mm with a dispersion of {1033
perndmm ag the first arder. The CCD has a 15 pam square
pixel. piving a dispersion of about 5 Alpixel in the wave-

o0c

BARUCOL BT AL

length direction. The spectral range is about [148 < A =
092 um with 2 FWHM of 10 A

Liach spectrum was recordad through a slit ariented in
the bast West direction with an airmass near 1. The cir-
cumstanees of the obsarvations are hsted in Table T, in
which the heliccentrie and geocentric distances, the salar
phase angle, and the visual magnitude are reportad.

Following ardinary data reduction procedures we also
recarded bias. flat field, calilratian lamp, and spectroplo-
tometric standard star spectsa st different intervals
throughout the night. The final step of the reduction proee-
dure. which eansists of the datermination of the reflectivity
of the astaroids, was pecformed by recording spoectra of
sotar analog stars (Hardoep, 1978), In Tabla I, we give the
solar analops used for each astaroid,

The spectra wera redused using the software packazes
Midas and TRAF. All asteroid spectra are normalized af
1 around (L85 pm.

3. RESULTS

The rafiectivity spectrn of the 20 ohserved asteroids are
reproaduced in the Appendix. Mest of the objeets have
been observed scveral times as reported in Table 1. All
the spectra have been fitted with a poelynomial of order
ten and a straight line continuum defined by a linear least-
squarcs fit to the data has becn removed to reveal traces
of aguedus alteration,

Abaut T0% of the obscrved objocts shaw features associ-
ated with aqueous alteration processcs. The band depth.
which pives an indication to the degree of hydration, has
bean computed for the hydrated asteroid and reportad in
Table 1L Thirteen of them (Fig. 1) show a broad absorption
band around .7 wm with a depth relative to the continuum
ranging from 3 to 6%. The (.7 wm absorption feature is
believed to arise from Fe®~ — ['e? charge transfer absorp-
ficns in phyllosilicate minerals (Wilas and Gaffey, 1989,
Wilas er gl 1993). This band accompanies an evident UV
absorplion shorter than 0.3 pwm in moast of the 13 objects.
The UV band 15 due 10 a strong ferric oxide intervalencs
churge transfer trapsition (Vilas etal. 1994), Other weaker
eutures {depth wbout 1 to 2%) have been found around
0.6-0.65 pm, 0.8-0.9 um on seven asteroids (Tig. 2), These
bands are the results of the sclion of agueous alleration
on ron-bearing silicales. As well described by B G, Burns
(19704, the 0.6-0.65 wm [eature corresponds 1o the °4; —
“Ta(G)Fe* charge transfer transition in iron axides, and
the 0.8-0.9 pm featurs correspands (o %4, — *T (G)Fe’"
charge transfer transition in iron oxides, Vilas eral (1994)
shaw a comparison between asteroid spectraand homatire,
gocthite, and jarosite spectra (aqueously altered products
of anhydrous silicates) which shew ahsorption bands cen-
tered around (L6, D43, 1194 pm.
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FIG. 1. Spectra of 13 of the observed asteroids which show a broad absorption band around 0.7 um. The spectra were fitted with a polynomial;
a linear continuum has been removed.
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The observed asteroids have been selected lrom
class asteroids and in the region of the belt ranging
between 2,37 AU and 3.54 AL s shown in the histoeram
reported in Fig. 3. Yilas e al, (1994) defined an “agucous
alteration zone™ from 2.0 w 33 AL} with an execplion
of a small zone fram 248 o 340 AL, From this analysis:
(i) we confirm the exislence of the agueous alierstion
zonoe, (i) we found hydramon fealures on foer asterpids
locatad closer (o the sun than 2.6 AT7, probubly indicaing
that the boundarics of the “alieration zone” ate nol so
bght, and {11 we found some astaroids showing hvdration
[eatures between 28 ALY and 3 ALl exclulding the
gxistence of 4 pap in the “sgueous alteralion zone,”
which, on the other hand, it would be very dilfiealt to
explain. No evidencs of a correlation between the ssteroid
sizes and hydration (Table IT) has been [ound in our
sample, but the analysed sample may suller from an
observational bias.

In 1997, Metényi ef al made o prodiction ol waler in
asteroids using an artiicial newral net ool analyeing data
tor 80 astercids belonging Lo almost all the taxonomic
classes, Thelr analvsis includes 23 ¢ Wype asteroids, Tour
of which are included in cur sample: 7U Panopacas, 349
Dembowska, 429 Lotis, and 511 Davida. We confirm the
prediction for three of them while Tor the sstezoid 373
Ursula we found no trace of agueous alleoalion, while they
defined it as “wet?”

4. CONCLUSION

We cartied out observations of 29 O class asteroids,
searching for low-temperature minerals on the surfaces,
and 7% of our sample showed the presence of hydrated
silicated materials, thus supporting the existence of a mild
aqueous wlleration episode in the early Sclar Svstem, Our
abservations scem to indicate that “the agueous alteration
zone” muy have less precise boundaries than those defined
in the literature; moreover, we do not find evidence for a
gap between 2.8 AU and 3.0 AUL

The repico of agueous alterztion seems to mark the
separation between the inner usteroid belt, dominated by a
mare evalved mincralogy, from the more distant asteroids,
characterized by an wnallered mixlure of low-lempera-
ture materials.

FlGi 2. Spectis of sevenof e observed asteroids wheh show weskor
[eatarus around Ca=0650 0.7, andior (0.3-09 . The spectrta ware frmed
with a golveamial: 2 lnsar contituuwm S eea remmoved,
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spatial distribution al the 29 abserved asteroids, The obiedis whick show waee of aguzous alterations are reporied in the Black cells.



APPENDIX

Relative Reflectivity for 29 Asteroids

The spectra are presented by increasing asteroid number, They are normalized around 0.55 um in order of convention.
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3.3.2 - Objetos Préximos da Terra (NEA *)

A populagho de objetos proximos da drbita da Terra & constituida em geral por
peguencs corpos, com tamanhos da ordem de poucos quildmetros ou menos. Objetos
deste tamanho no cinturdo principal ndo sao acessiveis & ohservacio, mas o podem ser
na populacio dos NEA, j& que estes podem alcancar distancias de até (,01-0.02 U.A. da
Terra. BEsftes objetos nao devemn representar uma populagio original, peis suas drhitas
sian instaveis devido ao fito de cruzarem as dos planetas interiores. Provavelmente séo
[ragmentos de colisoes catastroficas ocorridas no cinturao priocipal, “transportados™ até

fsta regiao.

Esta populagdo & convencionalmoente classificada em 3 grupos: Aten, Apollo e
Amor (Shoemaker et al., 1979). Os asterdides Aten possuem érbitas interiores & da Terra,
com semi-eixo maior inferior a | TLA. e distancia alélica superior ou igual a 0,983 T1.A.
(0,983 U.A. representa a distincia periélica da Terra). Os Apollo sio definidos como
abjetos que possuem semi-gixo maior superior a 1 U.A. e distincia periélica menor ou
igual a 1,007 U.A. {1,017 UL.A. representa a distncia afélica da Terra). Desta forma. oz
asterdides dos grupos de Aten e Apollo sao cruzadores da 6rbita da Terra. O grupo Amor é
definido pelos objetos que possuem z2emi-eixo malor superior a 1 TLA, e distincia periélica
entre 1,017 WA, e 1,300 U.A.. Oz objetos do grupo Amor nae cruzam a Orbita da Terra

masg se aproximam dela.

Esta populacgio possul uma grande diversidade em suas propriedades fisicas, onde
a maior parte dos tipos taxondmicos estiao representados, tendo sido encontrado, inclusive,
urn askerdide do grupo Amor com albedo Lipico do tipo D (3552 Don Quixote). Cerca da
metade destes objetos sao classificados como do tipe 5, enquanto que no cinturdo principal
o8 asterdides de baixa albedo (C e subtipos, B, F ¢ G) predominar.

Virias obscrvagbes espectrosedpicas tém sido realizadas com o objetivo de rela-

clonar estes objetos a alzum tipo de meteorito. O asterdide 1862 Apollo tem propriedades

espectraiy muito praximas dos meteoritos condritos ordindrios, sendo classificado por Bell

Near Euarlh Astervids
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e co-autores (1989) como do tipo Q, classe propesta por eles para resolver o problema
da origem destes meteoritos. Binzel e co-autores [1996) encontran 6 objetos desta pop-
nlagio com espectros muilo similares aos dos meteoritos condritos ordindrios ¢ 20 com
propriedades espectrais intermedidrias entre asterdides do tipo 5 e estes meteortos. Dev-
ido a distribuiciao ser continua e nao baver nenhuma distingdo evidente entre os ohjetos
similares aos condritos ordindrios (possivels candidatos acs objetos do tipo , segundo Bell
@ co-antores) ¢ os outros com espectros do tipo 8, os autores sugerem que o8 asterdides do
tipo ) nio seriam um grupo realmente distinto. Uma das explicagtes para a semelhanca
de alguns asterdides com meteoritos condritos ordindrios seriz a de que estes objetos se-
riam fragmentos mais jovens que nao teriam sofrido ainda wn processo de envelhecimento
espacial de sua superlicie. A distribuicio dos espectros de forma continua revelaria esta
tendéncia de envelhecimento, também observada em objetos da familia de Flora (ver secao

3.3.3).

Com o objetivo de melhor compreender a distribnicdo de compaosicio dos asterdides
proximos da Terra e a origemn dos meteoritos condritos ordindrios ohtivemos espectroz de 8
asterdides desta populagdo num intervalo entre 0,5 ¢ 1,0 pm, aproximadamente. O artigo
a segnir descreve o trabalho realizado, cujos principais resultados podem ser reswnidos

CITS

— [oram encontrados quateo objebos com caracteristicas similares aos condritos or-
dindrios, um com espectro do tipo C e trés do tipo S mas sem um meteorito

andlogo;

— superinos que a diferenga de espectros entre os objetos do tipo S seja devida ao

processo de envelhecimento espacial descrito acima;

— loi encontrada uma banda de absorgio em 0,6 um no espectro do asterdide 5836
1493 MF, tipica de um processo de alteracio aquosa, incarmum nes asterdides do

tipo 5.
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Abstract. Some years ago we staried a speclroscopic survey, in
the wisible region, of Earth-approaching asteroids to investigate
thewr compositional nature in arder to improve the comprehen-
sion of their orgin. To date wa have obizined low-resolution
spectra, in the range 0.5-1.0 pm, of | Aen (3753 J984 709, 4
Apcllo (1864 Doedulus, 5786 Talos. {989 JA, 2065 Bucchus),
and 3 Amor (3352 Meduliffe, 4954 Eric, SE36 7903 MF). Most
of them show spectra similar to those of the 5 laxonomic class;
Bacchus only has a specrum which resembles those af more
prirmitive obyjects (C-type).

It has not been possible to definitively distinguish to which
S-subclass the observed objects belong because the spectra we
obtained do not cover the neeessary spectral range to make this
investigation as described by Gaffey et al. (1993). Mevertheless
four of the observed abjzcts have visible spectra similar to those
af ordinary chondrites meteorites suggestng & sorong relation
berwesn the two classes of objects.

Moreover 5836 1993 MF shows an absorption fenture near
£000 A probably due to the presence of aqueous alterad mate-
rials.

Key wards: asteroids — meternids

1. Introduction

Near-Earth Asteroids (NEA) represent one of the most peculiar
classes of objects in the Solar System. Their orbits can approach
or cven miersect the tarestrial one. Mare than 360 NEAs have
been discovered o date. The lacpest object of this population
has 1 diameter of 38 km. two others are ahout 20 km n zize,
the remaining have diameters less than [0 km, and about 3/4
of them ar= smaller than 3 km. According 1o the more recent
estimate (Rabinowitz etal | [994; Muinonen et al., 1995), NEAs
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with diamerer 21 km are abour 2000, and at peesent we know
the orhits of enly abowt 7% of them,

The population of NEA is cxtremely heterogencous in all
the aspacts of their phvsical properties. Available data show that
shapes, rotation rates and albedos of NEAS are on the average
practically the samaz ag those of main-hzlt objects, However,
among WEAS thene are objects with unusual shapes (very elon-
gated, dumb-bel! like end possibly binary), with very complex
non-principal azis cotation {rumbling asteroids) and with pe-
culiar mineralegical compositions, Recent rdar chservalions
allow to assume that a substantial part of NEAs eould he binary
systems. [n the NEA population all the iaxonomic types have
been identified, except the B and the P classzs, even though the
most nimierous classes ohserved are 5 and C respectively.

The discovery of the very dark (albedo about 0.02) and red-
dizh Detype Amor astersid 3352 Don Quixete has been rather
unexpeeted beeause most of the asteroids belonging to this class
are located in the outermost parts of the main belt (Trojan and
Hilda groups) and they represent the most primitive objects
ameng asteroids. The variery of taxonomic classes discoversd
among NEA3 indicates that this populstion is helerogensous in
origin and composition.

The importance ta study NEAS is connected to several rea-
20Ns:

a} the impacts by thesc chjects ars the pnincipel cause of the
craterization of the Earth and the Moon, at leas! in the Jast 3.8
OyrWetharill and Shoemaker, 19823, The discovery of the ma-
jority of the possible “dangeraus” objects and the knowledze of
their physical properties are two of the main research lines o
be followed in order to solve the problem of Yasteroid hazard”™.
o) They could be the sources of chondritic anc achondritic me-
tcorites {Wetherill, 1976; Di Mardno et al,, 19933,

) Tt is likely that a good number of these objects represent the
final evolutionary state of comets, that is a devolanlized nuslzus.
d) They could be potential sources of metals-and other raw ma-
terials in the neighbourhood of the Earth space. At presant we
know two W-tvpe astercids [3554 Amun and 6173 /926 DA)
and the results of radar pbservations leave no doubts about the
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metallic nature of them (Tedeseo and Gradie, 1987, Osiroetal|
(L R

Anyway, onc of the most interesting aspects in the study of
MEA i5 to uncherstand their origin. In Tnet, theie dynamizcal fife-
linies are shorter than the age of the Solar System. Morzover,
awing to the constant craterization of the inner Solar System
badies from their formadon, it is believed that the population af
NEA is practically constant in number. 5o, it has to be contim-
susly supplied by some sources and/or mechanizms whizh have
been identified 1n: (1) the dynamical evolution of the fragmamis
:|_1.'r||in3 from EEiL:lSh'l:ll:ﬂ'li-_' eollisions tn the main hﬂltﬂrﬂcﬂharg
and Malan, 1983), and in (i) sxtnet or docmant comet nocle
(Weissmann «t al., 193%: Binzal et al., 1992).

An example of the latest ease is comet P/Encke. a low active
gomet on an Apollo-like orbit. On the other hanc, some NEA
have besn discovers=d on comerary-like orbils as 2201 Olato
{McFadden et al,, 1993, Lazzann et al., 1996) or d¥namically
connected with meteor strzams, Lhat are believed 1o be cometary
in origin {Asher 2t al., [P94)

The most siriking evidence of this conneclion is the Apello
abject 4015 1579 WA, discovered as an asteroid and then recog-
nized az the non active comet Wilson-Harrington.

Another important aspectof MEAS (s that they are vary likely
the principal sources for melgorites, in particular for ordinary
chondrite (0 meteortes. The OC are considered the remnants
of the primitive selar nebula: they have been scarczly thermally
processed during the evolutionary stages of the Solar System.

Binzel e al. (1996) have recently found & guite clear rela-
tionship between OC and some NEAs. If the idea that part of
NEAs could be the pareat bodies of OC is confirmed, it would
help 1o understand the origin of part of these abjects: they would
have been injected into ncar-Earth orbits from the main-belt
TESCrYOIL,

In order to try toanswer o all these open questions we started
1 long term specroscopic survey of NEAs, which preliminary
results we present in this paper.

2. Ohservations and data reduction

The low-resolution spectra we present in this paper have been
ghtained during different observing runs between 19953 and 1396
(Table 1). The observations have been performed at the Euro-
pean Southern Observatory (ESO. La Silla, Chile] and at the
Asiage Observatory (Italy). At La Silla we used the 1.5 m tele-
scope equipped with 2 Boller & Chivens spectrograph and arype
Ford CCD (2048 5 2048 pixels) detector. The grating used was
a 225 gr/mm with & dispersion of 330 A/mm in the frst onder.
The CCD has a |5 gm square pixel, yielding 4 dispersion of 3
Apixel in the wavelength direction. The spectral rangs covered
is about 0.5« A <1 pm with an instrumental FWHM of 10 A,

Al the Asiago Observarory we used the 152 m telescope
cquipped with a Boller & Chivens spectmgraph and 2 Thom-
son CCD (4305600 pixels) as detertor. The grating was a 150
gr/mm with a dispersion of 340 Amm in the first order. The
CCD has 23 um square pixels giving a dispersion of about 7.6
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Adpixel in the wavelength dircction. The speetral coverage is
abour D.5< & <! um with an instrumental FWHM of 15.6 A

The reduction af the spectra has been performed using stan-
dard procedures af data reduction using the soltwares MIDAS,
IRAF and IDL. In order to caltbrate the observeiional data,
bias. flat-feld, calibratien lomp. specucphotomeiric standord
star and solar analog (Hardorp, 1578) specira were scoursd at
differeat intervals throughout sach night, After bias subtraction,
flat-field corectuon, cosmic-rays removal, wavelengih calibra-
tion, airmass correction, Aux calibration, division by the solar
analog spectrum. we obtained the reflectivity spectra of the ab-
jects. The standard scars and the solar analogs weere observed at
airmasses similar to those of the asieroids with differences less
than 0.2 in each case. In Table | we repon the circumsiances of
the cheervations.

3. Results

The reflectance spzctca of the eight asteroids, nomalized at
| around 5300 A, are shown in Fig, 1 to Fig. 5. The ohjects
we observed are! | Awen (3753 1955 T, 4 Apollo (1364
Daedalus, 5736 Talos, 1989 JA, 2063 Bacchas), and 3 Amar
(3352 McAuiiffe. 495+ Eric, 3830 /597 MF).

For cach object an indication of the diameter 5 given
{Thalzn, 1995}, Some of the specira show some shallow spuri-
ous features which ars probakly due to the division by the sélar
analop spactrum, that is @ non perfect slimination of the solar
features, or also to a non parfect cancellation of the atmospheric
O; bands at 7612 A and 6830 A,

3753 1988 TO

This is the poly Aten object we have ohserved and no speciral
information was available beforz for this astersid. Tha spectrum
we obtained (Fig. 1} shows the rypical wend of the ebjects be-
longing to the 5-class, but it is different from the spectra of OC
assemblages.

The estimared diameter of this asteroid is about 3 km and
its rotational period Poy.= 18714 {Hoffmann et al,, 1993).

4954 Eric

This rather large asteraid, with a diameier of abows 12 km, has
a rofational period of about 11 hours (Wisniewski ¢t al,, 1996).
Baruzel ot al. (1994) obuined the near infrared spectrum of
this object (1.0-2.5 gm) and the ceupling with that ebtained
in the visible (Fig. 1} suggests the belonging of this chject 1o
the § taxonomical class. No similarity with ordinary chondrite
spectra has been identified.

1989 JA

This Apollo asterpid has an cstimatzd diameter of about 1.5 kem.
Also the spectrum of this object shows the typial S-ty pe trend,
but again differsnt from the ardinary chondrite ones (Fig. 1).
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Table 1, Observarional chamcterisiics of the MEAS,
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ASTERQID Dare Omnszmv. | TEL 5 | 5, Ml SarAR

[UT] [ALT | [l AnaLna
1864 Daedules | 199404717 ESQ 1.50m | 1596 | 0.538 | 158 | HD 445534
2063 Bacchus | DOEAz ESO 1500 | 1279 | 0,374 | 163 | HDI44585
1352 MeAnlilfe | 1994018 ESC 1.50m | L.579 | D584 | 160 | HD 24594
3753 1986 TO [UH 3/ ESD 1.50m | 1341 | 0578 | 155 | Hvades 64
1954 Eric 199D 1R EZD 150m | 2100 | 1296 | 150 | HD 4359
5786 Talos 1956 0] & ESD [.30m | 1.123 | 0209 | 164 | HD 28099
5836 1093 MF 19530914 | Asiaga 1.82m | 125 | 0308 | 108 | L6Cyz B
1969 JA 13965101 % | ES0 .50m | L2T2 | 0377 | 169 | HD2E09S

T

B T
e
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Fig. 1. Reflectance spectra of the near-Earth Asteroids JR82 J4, 3753
1986 T, 4554 Erie. The specira have the typleal rend of the S-1ypes.

2063 Bacchus

This Apollo object has an estimated diameter of about 2 km.
[t shows a spectrum (Fig. 2} different from all the oiber near-
Earth chijects here presentad. Tt {5 redder than the solar spec-
trum and resembles that of the more primitive C-type asteruids,
Its reflectance slope is 3.720.1 %100 A in the spectral range
0007500 A, which is cunsistent with the reflectznce slopes
of C-type objects more than with these of D-types (lower himit
of the reflectance slopes of D objects is abuut TH/1G A).

1864 Daedalies

This Apollo astarcid has been classified 25 an SQ-type by Thelen
[ 1989), Its rowational period, Py = B.57 hours, has been de-
termined by Gehrels et al. (1971) and this object shows a large
amplitzde (0.85 mag) of the lightcurve, which implies o very
elongated shape, The esumated diameter is shout 3 km. Ne pre-
vious specical information 13 availohle on this asteroid and the
spactrum we cbtained (Fig. 3) shows a trend similer 1o that of
S-type esteroids. Anyway, in this case, as reporied in Fig. 3,
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Fig. 2. Reflectance spectrum of the near-Burth object 2063 Bacchus,

there is a good match between the spectrum obtained and the
laboratory spestea of La-type OC,

S5TH6 Tolos

This Apolio usternid has in estimated diameter of 1.7 kmi, Also
the optical spectrum of Talos is similar ta that of OC, m partic-
ular 1o Ho-type (Fig. 31

3352 McAuliffe

Mo physical information was available on this Amor asteroid,
cacept the diameter. that has been estimated ia about 3 km,
The 5-type spectrum obtained (Fig. 3) is very similar to that of
Ha-type OC,

5836 /953 MF

This object, with an estimated diameter of about & km. has
a rotational peried of 4,959 hours (Mottola ot al, 1995 and
Wisniewski et al, 1996). The spectrum of this asteroid that we
obtained (Fig. 3) shows an ahsorption feature cantered around
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Fig. ). Specirs of near-Earth asl=roids compared with laboratory spec-
trn of prdimary chondriies assembiages. Averaged I.AI-suhlgpe OC spec-
trum &5 superimposed o 1864 Daedelus and 5836 J993 MF: averaged
H-subtype OC specirum is compared with 3352 MeAultfe and av-
eraged Hé-sublype O spectrum is superimpossd to the spectrum of
3876 Talor.

6000 A which is suggestive of the presence of aqueous aliered
matznals and found in somz C and 5 asieroids alsa by Vilas
ctal. (1992, 1934) and Hiron et al, {1996], This feature is even
mors evident when we compars the spectrum of 1993 MF with
that of L4-type OC (Fig. 3} thers is 2 pood match between the
twi except around 000 A where there is the ahsorption band,

4, Niscussion and conclnsion

A better investigation of the spectra obtained and a consequent
clearerclassification of the ohjects here presented would require
near-infrarad daca. In fact. this could allow & more detailad com-
parison with the specira of OC and alse a comparison with the
3-subclasses as designed by Gaffey et al. (1993, Mevertheless,
the resulis obiained are suggestive of some conclusions,
Among the eight observed objects, onlv cpe, 1364
Daedalus, had been previously classified as an SQ-type and
we coniirm the belonging w the 5 class. All the athers show
the typical tread of S-type objects, except 2063 Bacchur which
spectrum has the typical behaviour of C-ivpe objects, Four of
the observed chjeces (1964 Daedalus, 3836 1003 MF 3352
McAuliffe and 5876 Talor) show a spectrum that, within the er-
rors, match quite consistantly the laboratary spectra of OC. So
these chjects are potential parent bodies for these meteorites and
this could suggest: 2 main-belt origin und a surface formed by
undiffapentizied mineral assemblages. The differances between
the four objects similar to the OC and the other three typrcal
5 type asteroids could be due 1o space weathering effacts: dif-
ferant ages of the objects are probablyv responsible of differem
surface reflectance characreristics (Chapman, 1996). The aster-

a0
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oids which composition is closer to O would be those wilh
"younger™ surfaces [Binzzl et al. 1994},

The asteroid 3838 J993 MF, beides s similanity w OC
azsemblages. shows also an abserption band centercd arcund
6000 A suggestive of the presence of aquecus altered materials,
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3.3.3 - Familias de Asterdides

Do ponta de vissa dinamico, as familias sao agrupamentos de asterdides cujos
elementos proprios a-, e, it (semi-eixo maior, excentricidade ¢ inclinagiio, respectivamente)
gdo muito similares entre si. O primeiro a reconhecer estes agrupamentos fol Hirayama em
1918, que os denominon “familias” sugerindo nma origem comuwn destes objetos. Hiravama
(1918) identificou inicialmente as familias de Eos, Themis e Koronis (fig. 3.8). Em 1922, e
em artigos posteriores, ele identificou as familias de Maria, Phoeaea. Flora ¢ Pallas (Kozai,

1994).

Atualmente todos os modelos de formacao de [amilias propoem gue sua origem
se deve a colispes catastroficas de nm ou mais corpos.  Assim, o estudo das familias de
asterdides pode nos dar a oportunidade de observar a estrutura interna de corpos de
virios quilémetros de didgmelro. Se o corpo original tiver sido de composigao homogénea,
encontraremos caracteristicas espectrais similares em todos 03 seus membroz, salvo quando
os objetos oriundus desta colisio sofreram um processo fisico-guimico de alteracio de
sua composi¢gao superficial, on “envelhecimento espacial”. Entretanto, se o corpo original
era diferenciado poderemoes encontrar caracteristicas espectroscopicas diferentes entre seus
membros, dependendo de que parte deste corpo originon cada fragmento. Comoe exemplo,
termos que um asterdide do tipo M poderia ser parte de wm nicleo metilico, enquanto wn

do tipo V poderia ser proveniente de uma crosta hasdltica.

O estudo das familias pode também noe dar wlormagoes sobre a origem dos me-
teoritos pois, como resultado do lmpacte da colisio que formaria uma familia, teriamos
a inje¢fio de fragmentos om regifes instdveis, como em ressonéncias com Jupiter ou res-
sondncias seculares, e estes seriam lancados em regides internas do Sistema Salar. Por
exermnplo, a existéncia de meteoritos eucrites e alguns NEQ com caracterfsticas basdlticas,
estaria ligada a familia de Vesta (Binzel e Xu, 1993).

Podemos também usar as familias de asterdidez como um tesce de modelos de
colisdes calastrolicas de grandes dimensdes, j4 que os experimentos em laboralério sio 10°

vezes menores. Da mesma forma, podemos estudar a evolucdo colisional por que passou
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Figura (3.8) Distribuigdo de asterdides em refagdo ao semi-cixo maior préprio e 80 seno
da inclinagao propria (Zappali et. al, 1994). Os simbolos E, K, T e F se referemn is famnilias

de Fos, Koronis, Themiz e Flora, respectivamente.

o cinturao desde a sua formagao, j4 que os modelos de evolucio eolisianal para o cinturio

nao devem diferir muito dos gue descrevem a evolugio em uma familia.
Us elementos osculadores dos asterdides variam com o tempo devido a perturbacoes
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planetarias. Desta forma, estes clementos ndo sao apropriados para a identificacdo de
familias e os elementos prapries sao entio usados para este propdsito. Fstes elementos
sac 05 pardmetros orbitais dos quais foram retirados os efeitos devidos as perturbacoes
planetarias, e sdo obtidos através de solisticadas técnicas de medias (KneZevic e Milani,
1994).

Duas técnicas estatisticas diferentes tém sido usadas pars a identificacso de famili-
ag: hierarehicel clustering (Zappald et al., 1995, 1994 e 1990) e wavele! analysis (Bendjoya,
1993). Os resultados mostram-se de bom acordo, usando as duas técnicas (Zappald el
al., 1993), quando aplicados a 12,487 astertides com s elementos proprios calenlados por

Milani e KneZevic (1994).

A fim de caracterizar do ponto de vista mineralogico alenmas familias de asterdides
realizamos estudos ezpectroscdpicos em membros das familias de Fos, Flora e Themis, as

guais podem ger vistos na figura 3.8, Os resultados estido descritos nas proximas secoes.
a) Familia de Eos

A familia de Eos fol uma das primeiras a serem identificadas ¢ & uma das mais
numerasas, contande com maids de 450 membros segundo o rrabalhoe de Zappala e co-antores
(1995). O asterdide 221 Eos é o maior de sens membros com 110 km de didmetro. Os
objetos desta familia possuem nm semi-eixo maior entre 2,95 e 3,10 U.A_. A ressonincia
0/4 (a 2 3,03 U.A.) separa a [amilia entre uma regiio densamente e oubra fracamente
povoadn.

Embora seja uma fam{lia bem identificada, sua origem ainda nio é explicada. Os
maodelos colisionais para esta familia tém tido difieuldades em explicar a fraca disperséo
em semi-eixo maior em relagao as dispersdes em excentricidade e inclinacao (Marzari et al.,
1993). As idades sugeridas para esta familia variam desde 100 milhées de ancs (Morbidelli
et ol., 1993) até a idade do Sistema Solar (Binzel, 1988).

Nas taxonomias de Tholen e de Barucel a maior parte dos objetos desta familia
que possnem classificagiio sio do tipo 5. Entretanto Bell (198%), analisando os espectros

de alguns membros, encontrou diferengas com os espectres tipicos dos S no infravermelho
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proximo, se aproximando mais dos espectros do tipo C. Além dos espectros, os albedos
também sugerem uma classe diferente, que Bell denominou de K. Também encontrou semel-
hancas destes espectros com os dos meteoritos condritos CO e CV. Mais recentemente, Xu
e co-autores (1995a) observaram uma ligeira heterogeneidade nos espectros de 6 membros

desta familia.

A fim de analisar e melhor entender a distribuicdo de composicao dos objetos da
familia de Eos observamos 45 membros, representando cerca de 10% do total. A seguir
descreveremos alguns dos resultados obtidos, os quais sdo detalhados no artigo apresentado

na proxima secao. As tabelas e figuras citadas nesta secio sdo referentes ao artigo.

Obtivemos espectros no intervalo espectral entre 4800 e 9200 A. Nossos resultados
mostram um comportamento espectral comum aos asterdides desta familia, exceto para
1910 Mikkailov e 4455 Ruriko (discutiremos mais tarde estes dois objetos). A figura 1
mostra um ajuste polinomial de todos os espectros normalizados em 5500 A. Encontramos
um gradiente de refletividade *, no intervalo espectral de 5500 a 7500 A, de 6,3 %/10° Aa
15,3 %/10° A (com excegao dos dois asteréides citados acima). Os maximos dos espectros
estao situados entre 8000 a 8500 A. Nio encontramos nenhuma relagdo entre a distribuigao

espectral e o angulo de fase, andloga solar, albedo ou didmetro.

Apesar de ser considerado que os asteréides do tipo K seriam indistinguiveis dos do
tipo S em nosso intervalo espectral, detectamos uma significativa diferenga na localizagao
do maximo dos espectros quando comparamos nossa amostra de Eos com a de asterdides do
tipo S na vizinhanga desta familia. O mdximo dos espectros destes objetos estd localizado
em torno de 7500 A (fig. 2), valor bem inferior ao dos objetos de Eos, 8388 A. Este
pode ser um parametro importante para detectar um objeto da familia de Eos que tenha
escapado de sua localizacao inicial. De fato, Zappala e co-autores (1996) observaram alguns
membros da familia de Eos dentro da ressonancia 9/4 calculando que estes estao a ponto

de ser ejetados da regido. Estes objetos foram chamados de “fugitivos de Eos”.

* Gradiente de refletividade é o coeficiente angular da reta em ajuste linear do es-

pectro num determinado intervalo de comprimento de onda.
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s objetos 1910 Mikkailov e 4455 Ruriko pessuem espectros do tipo ©. Sugerimos
gue este objetos seriam de fundo, ou seja, asterdides que ji se encontravam na ragido de

Eos na época da colisio e que I3 permaneceram sem serem membros da familia (fig. 5).

Para wina andlise mais completa da mineralogia destes asterdides seria necessirio
identificar a profundidade da banda de 1 pm o que nao é posaivel devido & regiao analisada,
Mas alguns pardmetros de nossos espectros podem ser extraidos, como a posigio do maximo
(que se revelou peculiar para os mewbros de Eos), o gradiente de refletividade encre 5000
e TH00 A e 5000 e 8500 A (chamaremos de gradiente de refletividade A e B) e um valor
de profundidade aparente medido como a razao da intensidade em 7500 e em 9000 A.
Todos estes valores estio listados na tabela 2. Lembramos que na hipitese de alteracdo
espacial da superficie de um asterdide o gradiente de refletividade A estaria relacionado &

profundidade aparente da banda, o que nao ocorre no cazo em questdo {ver figura 4).

Trés hipiteses podem explicar a diversidade observada na distribuigio espectral

da familia de Eos:

I- o asterdide original de Eos era parcialmente diferenciado e os fragmentos oriundos

da colisao que gerou esta familia vieram de partes diferentes do corpo original;

2- 0 corpo original da familia era homaogénea, mas sofren um processo de alteracao
espacial de sua superlicie, sendo que os [ragimentos podem ter vindo da superficie alterada

guimicamente ou do intericr, com a composi¢io preservada;

3- o vorpo original era homogeéneo gerando frigmentes também homogéneos, mas as
superficies foram alteradas quimicamente com o tempo. Colisoes secundarias em alguns dos
membros revelariam em parte ou totalmente a composiciio interna, assim oz ohjetos cujos
espectros situam-se na parte inferior da distribuicdo seriam mals “jovens” (composicdo
original) ¢ os da parte superior da distribuicao seriam mais “velhos” (composicido mais

alterada qnimicamenta).
A primeira hipdtese é pouco provivel pois implicaria na existéncla de duas pop-
ulactes bem distintas na familia de Eos, 0 que nao € verificado jd que a distribuigie

espectral é continua (fig. 1).



Na andlise dos parametros espectrais dos objetos desta familia nao encontramos
qualquer relacao entre eles, exceto para um grupo de apenas 5 objetos (fig 5), onde o
gradiente de refletividade A e a profundidade aparente estdo bem correlacionados. Desta
forma, nao podemos descartar totalmente a segunda hipétese, concluindo que o corpo
original da familia de Eos deve ter sido parcialmente diferenciado e que um processo de

alteracao espacial esta agindo sobre alguns membros da familia.

Analisando os espectros de meteoritos obtidos por Gaffey (1976) encontramos
trés, do tipo CO e CV (fig. 6), que se ajustam & parte inferior de nossa distribuicao, como
previsto para os asterdides do tipo K. Encontramos também um meteorito mesosiderite
que se ajusta a nossa distribuicao, mas como este meteorito exige uma temperatura de
formagao muito mais alta do que os condritos CO e CV, nao pode ser representativo dos

membros desta familia.
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The Fos family detected by Hirayama in 1918 has heen
always considered to be compositionally homogeneous. T'o in-
vestigate the compusition and the linmogencity of the members
of this family, we staried a spectroscopic survey ut the Eurcpean
Southern Ohservatory (ES0) with wavelength coverage ranging
from 4800 to 9200 A. We observed 45 Fos asterond members,
which constitutes the first larpe survey of this family. Our resolts
reveal the Fos ohjels have spectral signature characterizing the
whole family: a maximum at A - BO00-8500 A and a reflectivity
gradient spanning a contnueus range, Only two of the 45
investigated ohjects scem to be interlopers. While the lower
range of this spectral distributivn hasheen easily connected with
CO-0V chondrites, we have found no satisfactory meteorice
counterpart 1o the upper range. We have interpreted the spread
nut of Ens spectra tn be the resufts of compositional variation
amaong the Eog members, implying that the Bos parent bady was
partialty differenriated. Morenver, 4 space weathering cllect has
heen proven to be present, but with a minor role played in the
diversity of Eus family, the major role being the compositional
voariation. o 1998 acadersic Mren

Few Words: asteroids composition; spectroscopy; metaorites,

1, INTRODUCTTON

Mrar the beginning of the ceatury, Ilirayama (1918)
was the fitst to deleet stadstically significant clusterings of
asteroid orbits, callad Familics. because he belicyed that

- Raged on ohaeraions cacnsd ool ab the Eorapaan Soothern Ohsarea-
topy (ESO of La Silia. Chele.
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the members within each group were related by a commion
origin, He specolated that familics ariginated from the self-
disruption of asternids in a manner that perhaps was similar
1o the spontaneous discuption of cometary naclei. Kuiper
{1950) cejected this theary because of the lack of a suitable
mechanism and proposed that the dominating process act-
ing in the asteroid belt was muteal collizions, The Hiray-
amy families were sugpested to be the results of the colli-
siunal distuption of large parent badizs. The cssential Tole
played by catastrophic events in determining many of the
muost mportan! phsical propertics of asteroids is widcly
recopnized and it is now well accepred that asterond familics
arée the remnants of the energetic inter-asteroid collisions.
Numeroos studics have shown the imoartance of cellisional
processes on the evolution of the asteroid belt. The dynam-
ical family memberships have been determined with high
reliability in recent years, thanks to the development of
refined perturbation theories for the long-lerm evolulion
of astercid orbits (Milani and KneZevic 1990, 1902 1992
Knezevic and Milani 1994), Several authors with various
techniguey trisd lo reanalyvze the asteroid population to
better define familics {Bendjoys et al. 1991, Lindblad 1594,
Zappala et al 1990, 1955,

The Eos family was onc of the first four families with
Koronis, Themis: and Maria, discovered by Hiravama,
Thay wore later confirmed by Carusi and Valssoch: (1952),
Eos is also the third most populous family atier Koronis
and Themis. According to the latest results of Zappala ez af
(1993} who applied two different metheds of elustering,
the numbers of recognized members s now more thano
4350.

L3 115848 £25.00
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The Ens family is the result of atotal breakup of a parent
body where 221 EOS (1 10-km-dinmeter) is the largest frag-
ment. I'he Eos family members have Lhair proper seminz-
jor axis spanning from about 2.96 ra 310 AU, where the
Yed resonance (g = 3.03 AU abruptly cut the distribution
af asternids into a high density part and a low density pait
(Morhidell e al. 1993, Fig. 8). According to Maorbidelli
eeal (19957, this resonancs is responsible for the depletion
af about 501 to 7T53% of the original members. Binzel (1938)
found that the rotation rates of Eos family members are
significantly faster than others, estimanng a modeled ape
af the Eos family comparable to that of the Solar Systam,
4.0 hillion vears. However, Morkidelli er al {1995) sup-
sested an age of 1 Myr, but they were not certain if this
was the age of the whole Los family or the age of a secand-
ary breakup event. Alsc. Marzari et all {1995) tried to
estimate the family age by means cf a collisional evelution
model. However, they found some ditficulties in explaining
the very low dispersion of Eos family 1n semimajor axis,
camparzad to the dispersion i eccentricity and inclination.
Ewven if this familv has been early identified, s origin
remains unexplained. In fact, more penerally, our poor
understanding of the values of breakup and callisional
evolution parameters lead to the present uncertainties.
Collisional expariments as well as large survey arc neccs-
sary to constrain the model parameters and lead to more
precise estimates of the asteroid family ages.

Dynamacaliv well identified, Eos familv's members were
also long recognized to be spectroscopicailv well separated
from the background. Howsever, on the other hand, the
classification of Eos asteroids has often pesed a difticult
problem. Starting in 1977, Gradie and Zellner, in one of
the first astzroid classificutons based on the UBV colors,
classified the Eos objects between C, 5. and U, Gradie
(1978) assumed this spread in albedos and colors to be the
effect of compusitional differences among family members,
A recent simular spread in JHK eolors for the Eos family
was shown by Veeder et el (1993), Thoelen, in 1984, as well
as Zellner ¢f ol (1985) put almost all the Eos family objects
inta the 5 class. However, according to Galley eral (1992),
this does nol constitute a proof of homogeneity. The §
chuss is lhe most spectrally diverse asteroid laxonomic type,
with a range of different mineralogies and moedcoritic ana-
lozs, Baruced ef af, {1987 ) alse classified 15 of 16 Eos aster-
eid members inta the same 5 class and mainly into the
S0 subdivision (13 50, 1 51, 1530 Finally, to characterize
properly the uniqueness of the Eas family praperties, Bell
(1589} proposcd a new asteraid type called K. This new
suggestion was based on the first IR spectra of four mem-
bors of the Eos family (Bell et af. 1987) that differ from
S-type spoctra and show similarities with CO and CV chon-
dritcs. Tedesco er al (1989) also definad a K class, but did
not defimitely state whether the Ks are end members of
the Ss or are slightly separated. More recently, Xu er al
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(1995} on the hase of the SMASS survey, have shown a
madest degree of herzrogencily within their sample of six
Los family asternids.

The data From |‘JI'E\.-"ii.’!II.~: work summarieed above uppear
te favor a heterogeneous parenl body. To understand bet-
ter the composition of the Eos family, we ghserved o large
sample af nbjeets to huve homogeneous data and to reduce
selection effects. We oblained reflectance spectra of 45
Ensasteroids (with dismeter range between 135 and S0 km),
whicli constitules more than 10% of the whole numbered
population. In Section 2 we present the chservational cir-
cumstances and the reduction technigues used. The general
résults aregiven in Section 3 and discussed in Saction 4,
A compdrison of cur objects with metearites is danzg in
Seetion & und [mally, Section 6 concludes this study.

1. UBSERVATIONS AND DATA REDUCTION

The cbservations were performed at the European
Southern Obsarvatory 41 La Sille (Chile) using the 1.5-m
telescops with a Boller & Chivens spectrograph and Loral
COTY (248 > 2048 piels). W used the 225 g/mm grating
with a dispsrsion of 320 A/mm in the first order, The CCD
has square 15-pm pixels, giving a dispersion of about
5 Aspixel in the wavelengia direction, The spectral rangs
is about 4800 < A < 9200 A with a FWEHM of 10 A, The
spectra were taken through a 2- to 8-arcsec slit (depending
on the sky conditions and the airmass value during the
observations) oriented in the sast-west direction. Particu-
lar carc has heen taken on the choice of the shit's width
to mitigate the consequences of almospheric differential
refraction [Filipenke 1982). This problem, important in
spectroscopy, s critical in our ¢ase. Indeed, the pussible
loss of light at bath ends of the spectrum could lead o
erronaous classification of asteroid typeand false compula-
tion ot spectral slape. The ohjects were abserved near the
meridian, with atrmass lower than 1.2, We observed (he
asteroids durmg three ohserving runs in March 25-27, May
1222, and Octaber 17, 1996, Oue miore asteroid, 3328 1935
QD1, was obtained in a provious abservation, as possibie
alternative candidate to the Rosctta mission (Barucel e ol
1997}, The weather conditions were good durine all the
ubservational time.

Particular care was taken to ensure proper calibration
of the asieroid spectra. Many bias images were obtainsd
each night to monitor the readout noise of the CCD, as
well as far feld images to get the pixel to pixel variation
in sensitivity. In [act, o better minimize this effect, we
ware cautions to place euch spectrum along the same CCD
columns. Wavelength calibration frames were performad
regularly during the nighl with lizht from a helium-argon
lamp. The produclion of reflectance spectra from the wave-
lenpth calibrated spectra is achieved through the division
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TARLE I
Observadonal Circumstances as Date nf Chservations, Solar Phase Angle o,
Distances to the Sun (r} and the Earth (A), Visual Magnitude (n) Selar Analog,
and Slitwidth Are Listed for the Eos Observed Asteroids

Asteromuds date o r A i, Solm Siit
(=} (ALY (ALl unidig width
450 Angitta ARDIe 15 13m0 2330 154 HDT615E) 2"
313 Centesima D050 45 17243 31350 145 HDI445485 B"
613 Felima X059 130 34008 2397 |49 HDLI34535  B"
669 Kypria InSoe (RA 2851 2298 13 HDI44585 B
6 Mopunlia WSS 10 2237 26060 157 HDI=438F B
1112 Polonia 0Naos 1790 3031 404 154 HDIA4585 B!
1 125 Mejrmin: nsams 30 3376 2273 1448 HDIa4%gs B!
| |48 Raruhu 210506 1501 3156 2455 154 HDId4583 A
1136 Turmera 60396 38 3184 233 139 HDTOLEL il
1207 Ostenia 2703 7.3 081 213% 155 HDIa4585 2
1364 Salurn 21059 121 REDY 1816 150 HDI44585 B
1388 Aphrodite 270388 44 152 ZOAM4 154 HID44s8s 2
1412 Bougurie 210596 48 3,139 2151 155 HDI44385 B
1416 Renmuxa 258 51 1345 2364 153 HID44585 8"
1434 Margat 17/ L0s B.5 3070 2156 151 Hi445M  5¢
1552 Bessel 0895 11,7 3308 2.4RD 163 HD144535 §°
1711 Sandrime 1SS 9.4 2700 L7770 151 HD445%4 =i
1737 Heike 2G9S BA 1,274 2336 161 HDId44585 &
1844 Susilva 2205m6 9l 2000 2.0 15.5 HDI44385 &
1910 Mikkailowv 190598 156 29d44 22303 156 HDI44585 &"
1957 Angara RIS A% 2936 L1980 157 HDl44535 2"
LIB0 Mar jaleena I3es B2 3118 2092 157 HDl44535 20
2191 Tppuali ame 34 3105 36 158 HDl44535 20
313 Crechoslovakin 2703968 34 3302 2321 155 HDI44585 32"
1358 Bahner TEMe 41 3F72 2780 157 HDI4458% 8"
2443 Tameilesn MW0A0G 117 2044 2065 143 HDl445385 8"
3024 Zhangeuoxi 260396 12, 2952 1124 |54 HD7sIE5] o
3062 Wren 210556 9.3 3152 2139 157 HDL4a5ES g
3318 Blixen Flidsmee 7.0 mE roar 135 HMM44383 &
3328 1883 QD1 210485 153 747 193G 161 HEsDSD m
3409 Bulgakoy 210506 &0 2798 LE3Ss 1572 HDI445RF  BY
3713 Pieters 2H0AME RO 3008 L0538 138 HDI443%5 B
37349 Roskoke 230598 7.9 2887  L.92K 154 HDl4d387 B
3772 Piaf 2039 TS5 2ETI LR 154 HDI144585 B"
3914 Kotogahama 230556 120 R4 AIDME 163 HD144585 B
3955 Bruckner 205G &3 1042 L1971 138 HDI44585 B
4058 Cecilgraen 270306 4.1 3170 2190 159 HDI4458% 2
4059 Naldar 2WDEaMe 9T 2882 1933 161 HDI4435F 8"
077 Asaka 2znaod L4 2916 LS 152 HDl4433F 8
4102 1988 TR ZRAMGSS 19 2869 1974 156 HDI4453F 2
4115 Paternorton 210506 B2 1013 2037 1461 HDI44585 8"
4435 Rurko NG 15 i0mE 3092 153 HDI44585 8"
4493 |98F TG 21059 158 3190 2532 164 HDI44343 @
4498 Shinkoyaria 205 3.0 068 2064 156 HDI44535 a"
4537 Valgrisrap 22050 1.8 2.891 1081 153 HDI44585 &

by the spectrum of & solar analoy star, For this purpose,  served ¥ magnitude, distances to the Sun (#) and the Earth
HD44394, HDT6151, and HD144553 (Hardorp 1978) were  (A), the solar phase angle (c), the solar analog used, and
observed during each night, The stars were ohserved at  the slitwidth in arcseconds. At the end, we vbtamed 45
airmasge similar o those of the objects. The observational — spectra, which constitutes the first large survey of the
circumstances are lisled in Table I which shows the ob-  Eos family.
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Thi date reduction was performied with the MIDAS
packame developed at ESCO). Although we nobwee no signifi-
cant chsnme in bas and fatheld frames from one mehl o
arother, we use for each night a separate bias and Malfeld
Cosmic rays were e ntilied individually and removied man-
ually. Using the context Joay of MIDAS, the oilowing
slepswere performoed suecessively to acquire the final spec-
len of each asteroid:

—bizs substraction of each frams

—utficlding cach feames by dividing sach biss corrected
[rame by a nonmalized bins correctad Batfield

—iskv substraction using the skv area on cach side of
Lhe spectrim

—1he twe dimensional spectrom was collapscd to one di-
mCnson

—wavelength calibration was perlormed using the he-
Hum=argon lamp frames

—speiira wefe corrected from airmass by using the
mean ealinetion curve of La Silla (Tig 197

—ivision with the solar spectra traatad in the same way
a5 the asteraid spectrom »

—normalization o unit Jox at 55300 A by conveniion,

We have checked the extinction correction by comparing
the same salar analeg taken at different airmass: The
differancas ware found to be insignificant. We have also
investipated the possibility of svstematic errors in the
asteraid spectrum introduced by the use of different
solar analogs. The difterences were found to be small
(=110 Al

1, RESULTS

The reflecrivity spectra of the objects. normalized
around 3500 A, are reperted in the Appendix. Due to
incomplete removal of the solar spectrum and atmospheric
bands, there are somea residuals left in the spectra. The
largest residuals are from a prominent atmospheric 0,4
band at 7419 A and (-8B band at G382 A and o soclar
absorption line at G563 A {H.}. some false absarptions ars
also presant in the red part of the spectra due to telluric
H.{) bands (ses, for example. the spectra of 7606 Moguntia
and 40159 Halder). ‘| he spectra are discussed below. Tablzs
Il eontains the reflectance gradient slopeA, which i= a
linzar fit to the spectrum between SU and 7500 A in
%/ 11 A This is an indicator of the spectral slope (redness
of the spectrum as introduced by Luu and Jlewitt
{1990,

This survey demenstrates g common gensral trend of
the family spectral behavior (exeept [910 Mikkailov and
4453 Ruriko, which cases will be discussed later), The spee-
tra have areflectvily gradicn| (slopeA) ranging from 6.3%/
104 A for 4115 Peternorion Lo 15.3%/10° A for 1552 Bessel

in the spectral range 3500-7500 AL The mncimum of (e
speciTa 18 lypically located around SO00-8500 A with
median value of 23858 A (Fig. 1). For further discussions,
wer may introduce twa pars at both ends of the spactral
range. Based on the values of reflectivity pradients, wea
refer to a lower asteroid range. ie., the object whose spee-
tra have a gradient around 695107 A, and an upper
asteroid range. Le., those having spectra spanning uround
13-15% 107 A,

We wonder whether this wide range of slope s conneelied
with some observational cireumstanies, Mo carrclations
fhave bean found with phase angle (lincar corrclation cocl-
ficient, 0.3} ar with the solar analag or slit uscd. We have
alzo investigated the effect of the diamerer. The [RAS
albedo. average diametar, and ita Lo uncertainly arc given
in Table 1l (Tedesea et 2l 1902), For the ssteroids nol
observed by IRAS, the diameters have been estimated
assuming the averape albeda of Fos family (0.1524) and
the absolute magnitudes listed in the last calumn of Tabls
II. We have found no spectral slape-size relation as the
one vielding in the Hilda family (Dahleren @ of 1997).
The correlation ceetficient r of slopaA with asteroid sies
isr =004

The Eos asteroids observed by ECAS display quite a
similar refiectivity gradient range. Tn SMASS survey, Gve
of the six asteroids chserved have their spectra within this
span while 2091 Sampa’s spectra, similar to & C typo s
below the lower limit af our span. Three of our asteroids
have been included in the ECAS survey (Thaolen 1934),
two of which belonging to the Tawer range (1434 Margol
and 1711 Sandring) are well fitted b our data speetrs,
while in the case of 1148 Rarahu {intermediate between
luwer and upper range ), the fit is less gond. 513 Centesima,
which spectra is intermediate, was observed by the 25 color
survey {Chapman and Gatfey 1979) and presants a pood
ugreement with our data.

The wide range of slope displaved by Eos objects is
lypival of S type objects. Nevertheless, many Eos members
have been found to be of K tvpe. based upon infrared
spectral observations (Granahan er al. 1993, Clark & al.
1994 A K type asteroid, as described by Bell e al (1958)
is o which hus § type visible spectral characteristics and
Ctype infrared spectral characteristics; e.g. K type spectra
contain a shallow pyroxene band near 1 pm which is not
seen in O type astoroids, but dees not exibit the expected
second pyroxene band nesr 2 wm which is tvpacally seen
in § type asteraids, Thees are o fow K tvpe objects which
are not Bos members, The Evas data available have shown
that we conld not distingnish Eos K type objects from non-
Eos K type ohjects, Hawever, on the other hand, if S type
objects arg indistinguishable from Eos objects based on
their spectral range, we have nevertheless detected a 5ig-
nificant difference in the location of the maximum of the
spectra. We have compared in Fig. 2 our data with the 8
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EOS FAMILY
TABLE II
List of the Spectral Parameters Discussed in the Text
Asteroids Max SlopeA SlopeB  band depth  Albedo D Op H
A (®N0A)  (%/10°A) % (km) (km) (mag)
+10 A +0.2 +4-5 +0.05

450 Brigitta 7641 6.6 -6.3 0.93 0.1220 33.3° 13 10.28
513 Centesima 8593 10.8 -1.4 1.02 0.0885 50.2° 1.8 9.75
633 Zelima 8090 T2 -11.2 0.95 0.1918 34.4° 1.4 9.73
669 Kypria 8583 14.0 -5.4 1.00 0.1405 31.8° 1.3 1024
766 Moguntia 8344 14.6 -5.7 0.97 0.1572 31.3° 23 10.15
1112 Polonia 8368 09.2 -1.1 1.02 0.1319 35.8° 1.6 10.05
1129 Neujmina 8202 07.1 -6.4 0.98 0.1216 34.8° 1.4 1020
1148 Rarahu 8509 13.9 -9.7 1.01 0.1393 332° 29 10.15
1186 Turnera 8529 9.4 -1.5 1.01 0.2919 35.6° 2.0 9.20
1207 Ostenia 8195 10.7 -9.0 0.97 0.1338 22.9° 1.3 11.0
1364 Safara 8626 13.5 -4.1 1.2 - 26.2 10.6
1388 Aphrodite 8244 10.3 -7.8 0.98 0.1317 252° 28 1081
1413 Roucarie 8754 12.8 -0.6 1.14 0.1677 21.5° 2.5 10.9
1416 Renauxa 8402 FL2 -7.4 1.01 0.1459 29.0° 2.7  10.40
1434 Margot 8312 8.9 -5.8 1.00 0.1353 29.7° 1.4 10.43
1552 Bessel 8569 153 -3.9 1.06 0.2042 18.6"° 1.8 11.0
1711 Sandrine 8263 7.4 -5.2 1.00 - 21.7 11.01
1732 Heike 8421 9.8 -8.7 0.99 0.1108 24.1° 4.2 11.1
1844 Susilva 8212 10.8 -13.4 0.97 - 21.8 11.0
1910 Mikkailov * - 20 -2.9 - - 25.0 10.7
1957 Angara 2 6.6 0.8 1.04 < 18.5 11.36
2180 Marjaleena 8703 13.2 -2.6 1.02 - 21.8 11.0
2191 Uppsala 7956 7.2 -9.7 0.96 0.1734 17.5° 13 11.3
2315 Czechoslovakia 8381 12.5 -53 0.98 0.1686 23.5° 1.1 10.7
2358 Bahner 8212 6.7 -8.2 0.99 - 21.8 11.0
2443 Tomeileen 8510 8.1 -4.5 1.00 0.1540 309° 1.6 10.2
3028 Zhangguoxi 8593 11.8 -2.2 1.04 0.1417 256" 1.4 10.7
3062 Wren 8602 13.6 -1.7 1.00 0.1357 25.0° 1.5 10.8
3318 Blixen 8671 11.6 7:2 1.06 - 21.8 11.0
3328 1985 QD1 8401 10.5 -1.7 1.03 - 25.0 11.7
3469 Bulgakov 8642 10.9 -2.0 1.08 - 20.8 11.1
3713 Pieters 8329 9.1 -13.7 0.96 - 19.0 11.3
3736 Roskoke 8124 8.5 -11.5 0.96 - 20.8 11.1
3772 Piaf 8501 12.6 -8.1 1.03 - 19.9 11.2
3914 Kotogahama 8295 10.3 -10.4 1.00 - 15.8 11.7
3955 Bruckner 8510 10.4 -7.9 1.04 - 19.0 11.3
4058 Cecilgreen 8366 8.2 -9.7 0.99 B 19.0 11:3
4059 Balder 8388 8.6 -5.1 0.95 - 15.8 11.7
4077 Asuka 8246 8.7 -10.3 1.00 - 19.0 11.3
4102 1988 TE3 5 7.9 6.5 1.03 B 17.3 11.5
4115 Peternorton 8328 6.3 -6.5 0.94 - 15.8 11.7
4455 Ruriko * - 2.4 -3.2 - - 21.8 11.0
4493 1988 TG1 8217 10.2 -1.38 0.97 0.1636 20.7° 1.1 11.0
4498 Shinkoyama 8462 12.2 -1.3 0.98 - 19.0 11.3
4537 Valgrisrap 8388 8.8 -11.1 1.01 - 19.9 11.2

* Eos asteroids which have been considered to be interlopers.
* Objects which do not exhibit a maximum of flux (see text).
b Iras diameters and the corrresponding ¢ error.
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objects taken from SMASS (Binzel 1993), We have chosen
thess asteroids in the neighborhood of Eos family (2.8 <
a <232 ALY, The maximum is clearly located around 7300
A which is significantly below the maximum median valus
found for Eos family. This may constitute a Bnger print to
the Eos family, allowing io identify any original Eos men-
ber that escaped its original location. Zappala e al. (1994)
bave observed such Eus asteroids, which they called Eos
fugitives, while leaving their original location. By recov-
ering the history of their travel o Earth, in the form of &
CV/CO chondrite, we should shed a light on the complex
resonance’s mechanisms lhat provide meteorites and near
earth asteroids

In the wide similur speciral behavior of the Eos family
members, we find twu anomalous members; 1910 Mikkai-
lov and 4455 Ruriku spectrally similar to C type astercids
{see Fig. 3]. We think that they are inlerlopers, ie, back-
ground objects. According to Gradie eral (1989), the Eos
family is located in a region dominated by C type objects.
Trying 1o add mors informartion to this problem, we have
plotted in Fig. 3 the eight-color spectra of background
objects (29 < g =< 301003 <e =< Q1L 7" < i< 15%). As
expeciad, the speeira look C type, very similar (o the ones
of interlopers.

4. DISCUSSION

The wide observed range of slopes can be explained by
three hypotheses:

= Eos famudv (1op) B8 compared ta its interlopes (center, bold Tiee) and the hackground obiects with 29 =< i < 31008 -2 2 L1
7oy |3 (hottonil [t can be seem that the spectra of backzrcund ebjects [C-1vpe) ars vory similas (o e ones of the mlerluoers,

1. The Eos parznt body was partially differentiated, and
the impact exposed fraginents coming frommdiflerent layers
inside the target.

2. Eos parent body was homopencous bul Fragments
comning fram the parent body surfaee have been aped by
d space weathering process. As repocted in Scection 1, the
age of the collision that formed the Eqs fanulv is not well
determined. One can assume that this original breakup
occurred at a time sufficient for spacs weethering to alter
Eos parent’s surface, Therefore fragments coming from
the surface should have been significantly reddened com-
pared to the interior of the porent body,

3. The third possible scznario for the explanation of the
wide range of slope involves also space weathering, Space
weathering processes have aged all the Eos members since
the initial formation of the familv, when on the other hand,
some secondary collisions have rejuvenated some part of
the family, Thus; the surfaces of the upper range asteroids
are older than those of the lower range objects,

The twa liter hypotheses invoke the so-called space
waathering process that aliers the asteroid surfaces with
time. The space wealhering process is supposed o alier
the asteraid regolith, which, exposed (o the interplanatary
environment, provressively chamees color with time, The
asteroid surface appears darker and il rellectynes spee-
trum is redder (with much weaker ashsorplions bands) Lthano
does the spectrum ol s eonstituent rocks. It has kBeen
Known that such processes are responsihle for allering the
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lunar regolith and, Lo a less extent, asteroid regolith
(Pisters and MeFadden [994), One can argue that this
phenomenon can easily be “dished up in every shape,” but
i face, recently, data analyscs [rom Cialileo's Ida cneounier
have provided convineing evidence that the space-weather-
ing procass 12 operating on lda {Chapman 1996), Space
weathering is not simply a working hypothesis and should
be a valid option, as well as a dilferentizted parent body.

‘The second hypothesis alone could hardly be valid be-
cause it implies two well separated populations, one old
and one young, whereas the Ecs [amily is characterized
by a continuous slope range. The third hypothesis also is
difficult to rely on because of the paradox of 221 Eos, the
largest member, which appears to have a relatively fresh
surface (SMASS data imply 221 Ews is in the lower range
ol spectral slepes), On the other hand, these arguments
donot exclude the pessibility thal two or the three hypoth-
eses may work together. The goal of the following analysis
will be to estimate which une 15 dominant.

We can analyse the whole Eos [nmily with a few spectral
parameters, When we look at Lthe Eos spectra (but with a
tew exceptions we will discuss later), we can distinguish
two approximately linear segments, the first from about
3000 to 7500 A (segment A) and o sccond segment from
about 8300 to 9200 A (segment B). Between the two seg
merHs ocour @ bend in the spectral refllectance. In this bend
is located the maximum of the reflectanee curve, Then the
spectral parameters characlenizing the speetra could be the
slopes of both segment A and segment B (namely, slopeA
and slopeB) and the maximum of the reflectance curve,
Max.

Most of Eos objects specira exhibit the broad shallow
absorption feature longward of 8000 A, This lesture is the
most diagnostic one in our specteal interval for surface
mineralogy. Asteroid surface materinl characterization is
based wpon the interpretation of observable diagnostic
properlies to determine the prasence. abundance, andfor
composition of one or more minerals or chemical species
un the surface of that object (Gaffev er ol 1988). The
frature longward of 800K .i. is due to the presence of an
olivine—pyroxene mixture band around 1 gm. Scveral diag-
nastic and potentially diagnostic spectral parameters can
be extracted from asteroid spectrum for olivine—pyroxene
mixtures (Cloutis e al. 1O46). For example, the 1-pm band
position parameter is correlated with the (a® content of
pyroxcne, as well as the olivine—pyroxene abundance ratie.
For mincralogical significance of spectral parameter, sec
Ciaffcy er al (1993).

In our survey, untortunately, the spectral coverape does
not allow deep investigation of mineralogy, However, we
can argue that the parameter Max is directly related to the
position of the L-um absorption band and thus is correlated
with the surface mineralogy. The values of slope B com-
puted in the interval 2500-9200 A using a least mean

hd

Time

S

P TRITLTIES

slapeh

depth

B e

alhedn

T TR e

Fiti. 4, Rehavinr of space weathering and spectral pacameters

syuars Hnear interpolation are reported io Table [1 Large
grror bars are due 1o the noisy data in this inlerval Nega-
tive values are diagnostic of a l-um absorption feature,
The slopeD values range from —13.8 10 — L.4%/10° A Most
of the values of Max range betwean 8000 and 8300 A. This
might argue for o compositional variation in the olivine—
pyrezens mixture and thus for a true compositional varia-
tion among the Eos membars,

Cmiy a few Eos objects (1112 Polonia, 1143 Rouvcarie,
4102 1988 TE3, 1957 Angera) do not have a negative
slepeB value disenostic of the T-pm feature, This is easily
explamed Tor the first three asieroids for which compuia-
Lan of slopeB gives crroncowy results due 1o noisy data
and incomplee remaval of welluric H-0 bands, On the
other hand, the positive slope B of 18957 Angara scems
real but we cannot rule our that the telescopic data was cr-
ranecus,

1. Investigating the Space Weathering Hvpoiheses

We have shown that there exists a true compositional
variation among the Eos asteroids. Llowever, space weath-
ering may indesd be present. So the work below will help
to evaluate and remaove the role plaved by space weather-
ing in the diversity within the Eos family.

The space weathering process sllors the asteroids by
darkening the surface. The offevts on Lhe spectra are as
[ollows: the spectra look redder and the absorption bands
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are wenbenoed, These traits were observed by Galileo on
[du's surfuce where the small fresh craters appeared bluer
thun other megions (Chapman 1998, and references
therein), proving that Ida prosents @ slrong ease that space
weathering eoasts, Figure £ (lustrales the relations betwasn
gpaee wealhering and speciral parameters. We have intro-
duced another eseful spectral parameter, the apparent
band depth, which is sensitive to the space wealhering
provess. The epparent band depth is computed as the rela-
tive reflectance at ~7500 A outside the 1-pm band, divided
by the relative reflectance at ~9000 A inside the bund,

First of all, when investigating the whele Eos family, no
correlations havebeen found between spectral paramelers,
praving that space weathering is not the prime caose of
the diversity szen within the Eos family,

The Eos family can be sorted accordine to the location
of the maximum of the spactra (max). Such a compositional
group is shown in Fig. 3 for 4 muximum value of around
2200 A. It can be seen that a space weathering process is
present within this compasitional group. Then the spectral
parameters which are sensitive to space weathering pro-
cesges should be comparad, Slope A and band depth wers
found Lo be very correlated (r = —13%). However, the
carrelation with the third “space westhering” parametsr
{albeda) fails. We should also nore thar the later corrala-
tian was difficult to compuore due o incompletz albado
data. In conclusion, space weathering appesrs o be the
source of a nonneglipible part of the diversity within the
Eos family,

o

A compositional group (same Max valug). This plot shows’ thal o same spuce wealliering (vpe behavior s present within such &
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2
. COMPARISON WITH METEQRITES

K tvpe cbjects and consequently Cos asteroids have
been, o datz, gensrally linked o CONCY carbonaceous
chondrites (Bell e al 1437, Bell |923). The specira of
all carbonaceous clundnies types are dominated by the
presence ol a sermicondoetive opague phase (carbon) which
rsults mea very low zlbedo and weak ot absent features.
Wi carrizd out, in the ranae 4800 < A=< 9200 A, a compari-
soat 0f our speetry with the spectial reflectances obtained
by Cralfey [1976) Tor o wide collection of meteorites mea-
sured as powders al several sizes ranging from unsorted
civirae (=300 wm ) todine (=31 pm) inthe spectral coverage
Cram 3700 La 250010 A, Our first result confirms that meost
COMCY meteorides it goste well oor spectral reflactand
curves, but for pnly the lower range asteroids (Fig. 8). The
wbjoels belonging 1o the ppper range have their spectral
reflectance quute similnr to the one of Yeramin mesosider-
ite, This metearite is a stony iron meteorits, Le. n metal-
silicate mix.

Our companson with meteorites aver limited wave-
length mterval should be viewad with caution. Ohwionsly,
wo cannet valdate our miterpretation withaut comparing
i the near infraved rangs. The comparisan in a largsr
pange, AT0-35,000 A, is mea ningful. For instance, the dif-
ferences hatween carbonnceous chondrites and mesosider-
itz metenntes, already significant in the 48000- to Y200-A
rangs |s highly emphasized in the infrared range.

We have done a comparison hetween meteorites and
the only four Fos family members abserved hy hoth the
d2-colar psteroid survey and the ¥-color asternid survew
(221 EC5. 639 Latona, 653 Bersnke, and 661 Cloelia).
Thus. we obtained. tor these asterpids. a total wavelength
coverage from 3404] to 24,000 A. which almast corresponds
ta the one of the Gaftay meteorite collection of ditfuse
reflectanca (35IH)-25,000 A). 221 Hos, 653 Berenike, and
Of] Cloefia are very similar to OOHCY chondrites (Figs.
Ta=7z). On the other hand, 639 Latona, whose spactrum
is closer to the ones in the upper rangs of our survey, is
similar 10 the Varamin mesosiderite (Fig. 7d], even if the
comparisan s _not eompletaly satisfactory. especially
arcund WL A, Howsver, within the limits-af the noisy
data, the spectium of 539 Latona looks more like an aliv-
ine—stony iran {pallasite) or a highly metamorphosed OV
CO chomdrite (Gaffey, private commun,}. The spectrum
ol the Cl carbongceous chondrite Alais can also be campa-
cabloto the spestoom of Latona (Fig 7}, but this meteorite
s comsidered by Galley (1970) a5 weathersd {nol well pre-
served ),

Mesosiderite Veramin is the only meteacite (available
in Lthe Galley culloction) spectrally similar to the upper
runge speclra of Eos objests but the following considera-
tions lead Lo the conclusion that mesosiderile could nol be
linked with the upper Tanzs specira of Bos asleroids,

GE&

DORESSOUNTIRANM ET AL

| Ohwr data end ul 9200 A; thus, it is difficelt 1o compare
the final part of the spectra and to state if spectra will rise
up as the Veramin spectrum does,

2, Among the four Los asteroids observad by the 52-
color asternid survey, only one, 639 Latoad could boe cani-
parable to Veramin meteorite, bul with noticeable diserep-
aney around 10,000 A, As first stated by Bell in 1989, 639
Latona mav be an interfoper.

3, The strong argument against deriving stonveiron and
COCY asscmblages from the same parent hody ariscs
fram the arigin of stonv=iron meteorites. The processes
requirsd o [onn either & mesosiderite (at least partial
melting of parent body 1o form a basaltic crust) or a pallas-
itz (high degree of melting to form a core within the parent
Brody ) would sharply restrict the sbundance or even pre-
clucle the presgnce of CV/COD assemblages in the parent
baody,

6, COMNCLUSION

We have obtained 45 spectia of Eos Lumily members in
the spectral range 4800-9200 A which constitutes the first
large survey of BEos family, Our survey demaonstrates that
the reflectance curves of the fanuly span continueusly
a range of reflectvity gradicnl and that the Fos family
should he characterizzd by the maximum of the spectra
tvpically located betwaen 8000 and 8500 A, By “flagging”’
Las asteroids, this could help in idsntifving. for example,
some Mear Earth Asterouds, as escaped Eos asteroids, An-
ather resull of our survey 19 that we have found 2 C-
Lype aslernids which shoold be interlopars, 1a., backzround
objects, within the family.

Based on the analysis of spectral parameters, we have
thown that the diversity tean within the Fos family is due
ta a true compositional variation among the Eos members
and thus s partinl diffentistion within the Eos parent body.
Within a composilional group, we have shown that space
weathering is present and constitutes a nonneghgible part
in the diversity of Eos objects.

Lo investigate the family composition and origin, we
have carried out a comparison of our specira with the
Gaffey collection of meteorile speetrd, 10 appears that the
lower range of our distribution is well fitted by CO-CV
metcorite spectra, whereas the upper ranps seeins similar
to & mesosiderite one. Thermal considerations sugpest the
exclusion of any relationship between CO=CV meataoriies
antd mexosiderites,

APPENDIXN: RELATIVE REFLECTIVITY FOR
45 EOS FAMILY ASTEROIDS

The gpectrz are presented hy increasing asterosd aonber. They nee
noremaliesd around 3300 A by convention,
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b) Familia de lora

A famflia de Flora foi primeiramente identificada por Hirayama em 1919. Em
trabalhos subsequenles, este agrupamento foi dividido em 4 subfami{lias (Brouwer, 1951;
Arnold, 1969), e até em 10 familias (Williams, 1992). A difieuldade de se estudar a regiio
de Flora se deve a 2 razdes: a proximidade da ressondncia secular i, que dificulta o
calculo dos elementos proprics, e a grande quantidade de objetos de [undo nesta regifo.
Devide & dificuldade de separagiao entre os objetos de fundo e os reais objetos de nma
tamilia, Farinella e co-autores (1992) introduziram um novo termo, “clan”, para este tipo
de agrupamento. Zappala a co-autores (1995) propoem que Flora seja um clan, com semi-
eixo maior proprio entre 2,167 e 2311 TLA. e 477 membros. Devem ser encontrados cerca
de 170 objetos de fundo. O maior objeto desta familia é 8 Flora com 136 kin de didmetro.
sepuido por 43 Aviadne com 66 km e o8 outros membros com difimetro inferior a 30 km.

A maior parte dos membros desta familia que possuem classificacio siao do tipo 8.

Com o objetive de entender melhor a distribnicio de composicio mineralapica dos
objetos e a origem do clan de Flora realizamos um “survey” espectroscdpico. A seguir
descreveremos os principais resultados obtidos, enquanto que o artigo descrevendo o tra-
balho complero & apresentade na secao seguinte. As figuras e tabelas citadas nesta secao

sao referentes ao artigo.

Qbtivemos 47 espectros de objetos do clan de Flora, sendo que 42 apresentaram
caracteristicas similares (espectros do tipo 8). Este resultado sugere uma origem comum,
embora devi ser ressaltado que a regido de Flora é predominantemente de objetos do
tipo 5. {)s outros § objetos apresentaram espectros diferentes, levando-nos a propor que
nio pertencem ao clan. Um deles apresenta um espectro similar a 2 meteoritos eucrites,
implicando numa classificacio do tipe V e uma provédvel origem na familia de Vesta (fg
2). A figura 3 mostra um ajuste polinomial de todos os especiros nermalizados em 5500
A, com excecao destes 3 objetos. Quando acrescentamos os espectros do clan de Flora
obtidos pelo “survey” SMASS (Xu ef e, 1995a ¢ 1895b), encontramos que, com excegio
de um abjeto do tipo C, a distribuigio permanece inalterada (Hg 1). Com cstes espeetros,

totalizamos 60 objetos do elan de Flora com comportamento espectral similar.
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0 valor médio encontrado para o maximo dos espectros estd emn torno de 7380 A,
sendo que varia entre 7250 e 7860 A, com um erro de 250 A devida a0 rufdo nos espectTos.
Devido a esta barra de erro néo podemoes afivmar se a variagio acima é real ou nde. Se osta
variacao for real, indicaria uma variagao na composigio mineraldgica, enquanto o contrério

indicaria nma homogencidade na composicio destes abjetos.

A profundidade da banda de [ pm nao pade ser medida devido ao intervalo es-
pectral analisado, mas podemos ter uma idéia desta proflundidade através da razao de
intensidade entre 9200 ¢ 7500 A. Encontramos uma tendéncia de numento do gradiente
de refletividade A (medido entre 5000 & 7500 A) com o decréscimo desta profundidade
aparente, sugerindo que wmn processo de alteragio cspacial estejn agindo na superficie

destes asterdides como descrito anteriormente (ver secdo 3.1.3, item b).

Em comparagao com 08 espectros de meteoritos, encontramos 4 condritos or-
dindrios que se ajustamn & parte inferior da distribnigao espectral dos objetos do clan
de Flora (fig 4). Isto sugere que os objetos da parte inferior da distribuicao tenham uma
composigio similar & de meteoritos condritos ordindrios mas que, devido a um processo
de alteragio espacial da superficie como deserito na segdo 3.4, sua real composicao seja
mazcarada. Colisaes aleatdrias poderiam retirar em parie ou totalmente a crosta alterada,

revelando suas camadas mals interiores.
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We observed 47 Flora clan members at the ESO (European
Southern Observatory) in the wavelength range 4900-9200 A.
We found 42 objects with common characteristics: a maximum
around A = 7500 A and a reflectivity gradient spanning a
continuous but limited range. Only five objects show different
spectral behavior (one is probably V type). Looking for meteor-
ite analogs, we only find four ordinary chondrites that present
features similar to those of the lower part of the Flora spectral
distribution. This behavior is consistent as the consequence of
some space-weathering process. @ 1998 academic Press

1. INTRODUCTION

In 1918 Hirayama (1918) first recognized some nonran-
dom concentrations in the asteroid orbital elements, and
hence first introduced the concept of families identifying
three of them: Koronis, Eos, and Themis. One year later he
included the Flora group (Hirayama 1919) in this category.
These families provide an unique opportunity to investi-
gate the mineralogical composition of the interior of solar
system bodies, since they have components that are consid-
ered as remnants of energetic interasteroidal collisions,
with catastrophic disruption of a parent body.

! Based on observations made with the 1.52 m telescope at the Euro-
pean Southern Observatory (La Silla, Chile) under the agreement with
the CNPg/Observatdrio Nacional (Brazil).

The validity of this concept was first confirmed by
Brouwer (1951), who computed the proper elements of
1537 asteroids and added a few other families. The Flora
family was then split into four subfamilies. This division
was supported by Arnold (1969) with a qualitative argu-
ment, but not recognized by Lindblad and Southworth
(1971). Later, Carusi and Massaro (1978) claimed that
there exist no such subfamilies, although they identified
three subgroups in this region. They rejected this result as
spurious as a consequence of their method.

The complexity in describing the Flora region comes
from two distinct reasons. First, the determination of
proper elements is a difficult task because of the proximity
to the »; and the secondary secular resonances, leading to
large uncertainties in the assessment of families. Second,
the high-density background and the probable multicolli-
sional origin of the family contribute to the complexity of
the region. Williams (1992), for example, broke up this
region into 10 families, suggesting that many collisional
events could have caused this splitting.

Farinella ef al. (1992) introduced a new term, ““clans,”
to represent groupings for which unequivocal membership
definition and/or separation from other background groups
is impossible. Thus, in the clans the expected number of
interlopers can be a significant fraction of the total number.
Zappala et al. (1994) proposed that the Flora region could
be a clan, identifying 477 members with a very high back-
ground density and estimating the presence of nearly 170
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interlopers (see alsn LZappali ef af. TH5] Tnowhat Follows,
we will use the Fappala ef ol (1994) delinition of members
of the Flora clan,

Many hypotheses have been made coneerming the prigin
of the Tlora family or elan. Wicsel (1978) propassd thal
it could be the resull of 2 collision betwsen two asteroids
of similar size, a proto-Flors and a proto- Ariadne. Tedesco
(1979, using UBY colors. verified thar 928% of the clan
membars have a homogencous distributon of colors. The
conciusion was that a common orzin of Flora clan s almest
certain, but the clan prubably did not originate from the
castastrophic distuption of 4 single parent hedy. Gatfey
(1484} suepested that 8 Flora, the biggest asteroid in the
clan, could be the metul-rich core of the onginal parent
body, while the smaller members could be metal-poor frag-
ments from it crust 2and mantle.

I'he Flera clan members huve their proper semimajor
axes between 2167 and 2311 AU (Zappali er el [993),
The largest member is 8 Flora, with a diameter of 136 km,
followed by 43 Ardadne with a dismeter of 86 km (Tedesco
19497}, The remaining members do not exceed 31 kmon di-
amerer.

Most of the objects which have been classifizd belong
to the S-tvpe class (Tholen 1989 and refersnces therein).
Xu er al. (1995a) reporied CCD spectra of 20 asteroids
members of the Flora clan, of which all but one (C-tvpe,
2259 Sofievka) were classificd s S-tvpe. It s worlh noling
that certzin S-lype objects seem to be pessible seurpes of
ardinary chondrites. Binzel ¢f @l (1996) found that near-
LCarth asteroid spectra continuouslv span the range be-
tween ordinary choodrile meteorites and 5-class asteroids
in the 4500- to 9500-A speetral region. Chapman (1996),
baged on the results of the Galileo observalions of Guaspra,
[da, and Duactyl, all S—class astercids, suggested that a
“space weathering” process would operate to convert the
speclrum of ordinary chondrite material to that of §-
type asteraids.

Froeschld and Scholl (1986), from numerical integrations
of synthetic particles located inside the ey sceular reso-
nuncs, found that fragments injected inte this region at
law inclinations become Earth-crossers within 1 My,
Mareover, Scholl and Fragschlé (1991) propnsed the Flora
ragzion as a passible mainbelt sourcs of meteorites.

MeCaord and (Gaffey (1974} analvzed the refectance
spectrn of B Flora, concluding that the surface of this aster-
aid was composed of mustures of metal and pyroxene.
Feiztherg et al (1UHZ) suggested that 4 Flora could be &n
ordinary chondrite candidate in the asteroad belt. Howaver,
{raffey (1984} found that its spectrum varies with rotation,
implving a spatiallv helerogensous surfacs composition
mconsistentwith that of ordinarv chondrites, He concluded
that the surface maltenal indicates a differentiated body.

Ihe astercid 43 Ariadne, on the other hand, was sug-
gested by Johnson and Matson (1973) to be an ordinary

FIORCEAK BT AL,

chondrite due Bo ity spectrum beinge similar W that of 1685
Tor. Craflley (1954) found that the H and K reflectance
ol 43 Ariadne (Veeder o0 al 1978) i congistent with a
melab-poor, clivine=dominsled assemblapne,

Craffey ef gl (15993} definad seven subclasses of S-types
{dlesiznated S{1)-S{VIL)} based on ctheir analyses of visible
to near-IR speciral absorption bands. Paramerers derived
from analvses of these bands are directly related o the
abundance of minerals present on the asteroid surtaces.
In the subsst of the S-types studied, Gatfey et gl [1WW35)
concluded that enly members of the S(TV) subclass could
have compaositiens which might includs ordinary chon-
drites. In their werk they state that 8 Flora could be ambig-
uously classified as type S(I) ar S(IV) while two other
members of the Flora clan, 364 lsara and 43 Ariadne. ars
classified as S(11) and S{IH). respectrvely. In this sense
their work indicatez some vanation betwsen different
clan members,

The asteroid 951 Gazpra, a member of the Flora clan,
has also been extensively studied using the data returned
by the Galileo spacecraft instruments. The spectra ob-
tained show color differences {(Carreral. 1994) thatindicate
& heterogeneous composition, and Granahan er al. (199d)
sugzest that 951 Gaspra is indeed a differentiated object.
The same conclusion was mads by Kivelson et al (1993)
frem the studyv of Gaspra's magnetic moment per unit of
mass. which shows that it falls into the observed range of
iron meteorites and highly magnetized chondrites. On the
other hand, Hood and Sonnet (1994), using mapnetization
intznsitizs from a larper sample of meteorites, sugzest thar
gven if a stony-iron composition cannet be rulad out, the
Galileo data are also consistent with ordinary chondrite.

In order to have 4 globzal understanding of the origin of
this clan il 33 necessary to investigale systematicallv the
vompasitional distribution of it members. For this purpose,
wi performed speatroseopic observations of a large sample
of members of the Flora clan.

L QBSERVATIONS AND REDUCTION

The ohssrvaticos were performed at the Europesn
Southern Observatory at La Silla (Chile) vsing & 1.5-m
telascope equipped with a Roller and Chivens spoetrograph
and a COD 2048 = 2ME pixals with a readout noise of =7
slectrons. We used the 225-grimm grating with a dispersion
af 330 Alrmm in the first order, The CCIY has a square
15-um pixel, giving a dispersion of ahour 5 }.."pixﬂi i the
wavelength direction. The useful spectral range is aboul
4900 <= 4 = 9200 A witha FWHM of 101 A The spectrawere
taken through a S-arcsec slit oriented i the East—West
direction. ''he slit width has been chosen to minimize the
consequenses of atmospheric differsntial refraction and
reduce the less of light at bath ends of the spectrum. This
is important in the sense that a substantial loss of light
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mav lead to an erronecus spectral charactenzation of an
abject. Care was alse laken thar the observations warc
made as near as possible to the meridian of the asteroid.

We ohserved the Flora clan in January 1497, from Janu-
ary 1 to 5. with excellent atmospheric conditinns, The ob-
servitional circumstances. from Lhe EPHEM program
(Thaden 19897, are listed in "Table T, which shows the dis.
tandit frem the Sun and from the Barth, the solar phase
angle, 1he estimated viseal magnitods, and the diameter,
The siven diamelers are [rom TRAS (Tedesco 1997, when
ever dvailable, alherwise are cstimated through the abso-
lute magnitude and 4 viseal albede of 0.13.

The spectral datn reduction was performed using the
Image Reduction and Analysis Facility (IRAF) package
and taking much care to ensure a proper calibration of
the spectra. Tha bias level of sach night was determined
throuzh an average of the many bias images taken in the
night. This averaged bias was then subtiracted fram sach
frame and pizel-to-pixel variations were removed by divid-
ing the resulting image by 2 normalized medium flat field.
The IRAT apsum package was uséd to sum the pixel values
within a specified aperture and ta subtract the hackground
level Wavelength calibration was performed several times
during each night using a [le-Ar lamp. and spectra were
corracted from airmass by using the mean extinction curve
af La Silla (Tig 1977). This correction was checked hy
comparing the same analog star taken at different airmass
and the differences were negligible. Since each analog was
ohserved several nmes during each night we also reduced
each asteroid spectrum with the solar analog taken ar the
same airmass (Or as near as possible). Again no difference
cauld be obsarved, which confirms the quality of the data.
In whar fellows we used the solar analog HD 44504 (Hard-
orp 1974) to compute reflectivities, since this is the solar
analog which most closely matches the spectra of the Sun
Two other solar analogs, FID 2E0W and HID1E3S, wera
also observed in order to estimate the quality of the night.
I'he ratios between the spectra of the three solar analogs
tor the nicht of January 4th which show na substantial
variation, are given in Fig. 1. Similar raties were ohtained
during the other nights. The influsnce of diffsrant solar
anzlogs on the resuling spectra has also been checked.
showing differences less than 1%/10° A, All asteraid spec-
tra are normalized around 3300 A by conventinn.

3. RESULTS

The oblained reflectance spectra, normalized at 5500 A,
arc shown in the Appendic. ECAS data {Zellner et al 1985)
are dlso overlappod oo Lhe spectra whenever available,

In Table IT are given the computed speetral parameters
al the observed Flora elan members, In this cable the sec-
ond column, named “slope A" indicates the reflectivity
gradient (linear 1) computed in the 3000-7500 A range,

which is an indicator of the redness (or spectral slope) af
the spectra as introduced by Lo and Jewite (1990 The
nexl eolumn contains “'slope B which indicates the re-
flectivity gradient computed in the range 8000-9200 A.
The pusition of the maximum is given in the fourth colwnn,
were the error is in part due to the proximity of the promi-
nent atmospheric band at 7619 A. The appurcnt depth
of the absorption banmd, compuled ss the division of the
normalized reflectivity ul 7300 and =1 Y200 A, is given in
tha next columun. The albedn, whenever availahle, 35 griven
in the last columm.

The analysis of this tahle readily shows sepme common
charactenstics in lhe spectra of the cbserved members of
the Flora clan {except ve objects that will he discussed
later ) o maximum between 7250 and 7860 A, witha median
value af 7580 A, a slope A between 8.3 and 16.1 %/ 10 A,
and @ slope B in the range from —5.37 to —13.65 %/10° A.
Mo relations were [ound between reflectivicy gradients and
asterobd digmeters. but this result can be attributed mere
to the very Lmited span of diameters present in the Flora
clan than to some real physical property. It must be notad
that the slight varistion in the location of the maximum 15
chifficull to analyze in the fzce of the error bars. If this
variulion is teal it could imply diversity in the surface
composition ol the members of the clan. On the other
hand, il it is nol resl, it would confirm unique compasition
and the differcnces in the spectra would need ro be ex-
plained by some other processes. such as space weathering.

It must be noted that the absorption band with the mini-
mum around 9000-10000 A, which &5 required to derive
the olivine-pyroxene ratio (Cloutis et af. 1986), is not wall
defined in vur spectra due to the limited spectral range
coverage. The determined apparent depth is just an indica-
tion of the real depth of the absorption band, but this value
ean be uselul in deriving some mineralogical information.
We have found 4 trend between the slope A and the appar-
ent depth indicating that as the first increases the second
decriuses. This can be an indication of a space weathering
process which darkens the surface of the objecr, increasing
its redness (und therefore the slope A) and decreasing the
depth of the abserption band (Wetherill and Chapman,
1938; Picters and McFadden 15943,

Some asteroids in our sample were also observed by
other authors in a similar or even wider spectral range.
Comparison in the same spectral rangs reveals similar
trends, This is the case of 43 Ariandne, cbserved by Xu
gfod, (1905a, 19955), by the ECAS (Zellner ev al. 1983),
by the 24-filler survey (Chapman and Gaffzv 1979), and
by the 52-color survey (Bell e af 1238) Asteroids 332
Giiszla and 2310 Shandong were compared enly o ECAS
far the same specteal ranee, The similarity we sre relerring
ta is that of the slopes in the ranges 3000-7500 and 7300
9200 A, slopes A& and B, respectively. In this sense, 43
Ariadne and 352 Gisela closely malch the points given by
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TABLE I
Observational Circumstances: Exp Is the Number of Exposures, R and A Are the Heliocentric
and Geocentric Distances, Respectively, a Is the Solar Phase Angle, m, Is the Visual Magnitude,
and D Is the Diameter ((*) IRAS Diameter)

Asteroids UT Date Exp. R(AU) A (AU) a my D (Km)
dd/mm/yy
43 Ariadne 02/01/97 2 2.553 1.624 9.1 11.6 65.9*
298 Baptistina 04/01/97 2 2.164 1.395 20.0 144 219
352 Gisela 02/01/97 2 2107 LI170 108 12.6 20.3*
525 Adelaide 04/01/97 1 2.027 1.226 20.8 15.3 10.9
685 Hermia 053/01/97 1 2.074 1.966 28.0 16.1 10.9*
929 Algunde 06/01/97 1 2.331 1.599 19.6 15.9 13.2
1056 Azalea 04/01/97 1 2.594 1.651 7.6 15.4 16.0
1060 Magnolia 07/01/97 2 2.579 1.655 9.4 16.4 10.1
1089 Tama 04-06/01/97 2 1.945 1.671 30.3 15.4 12.9*
1117 Reginita 03/01/97 1 2.677 1.863 14.2 16.2 15.0
1130 Skuld 04/01/97 1 2.370 1.443 10.2 15.4 13.2
1219 Britta 04/01/97 1 1.981 1.946 28.9 16.0 11.4%
1274 Delportia 08/01/97 1 2051 1671 283 158 151
1365 Henyey 05-07/01/97 4/ 2.528 1.855 19.1 16.0 16.0
1399 Teneriffa 05/01/97 1 2.135 1.173 7.4 16.3 6.1
1449 Virtanen 05/01/97 1 2.515 1.661 13.6 16.2 11.6
1530 Rantaseppa 04/01/97 1 2.339 1.490 14.1 16.6 8.3
1602 Indiana 09/0L/97 1 2.012 1.542 28.3 16.2 12:2*
1621 Druzhba 02/01/97 2 1965  1.420 283 151  9.5*
1798 Watts 05-06/01/97 2 1.944 1.308 27.1 16.0 9.6
1806 Derice 02/01/97 2 2.001 1.089 14.3 14.5 13.8
2019 van Albada 02/01/97 2 2.601 1.681 9.5 15.7 17.3*
2031 Bam 04/01/97 1 2.074 1.107 6.3 15.3 8.8
2093 Genichesk 06/01/97 1 2.634 1.823 4.5 16.8 10.5
2112 Ulyanov 01/01/97 1 1946 1690  30.3 167 9.6
2341 Aoluta 06/01/97 1 2.093 1.228 17.2 15.4 11.0
2478 Tokai 02/01/97 2 2.086 1.284 20.02  15.9 9.6
2510 Shandong 07/01/97 1 2.227 1.876 25.9 16.8 10.3
2780 Monnig 07/01/97 1 2.195 1.346 16.6 16.5 7.6
2815 Soma 03/01/97 1 2.351 1.402 8.1 16.3 8.0
2820 lisalmi 08/01/97 1 2.318 1.452 14.6 16.3 9.2
2841 Puijo 05/01/97 1 2.131 1.264 16.2 15.7 10.1
2914 Glarnisch 06/01/97 1 2.075 1.203 16.5 16.6 6.0
2961 Katsurahama 02/01/97 2 2.085 1.172 13.8 15.7 8.7
2975 Spahr 04/01/97 1 2.157 1.283 15.5 15.7 10.1
3023 Heard 07/01/97 2 2.185 1.332 16.5 16.8 6.6
3033 Holbaek 04/01/97 1 2.346 1.371 4.1 15.9 8.7
3067 Akmatova 03/01/97 1 2.042 1.414 25.7 16.4 8.7
3073 Kursk 02/01/97 2 1.941 1.019 14.0 15.8 7.0
3105 Stumpff 03-04/01/97 2 2.300 1.410 12.9 16.4 8.3
3181 Ahnert 05/01/97 1 2174 1227 92 155 96
3478 Fanale 08/01/97 1 2.314 1.680 21.9 16.8 14.9*
3533 Toyota 04/01/97 1 1.960 1.215 24.0 15.6 9.6
3875 Staehle 05/01/97 1 2.623 1.699 9.1 16.7 9.6
4278 Harvey 08/01/97 1 2.059 1.174 15.8 16.5 5.3
4299 1952 QX 03/01/97 1 2.014 1.190 19.9 16.2 8.3
4422 Jarre 02/01/97 2 2.224 1.245 2.8 15.4 10.3
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ECAS, Some dilferences are presznt in the comparison of
2510 Shandong with ECAS, especially in the range 7000-
w200 A, where our Spectra ars uile nuisy.

Five objects have spectral behaviar different from Uhat
af the majority of the Flora clan and therefore we assume
that they are interlopers, even though the confirmation of
this assumption will nesd » more detailed mineralogical
dnalysis, Asteroid 2598 Baplistina has a spectrum similar
to those of the E, M, aor Ctype, 2083 Genighesk o the C
type, 3533 Tovota to the M cype. and 3873 Stachle o the
G or B tvpe. We found two eucrite metecrites’ spectra
wilh lrends similar to 4275 Harvey's (Fig. 2), suggesting a

~type classification. This finding, if conlirmed, is guite
surprizing due to the distancs of 4278 Harvey fram Vesta
and the other V-type asteroids (Migliorini er gf. 19497, and
private communication), In ender Lo assert the real impor-
tance of this diseovery inan evolutionary scenariv ol Vesta-
tvpe asicroids more abservations of 4278 Harvey ame
nesded, along with a dynamical study, which is aur of
the scope of the present paper. We hepe to return ta
this problem,

Migliorini et al. (1995} statistically computed the ex-
pected number of interlopers in 2ach of the asteroid fami-
lies. For the IFlora clan they estimatad the presance, with
85% confidence, of between [ and 3 interlopers on nearly
24 [amily members, in the diameter range either of 610
km or of [0=30 km, Our tesults, sugeesting the presence
of twa interlopars ineach dismeler range, ure in agreement
with the estimates of Mighiorini et al [1995). The pussible
V-type asteroid, 4278 Harmvay, is the only object in our
survey in the size range 3-6 km, and therefors no compari-
sun can be made with the results of Migliorini e @l {1995).
Ever if our results mateh the expected number of interlop-
ers, much care should be taken in making conclusions,
Firsl of all, since (he family and nonfemily members o this
region are expscted 1o be 5 vpe, the classification of one
chject as mierlaper muost rely on more observations and
on a wider spectral coverage. Onthe other hand, as various
authors have pointed out (Migliorinl er o 1995; Zappala
et al. 19%5), Lhe complexily of the Flora clan makes an
unambiguons identification of family members diflicult
even with the most madern techniques,
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TABLE I1
List of Spectral Parameters
Asteroids slopeA slopeB Max deph albedo
%/10% & %/10% & A %
+0.4 +5 + 250 & + 0.05
43 Ariadne 9.9 -9.36 7500 1.12 0.2740
298 Baptistina 5.1 -2.52
352 Gisela 13.0 -7.96 7630 1.10
525 Adelaide 11.0 -11.54 7450 1.15
685 Hermia 10.6 -12.32 7640 1.16 0.2807
929 Algunde 12.0 -9.33 7510 111
1056 Azalea 12.7 -10.01 7620 1.13
1060 Magnolia 9.8 -11.46 7430 1.14
1089 Tama 10.8 -10.90 7250 1.12 0.2435
1117 Reginita 9.6 -11.28 7530 1.18
1130 Skuld 14.2 -10.53 7660 1.10
1219 Britta 12.2 -9.29 7570 1.23 0.2267
1274 Delportia 14.5 -7.60 7820 1.10
1365 Henyey 10.7 -10.55 7570 1.12
1399 Teneriffa 8.3 -10.88 7470 1.16
1449 Virtanen 13.5 -10.99 7730 1.13
1530 Rantaseppa 1.7 -10.95 7580 1.11
1602 Indiana 8.6 -13.18 7500 1.18
1621 Druzhba 13.7 -13.63 75370 1.19 0.4388
1798 Watts 10.4 -12.09 7580 1.34
1806 Derice 12.7 -10.00 7610 1.12
2019 vanAlbada 14.6 -13.28 7610 1.10
2031 Bam 14.2 -11.19 7510 1.13
2093 Genichesk 1.4 -4.60
2112 Ulyanov 13.0 -12.40 7610 1.13
2341 Aoluta 14.8 -11.57 7370 1.15
2478 Tokai 14.0 -8.50 7620 1.09
2510 Shandong 10.2 -9.52 7640 1.16
2780 Monnig 15.2 -9.20 7860 1.00
2815 Soma 8.7 -12.33 7420 1.17
2820 lisalmi 12.3 -5.57 7650 1.07
2841 Puijo 8.5 -12.36 7420 1.14
2914 Glarnisch ) B -12.20 7530 1.12
2961 Katsurahama 10.8 -10.89 7600 1.14
2075 1970AF1 16.1 -10.13 7680 1.10
3023 Heard 10.3 -10.12 7430 1.15
3033 Holbaek 10.7 -9.27 7540 1.12
3067 Akmatova 13.8 -12.08 7690 1.10
3073 Kursk 13.2 -11.30 7600 1.14
3105 Stumpff 11.6 -12.90 7640 1.14
3181 Ahnert 14.8 -10.19 7680 1.16
3478 Fanale 10.5 -8.83 7520 1.14 0.06
3533 Toyota 4.9 +9.13
3875 Staehle 4.1 -11.30
4278 Harvey 11.8 -25.533
4299 1952QX 11.0 -10.23 7340 1.11
4422 Jarre 8.9 -8.44 7730 1.15
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FIG. 2. Spectrum of the asteroid 4278 Harvey compared with two eucrite-type spectra, The meteorites are Pasamonte and Stannean (Gaffey,

1976).

4., COMPARISON WITH METEORITES

It is widely presumed that meteorites are fragments of
asteroids, produced in the asteroid belt by collisions. If
this is true, the meteorites should then provide some infor-
mation about the mineralogical composition of their parent
bodies. The composition of S-type asteroids is generally
thought to be different combinations of pyroxene, olivine,
and metallic Ni-Fe (Wetherill and Chapman 1988). Unfor-
tunately, the presence of these materials is not sufficient
to define a meteorite analog, and two different types of
mineral association can be linked to S-types: undifferenti-
ated ordinary chondrite (H, L, LL)? and differentiated
stony iron.

Since the S-type asteroids are the most abundant in the
inner belt and among the Earth-crosser population, one
might expect that they are also the parent badies of the
most abundant meteorites falling on Earth, the ordinary

¥ The classes H, L, and LL for high Fe, low Fe, and low Fe-low metal
(Sears and Dodd 1988).

chondrites (OC). However, the spectra of S-type asteroids
do not match completely with those of OC meteorites. This
has been known as the “S-type conundrum” (Wetherill and
Chapman 1988; Gaffey et al. 1993; Chapman 1996; and
references therein). Thus we have at least two possibilities:
either the OC are indeed fragments of S-type asteroids
and their spectra do not match due to a “space weathering”
process which slightly modifies the surfaces of asteroids
(Pieters and McFadden 1994; Chapman 1996); or the par-
ent bodies of OC meteorites are small asteroids (less than
10 km in diameter) whose location favors rapid transport
of fragments from the main belt to the Earth (Bell ez al.
1989; Bell 1994).

Having this controversy in mind, a global comparison
of our spectra with those of meteorite analogs is of special
importance. For this purpose we fitted our spectra by a
linear polynomial (least squares) in order to have a clearer
graphic. We performed the same procedure on the spectra
of the Flora clan obtained by SMASS? (Xu et al. 1995a,

3 The SMASS asteroids: 8, 915, 951, 1451, 1518, 1577, 1651, 1807, 1967,
2017, 2130, 2440, 2538, 3677, 4025, 4145, 4373, 4640.
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Flis 3. Spectra of the Flora clan presented in chis work without the five pessibly interlopers—3298 Baptisane, 2003 Genichesk, 3533 Toyols
3373 Slwchle 2ncd 4278 Ha.n-:x —and the SMASS spectra of Flora clan obtatred by Xuwer al (15053, 1905h) (excent 2259 Sofievka), All the speetrs

ire normakzed aronnd 3300 A and ere fited by 8 polynomsl {or clarity.

199sh), All the possible interlopers in the present work
and in Xu eral, {1995a) were excluded, The totality of &1
spectra thus obtained shows similar behavior, as can be
seen in Fig. 3. Mote that a1l spectea span a continuous and
limited range of reflectivilics.

Finally, we comparcd our specirs Lo those of metearites
measured by Gallew (1976) for the same spectral range.
We find that only the spectra of ardinary chondrites (1.3,
L4, L5, amd LL types) have trends similar to thase of the
lower ranac of the Flora spectral distribotion (Fig. £).

5. CONCLLUSION

Fortv-seven spectre of Flora clan astercids were ob-
tained, Among these, 42 spectra show similar behavior,
cpanning over @ continuous but limited range, with re-
feetivity gradient ranging from 8.3 to 16.1%/10° A (coni-
puled between 5000 and 7300 A). Five asteroids were
found with spectra differing substantially from the general
behavior and we suggest that they might be interlopers
sinee wie do not have information on visual-alhedo and/
or infrared data. Nineteen spectra of SMASS were also

compared 1o our results showing analogous: behavior. Mo
correlation was found hetween reflectivity gradients and
asteroid diameters,

Four ordinary chondrites” spectra, nne LL type and three
[. tvpes have been found that show behavior similar to
the lower range of the Flore clan spectra. Therefore, we
propose that ordinary chondrites dre a lower limit of the
continuows distribution of spectra of the Flara elan

We interpret the ahtained continuous span of spectral
characteristics a5 the result of different time-dependent
space weathering. We must recall that the resulis of the
Cialileo spacecraft showed thart a space weathering process
can ocour on an astercid surface (Chapman 199G). This
phenomenon would modify the properties of the surface
material (Wetherill and Chapman 1988), the asteroid sur-
Face appears darker and jis reflectance spectrum is redder
than does the speetrum of its constituent rocks. with much
weaker absorption bands. This is exactly the behavior
shown by the observed members of the Flora clan, We
take thus the continuous spectral distribution found as an
indication that collisiong have rejuvenated part of the clan.
Therafore, the asteroid surface which spactrum is similar
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to the lower parl of the spectral distribution presented
here 13 younger and shows a composition similar to ordi-
narv choendrites,

In this work, we have shown that the spectra of the
members af the Llora clan span a centinucus range of
refiectivities which is consistent with the exstence of a
spuce westhering process, although the present data do
not exclude completely the other coincidental possibilities.
Further studies on the detailed mechanism of the space
weathering should be pursued, for example by labora-
fory experiments,
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APPLENDIX: RELATIVE REFLECTIVITY OF 47 FLORA CLAN ASTEROIDS

'Thie spectra are presented by increasing asteroid number. They are normalized around 300 & by convenrion
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c) Familia de Themis

Descobarta por Hirayama em 1918, esta 8 uma das familias mais bem identificadas
dinamicamente, possuindo semi-eixo maior proprio entre 3,06 a 3,23 U.A.. Seus maiores
membros sao: 24 Themis com 182 km de didmetre, 171 Ophelia com 117 km, 90 Antiope
com 120 km e 268 Adorea com 140 k. Os restantes tem didmetros inferiores 2 100 Km. A
figura 1 (ver segilo .1, a seguir) mostra a distribuigdo dos elementos préprios desta familia

e relacao ao seu tamanho.

Adicionando as massas de todos os membros desta familia podemas eancluir que o
corpo original deve ter tido no minimo 300 km de didmetro. Segundo ¢ modelo colisional
proposto por Marzari e co-autores (1995), a familia de Themis foi formada de uma colisio
entre um corpo alvo de 380 km @ um projétil de 190 km, a cerca de 2,3 bilhdes de anos
atras. Do ponto de vista dindmico, esta familia é peculiar pois estd prixima da ressondncia
2/1 com Jiipiter, e sua distribuicdo é fortemente interrompida na borda desta ressonéuocia
(Morbidelli et al., 1995), sendo esta possivelmnente responsdvel pela eliminacio de parte
dos fragmentos originais.

Segundo o trabalho de Zappald e co-autores (1595), esta familia possui 550 mem-
bros, com nm pequano nimero de objetos de fundo (Migliorini et al, 1993). Com o objetive
de caracterizar espectroscopicamente 0s objetos desta familia e obter alguns dadoes sobre
sua origem e evolugao, observamos 36 asterdides desta populagao. Nossos resultades sio
descritos brevemente a seguir, enquanto que o artizo completo referente a esta familia é

apresentado em seguida. As figuras e tabelas citadas aqui sao referentes ao artigo.

(Js espectros obtidos possuem caracteristicas similares aos asterdides do tipo C e
seus subtipos B, G e F. Apenas 2, 461 Saskia ¢ 1171 Rusthawelia, diferem dos demais, pos-
suindo um espectro proximo dos asterdides do tipo P. A figura 2 mostra uma comparagio
de nossos espectros com o dados de ECAS (Zellner et al., 1985) para o3 asterdides classi-

ficados como C e seus subtipos.

Como muitos asterdides destes tipos taxondmicos possuem bardas que indicam

um processo de alteracdo aquosa, analisamos os espectros desta familia, Enconbramoes
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15 abjerns que possuem estas bandas com o minimo centrade em 0.60-0,65, ou 0.7, on
0,8-0,9 prm, ou ainda em uma combinagio destas bandas. Outros 11 asterdides possuem
uma indicagio da existéncia desta banda, mas suas profundidades se confundem vom o
ruido. A fipura 3 mostra um ajuste polinomial dos espectros ilustrando estas handas de
absorgdo. Dos 4 abjetos anteriormente classificados como do tipo F, apenas 954 Li mastra
uma possivel banda de alteragio aquesa, confirmando de certa forma a hipotese levantada
por Sawyer (1991) e Vilas e co-autores {1993, 1094) de que estes asterdides teriam uma

composigao pouco ou nada alterada.

Nossos resultados indicam que o corpo original da familia de Themis era alterado
termicamente o suficiente para ocorrer uma hidratagao. O fato de termos objetos que ap-
resentam bandas de alteragdo aquosa e outros nido, pode significar que esta hidratagio nio
tenha ocorrido de forma homogénea no corpo original. Assim a distribuicao de composicio
pode ser devida ao fato de que os frapmentos teriam tido arigem em partes distintas do

corpo,

Encontrames também uma dependéncia das bandas de alteracan aguosa com o
didmetra: 60 % dos objetos maiores do que 50 km possuem esta banda e 35 % ndo a
apresentam. Esta tendéncia ji tinha sido observada por Vilas e Sykes (1996) na analise
de uma amostra de objetos do tipo C e subtipos. Eles propuseram que os COTPOS maiores
poderiam ser fragmentos do interior de corpos originais onde o aquecimento teria sido
mais eficiente. A figura 5 mostra todos os ezpectros dos objetos desta familia (mostramos o
ajuste polinomial deste espectros para melhor compreengao) normalizados em 0,7 pm, onde
vemnes que a distribuicio espectral para os objetos malores que 30 ki € ligeiramente menor
do que para o# objetos menores que 50 km. Isto pode significar que os eventos colisionais
que geram preferencialmente objetos menores, devem fazer com que estes apresentem uma,
diversidade maior em sua composicio. pols seriam origindrios de partes distintas de um
carpo maior. Por outro lado, os objetog maiores sofreriam um processo colisional menos
intense, mantendo sua superficie mais intacta. e inclusive recapturando gravitacionalmente

partes de sna superficie retirada através de uma ealisio.

Analisando a distribuigao do albedo com o didmetro (fig 6) encontramos também

urna maior diversidade de albedos para os ohjetos menores, embora este resultado nio seja
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muito conhlidvel devido aos grandes erros dos albedos. Entrerranto esta tendéncia parece
confirmar a hipatese de que o corpo original de Themis apresentava uma leve difuren-
tiacao sendo que os corpos menores viriam das camadas mais externas. Nio descartamos
a hipdtese de que um processe de alteragio espacial ocorren preferencialmente em cor-
pos menores, ou de que o alvo e o projétil da colisdo original tivessem uma composicio
levernente diferente. Estas duas dltimas hipdteses sio menos proviveis pois, na primeira,
nio ¢ conhecido um processo fsico-quimico capaz de provocar este efeito, enquanio que a

segunda acarretaria em duas populacées bem distintas, o que nao é verificado.

Comparamos também nossos resultados com os de Di Martino e co-autores (1997)
sobre a familia de Veritas, que se encontra aproximadamente &4 mesma distincia he-
liocéntrica e que difere apenas em excentricidade e inclinagio. Eles eneontraram unia
maior heterogeneidade na composigio e uma menor quantidade de objetos com alteracao
aquosa. Hsta heterogeneidade na compaosigio leva-nos a supor que os eventos térmicos
safridos pelos corpos originais ocorreram em épocas efou forma diferentes, Comeo o carpo
orizinal de Themis era maior, é de se supor que este corpo tenha sofrido um processo
térmico mails eficiente devido & malor presenga de radionuclidecs (Grimm ¢ McSween,
1993), 0 que explicaria & maior quantidade de objetos com indicagio de alteracio aquosa.
Uma outra possibilidade seria a de que o evento colisional que originou a familia de Veritas
fosse anterior ao de Themis, fazendo com que o carpa original de Themis sofresse por mais
tempo este tipo de aguecimento. Entretanto, isto néo estd de acordo com os modelos de
formacio destas duas familias, os quais indicam que a familia de Themis é mais velha do
que a de Veritas (Milani e Farinella, 1994). Outra hipétese seria a de gque Veritas ndo seja
uma familia, o que contradiz as andlises estatisticas de Zappala e co-autores (1995) que

confirmam a existéncia de uma familia com alto grau de confiabilidade.
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Abstract. We present spectroscapic absarvations of 36 as-
tereids, members of the Themis family. These ohssrvations
wete cartied on at the European Southera Observatory in
the wavelength range 4500 — 9200 A Most of the objects
presant a specira similar to C-type astercids and some of
tham present indicative of aquecus alteration. We discuss
the implications of these results on the formation and evo-
lution of this family.

Key words: minor planets; astercids

1. Introduction

Themis s one of the most statlstically reliable family in
the asteroid belt, First discovered by Hirayama (1913),
alonz with Eos and Koronis, It has been identifed as a
family in all subsequent works (see Zappala et al. 1395,
and references therain). According to 2 modern view
{Farinalla =t al. 1992) the tarm “family” -should -ba atb-
tributed only to clusters of astaroids whese physical prop-
artiss support a commeon origin. Thus, the study ol surfaze
rampaosition of Themis members is fundamantal to define
er, at least, constraink its collisicnal erigin. Furthermace,
if there is no doubt, from a statistical and physical peint
of view, that thess are indeed [Cagments resulting from the
breakup of & parent-body, thus important constraints on
the laster can be obtained. The Information about whether
parent-body was diferentiated or primitive will lead, con-
sequently, to constraints on the primordial temperature of

= Based on absarvaticns made with the 1.32 m telescope at
tha European Soutaern Observatory (La Silla, Chile] under the
apreement with tha CWPg/ Obseracdrlo Nacicnal

== Table Al i availahie at the TD3 via anopymous Rp
110.79.128.5 ac http://cdsweb.u-sirashe fr /A bstract. huml
*TT Appeadix A is only available at the journal,
attp:// wwrwr exdpaciences.com

the selar nebula which Is fundamental for a correct mod-
elling of the Solar Systam formation.

A very striking feature of Themis family is its close-
ness to the bardse of the 2/1 msan motion cesonaince, as
shown by Morbidelll ec al. [1583). This resonance corre-
sponds to the Hecuba gap, the widest of all the gaps in the
asteroid belt, on which much work has bean done in the
last years trying to uaderstand its depletion mechanism
({see Henrard et al. 1995; Morbidelll 1996; Moons 1947,
Ferraz-Mallo et al. 1998], According to Mozbidelli ot 2l
(1995), when the Themis family is plotied in an appropri-
ate resonant phase space, its cightmost limit is coingidant
with the border of the 2/1 resonance. As 4 consequence
they sugrest that the catastraphic avent which gave risato
Themis family might oace have pepualated the resopance
zone. Due to some depletion mechanism all the objects
wera then swept off thic region, creating the gap. If this
assumption ks true, then it implies that Fagments, sim-
ilar to those present today in the Themis family, might
have been “transported” to other regicns of the asteroid

- belt_ It has alan been supgested (Dermots et al 1983, and

refarances tharain) that callisicons in the Themiz family
could contribute to the formation of the Zodiazal Cloud.
A precise surface characterization of astercicds members of
Themis family can, tharafora, helo to investigate tha faca
of fagments injected in the Hecuba rap.

In the present paper we zeport spectroscopic ohsarva-
tions of 36 astersids, members of the Themis family, and
discuss the implications of these results on the formation
and evalution of this family. In the next section we present
a shart characterization of tha Themis family and discus=s
some hypothesis on the fragmentation which gave origin
ta it. The observations and data recuction ere presented
in Sect. 3 along with a discussion of their implicaticns
on the origin and evolution of the family. A summacy of
the main results of the present work i given in the last
section.
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Tel:33 169 IBT7575-Faxc 33 16907 45 17
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Fig. 1. Distribution of the Themis family in proper elements phase space: a) semi-major axis x eccentricity, b) semi-major axis
x sine of inclination, and c) eccentricity x sine of inclination. The size of the circles is proportional to the diameter of the
objects and the open circles indicate those observed in the present work (available on-line)

2. The Themis family

Themis family is located in the outer part of the main
belt with proper semi-major axis in the region from 3.06 to
3.23 AU. The orbits have relatively high eccentricities and
small inclinations. The Themis family, as determined by
Zappala et al. (1995) has 550 members: four ~ 24 Themis,
90 Antiope, 171 Ophelia, and 268 Adorea — with a diam-

~ eter greater than 100 km, ten with diameter in the range - .

50 — 100 km while the remaining are smaller than 50 km.
The expected size limit of completeness for this family cor-
responds to 20 km (Zappala & Cellino 1995). According
to Migliorini et al. (1995), the expected number of inter-
lopers is relatively low, even if one or two can be expected
at sizes as large as 40 km.

The distributions of the proper elements in the a — ¢,
a —sin(i) and e — sin(i) planes are shown in Fig. 1, using
Milani & Knezevic (1994) proper elements. In this figure
the sizes of the circles are proportional to the diameter
of the objects and the open circles indicate objects ob-
served in the present work. The two stars indicate objects
which might be interlopers as will be discussed in the next
section. A core-halo structure, in which a dense “core” is
surrounded by a “halo” of decreasing density, was initially
described by Williams (1979, 1992). However, more recent
studies do not present such a distribution but mostly a ver-

tical dispersion at the border coincident with the 2/1 res-
onance. Zappala et al. (1995) even introduce the denomi-
nation of “tribe” for this family due to its particular space
distribution.

Since the pioneer work of Hirayama (1918) it has been
assumed that families of asteroids are the outcome of one,
or more, large impact of a body with a smaller “projec-
tile" leading to the complete fragmentation or to the ero-
sion of the pa.rent body ‘From a statistical pomt of view
this hypothesis is confirmed by the clustering observed
when the planetary perturbations are removed, i.e., in the
proper elements phase space. In this sense Themis fam-
ily is undonbtedly one of the most reliable. However, the
breakup mechanism which originated any family, as well
as the subsequent evolution of its fragments, still rely on
a wide set of working hypotheses and initial parameters
which may not be the real ones (see, for example, Farinella
et al. 1982; Fujiwara 1982; Zappala et al. 1984; Davis et al.
1985; Farinella & Davis 1992; Bottke et al. 1994; Marzari
et al. 1995). Notwithstanding the limitation of these mod-
els, some hypotheses on the Themis family formation are
mostly accepted: i) The parent body was completely dis-
rupted; ii) The family is the outcome of a very energetic
collision, probably unique in all the asteroid belt, with
original parent body and projectile of 380 km and 190 km,
respectively (Marzari et al. 1995); iii) Such a collision has
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a vary low probability to occur over the age of the Solar
System; iv) The large remnants are probably “rubble-pile"
shaped by their self-gravitation (Fujiwara 1982; Farinella
“ et al. 1982). The mineralogical characterization of Themis
.family members' surfaces can, therefore, help to constrain
the collisional model of its formation.

3. Observations and data reduction

The observations were carried on at the European
Southern Observatory at La Silla (Chile) using a 1.5-m
telescope equipped with a Boller and Chivens spectro-
graph and a CCD 2048 x 2048 pixels with a readout noise
of =7 electrons. A grating of 225 gr/mm with a dispersion
of 330 .‘.L/mm in the first order was used. The CC]':') has a
square 15 um pixel, giving a dispersion of about 5 A/pixel
in the wavelength direction. The useful spectral range is
about 4900 < A < 9200 A with a FWHM of 10 A. The
spectra were taken through a § arcsec slit oriented in the
East-West direction. The slit width has been chosen in
order to minimize the consequences of atmospheric differ-
ential refraction and reduce the loss of light at both ends
of the spectrum. This is important since a substantial loss
of light may lead to an erroneous spectral characterization
‘of the object. Care was taken also in guarantee that the
observations were made as near as possible to the meridian
of the asteroid.

The spectra of Themis family asteroids were ob-
tained in five observing runs in January/97, March/97,
July/97, December/97, January/98 and March/98. The
atmospheric conditions were good to excellent during all
the observations. The observational circumstances, from
EPHEM program (Tholen 1997), are Esied in Table 1,
which shows the distance from the Sun, from the Earth,
the solar phase angle, the estimated visual magnitude
and the diameter. The given diameters are from IRAS
(Tedesco 1997) whenever available, otherwise are esti-
. mated through the absolute magnitude-and a visual
albedo of 0.081 which is the mean albedo of Themis® fam-
ily objects.

The spectral data reduction was performed using the
Image Reduction and Analysis Facility (IRAF) package
and taking much care to ensure a proper calibration of
the spectra. The bias level of each night was determined
through an average of the many bias images taken in the
night. This “averaged bias” was then subtracted from each
frame and pixel-to-pixel variations were removed dividing
the resulting image by a normalized medium “fat feld".
The IRAF apsum package was used to sum the pixel values
within a specified aperture and to subtract the background
level. Wavelength calibration was performed using a He-Ar
lamp, obtained several times during each night, and spec-
tra were corrected from airmass by using the mean extinc-
tion curve of La Silla (Tig 1977). Different solar analogs
(Hardorp 1978) were observed in each observational run

in order to compute reflectivities. [t must be pointed out
that in each night of observation were observed at least
two solar analogs in order to estimate the quality of the
night. The ratios between the spectra of the solar analogs
for each night show no substantial variation. The infuence
of different solar analog on the resulting spectra has also
been checked showing differences less than 1%/10% A. In
Table 1 are given only the solar analogs used to obtain
the spectra presented. All asteroid spectra are normalized
around 5500 A by convention, unless otherwise specified.

4. Spectroscopic results and discussion

The obtained spectra, normalized at 5500 A, are given
in the Appendix. In these figures only one spectrum per
object is given and the crosses indicate observations from
the ECAS survey (Zellner et al. 1985). Most of the as-
teroids show similar featureless spectra, characteristic of
C-, B-, F- and G-type asteroids. Two of them, 461 Saskia
and 1171 Rusthawelia, display P-type spectra. In effect,
Tholen (1989) also classifies the latter as P-type.

In order to compare the overall characteristic of the
Themis family, a polynomial has been fitted to each spec-
trum and the result is presented in Fig. 2a along with
ECAS spectra represented by dash lines. In this figure,
spectra of a same asteroid obtained in different nights
are also individually included. The figure shows a limited
spread of the superficial composition between the mem-
bers of the Themis family. The compositional distribution
is completely contained in the distribution of the C-type
class and its sub-classes B, F and G as can be seen in
Figs. 2b to 2e. In these figures, the distribution of broad-
band spectra obtained from ECAS's survey for each of
the above classes is plotted. This result, therefore, is con-
sistent with a probable common origin of the observed
asteroids except 461 Saskia and 1171 Rusthawelia which
might be background objects. It must be recalled that in
the region around 3.2 AU the P class objects should be

‘abundant (Bell et al. 1989). The compositional afalysisiof =77

a significative sample of Themis members, therefore, sup-
ports the dynamical/statistical indication of a common
origin of the family, probably resulting from the breakup
of a C-type parent body. In this scenario, the asteroids 461
and 1171 would be background objects. It is noteworthy
that only 1171 Rusthawelia lies at the border of the fam-
ily while 461 Saskia is contained well inside the nuclear
region.

Considering that a collisional origin of the Themis fam-
ily can be inferred, a question remains on whether the orig-
inal parent body, or its fragments, experienced some de-
gree of aqueous alteration. This information can set some
constraints on the primordial nebula and the temperature
gradient, or events, during the first stages of the Solar
System formation. We recall that aqueous alteration is
the low temperature (< 320 K) chemical alteration of ma-
terials by liquid water (Vilas & Sykes 1996, and references
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therein). In order to investigate thiz aspec: of the Themis
-family, aqueous alteration was searched in the spectra
‘following the procedure deseribed by Vilas st al. (1293,
1394). Indication of aquecus altaration, identifiabls by the
pressnce of ateorprion bands with minimum at 0.60-0.55,
0.7 or 0.8 = 0§ pm, is clearly present in the spectra of L5
asteroids® among the observed ones. Since thess bands are
somiatimes very swallow, their identification is highly de.
pendent on the noise of the spectra so that we adopted the
criterlon defined by Vilas et al. (1993} in which a band &s
identified if its depsh is greater than the peak-te-paak scat-
ter. [ & more relaxed coiterion is adopted, 11 more ohjects
could also prasent egqueous alteration in their surface. As

' Astaroids 1979, 1340 and 2266 present a strong unusual
absorption band between 0.8 and 0.3 4m, confrmed in apec-
tra ahtained in differens nmights, with the exzeption of 1229
chiervad once.

aod the asteraid sumber &t lts right

already pointed out by Vilas et el (1953), in some cases
the 0.55 and 0.90 pm absorption bands seem to averlap
with the 0.70 zm’ band making their identifeation difi-
cult. In Figs. 32 to 3d we show the polynomial fit to the
gpectra of astecoids that ghow claar indication of a2que-
ous alteration through the 0.7, 0.63 or 0.90 pm abhsorption
band. The asteroids 316, G37, 8546, 843, 934, 1487, 1533,
1681, 2319, 2524, and 3138 may also present indication of
anuecus altaration but with a lasser dasres of confdanca
end, therefore, are not Included in these plocs.

Iz Figs. 4a and 45 we prosen: the distributions of the
observed astercids as a functian of the pressnce ar not
of equepus alteration. In these fgures the triangles and
squares represent oblects with and without ndication of
aquecus alteralion, respectively. The stars represent ob-
jects that may pressot aqueous alferation wad the sice of
all the symbols is proportional to the diameter of the as-
tersids, l:unsidz:_:‘_g the taxonomy of the observed a':njecx,
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all cthose classified by Tholen (1980) es F do not present
indication of thermal metemorphism. This is clear In three
of them: 268 Adorea, 468 Lina, and 621 Werdaadi, classi-
fied as FC, CPF and FCX, respectively. Another asteroid
classified as FCX, 954 Li, might or not pres=nt aguecus
alteration by our analysis. These results confirm earlier
sugzestions (Sawyer 1991; Vilas et al. 1993; Vilas et al.
1964) that F-class astercids may be unaltersd matarial or
that they are less or diffecently altered: In a recent pa-
per, Hirni et al. (L996) plot the UV abserption strength
(the most prominent ahserption band indicative of aque-
ous elieration) vs. [RAS diemeter forthe C, G, Band F
asteroids, 1n thels plot the F-type astercids all present the
smallest a.]:.mrptiﬂn band or the total absence of it. This
fact is interesting since it can indizate a diffsrant evolution
of this type of objects. In particular for the Themis fam-
iy, it would imply a different degree of tharmal altaration
in difarent pasts of the ariginal parent body or a distine:
origin of thesa ohjeets. This last assumption ssems not
t3 e supported by the [imited zpread out in compasition
shown by our spectra.

Analyzing the percertage of astersids pressnting in-
dication of aquecus alteration as function of the diame-
ter, o zrend is apparsnt: it decreases with the diametes
of the objects. The perceatage changes from nearly 60%

[teMectanco

Wavelength

Fig. 5. Spectca normalized at 0.7 um of bakground objects fram
ECAS (Zelloer at al. 1985), of ell the astercids ohserved in
the present work zad of the observed asteraids with diameter
greater and smaller than 50 km

to 355 for estercids with diameter greater and smaller
than 50 km, respactively. This trend is expected by Vilas
Lz Sykes (1996) if we suppose the break-up of a tharmally
altered parent body. [o their modal the bigger Fapments
should retain more information on the intarior of the par-
ent hody whers the heating event should have been more
effactive. If in the 11 objects which may have aqueous al-
teration thiz fact is confirmed, thea the abova percantages
would increase to neacly 809% and TO%, respectively, and
the trend is less evidant. ) :

Tke above cesults tend to indicate that the parent
body of the Themis family was thermally altered and the
distribution of compositions can be attributed to frag-
ments caming from different parts of the original body.
Fellawing Vilas & Sykes (1996) if the original parant body
wag altered due to a thermal event in the later phases of
the Solar System formation, then all the resulting frag-
ments from a breakup should also present signs of aqueous
alteration, in pacticular the greasess ones, This is true for
the Themis family and the parcantage of astercids present-
ing absorption bands due to aqueous altaration decraases
with the object size, as expected by Vilas & Sykes (1996).

The dependence ol the distribution of surfece com-
positions with the diameter was Rurther investizated. In
Fig. § it can be sean the spectra, normalized at 0.7 um,
of the abserved asteroids of the Themis family along with
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ba:kar:mnd uhjec:s Feom BCAS [Eelfner et al, 1535]. Tka
figure also presents our spactea divided in astarsids with
dismmeter greater and lessar than 50 km, respectivaly, As
< ran be seen, the distribuzion is slightly lacger for the small
"astercids. It 1s notewarthy to point out that this result is
also expacted by Vilas & Sykes (1996). In their model
the small asteroids would be fragments resulting from the
breakup of a thermally altered large asteroid. Since thase
fragments would coma from diverse compositional units of
the original body, they will present a great degree of differ-
encsy between them. On the other hand, the larger sster-
aids should be reaccrsted bodies representing the original
core displaying, therefore, a smaller degres of diversicy.
In Flg. 5 we notice that che distribution of $pectra of
the Themis family Is similar or sligtly smaller than that
af bBackzround abjects. [t must be pointed out, hewsvar,
that a direc: comparison is quite impreeise since the twa
types of spectra, ECAS and ours, were obtained with dif-
ferent techniques. A better comparison would be with &
background defined from SMASS (Ku et al. 1995) or from
an analogous survey. Since there are too few spectra of
thiz region in the SMASS, the real cepresentation of tha
background is nat guarantesd.
We also analyzed the distribution of IRAS albedo in
the Themis family, where a slight cocrelation with the di-
ameter dpems appareat. [n Fig. 616 can be seen a larger
dispersion of albedos as the objects’ sizes decreaze. In pac-
tieulas, hipher alhados are displayed by smaller asternida,
However, it must be pointed out that the error bags as
sociated to the [ndividual IRAS albedo are greater as the
diameter decreases, Taking into account this fact the trend
is less appacent even if it still remains an indication, which
is compatible with our spectra (Fig. 3). If thiz specific
albedo distribution between family members s real it can
tmply In, at leest, three distinct scenarics:
- A space westhering process acting distinctly depend-
ing an the size of the ohjects,
— The original parent body presented e slightly difar-

entlated erust. In this cese most of the-smaller-agter-

cids would be part of the crust presenting an albedo
distinct from the bigger ones, which would be mostly
seacereted bodies from the nuclews, IE this is the case,
the nurleus would have an albedo around 0.02 to C.07,
and erust values greater than 0.08. This hypothesis
would imply thart lghtar materials presant in the crust
weuld Ba mars reflzesive than the dender matarials of
the pueiows

= The collision that gave rize to the Themiz family
occurred between a parent-body and a projectile of
slightly diZerent compoesition. We recall that Marzari
e al, (1953} in their model of Themis’ family collisional
¢volution, obtained the best result with a parent-
bedy and projeckile aizes of 380 lm and 180 km, re-
spectively, Since the two bodies prebably were not
farmed in the same region (otherwize the collizion
valocity would not lead to the catastrephic break-
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up of a =0 big object] diffarant compasitions can Ba
expected. Mloreover, since the projectiis body was
relatively lecge, its Eagments would be a copsider-
ahle part of the remnants. This hypothesis is, obri-
ously, the mast dificult to be accepted in view of
tha quite homcgensous results fom the speciroscopic
observations.

Among the obsarved objects with a known albedn,
the presance of aqueous alteration was found iz botk low
and (ralatively) high albedo objects of the Thermis family.
Urnfortunately the cumber of ohjects with avallabls albs-
dos and spectra is not statistically sipnificazive to permit
us to find & celatica between agueous alteration and the
above sceparios. - - :

Finally the results for the Themis family were also
compared to those obtained by Di Mactino &2 al. {1997)
for the Veritas fammily. It must be recalled that these two
famili=s ocoupy nearly the same heliceentzic roglon in the
outer belt. From a dymamical poine of view, the great-
est difference batwean thase families is that while Themis
family presants relativaly hizh sccenzricizies (from 12 €2
1%, proper elements) and smell inclinations, Varitas fam.
tly members have small eccencricities (around 0.06) but
relatively high inclinations (a-ound 10 dagress). Since the
two families lie at the same beliscentsic distance, It seems
obvious to =xpect that a temperature gradiens, or event,
should act similazly oa the twe oripinal bodiss. Howaver,
a remarkable greater inhomegencity s epparent in the
Veritas family, as can ba sesn comparing pur Fig, 5 with
Fiz. 3 of Di Mactino et al. (1997) paper {aote thas the
scalas in two plots are identical) (O comparing Fig. 52
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with b taken from Di Martino et al. 1997}, Moceover, anly
three asternidsof this family seem o present indications of
AquUEoLsS alteration, These results set the basis for several
* seenatios for the origin of the two lamilies:

1} The heating event that thermally altered Themis ocig-
inal body ocvurred after the hreakup of the Veditas
family. This assumption, hewaver, I5 not supported by
the dynamical analysis of this family. In effect, Milani
& Farinella (1394) proved thas Veritas should be cne
of the youngest families in the asteroid belt dus to the
chaoticity of 450 Veritas, as well as other members:

2) Since the ariginal parent body of the Themis family
was larger than chat of Veritas {around 100 km) the
thermal event was more elficient in the formar, This
result wanld favar the hypothesis that cthe thermal
event was dua ta the 2 Al decay {Crimm & McSween
L1583), since larrer bodies would retaln moce radicnu-
clides which would generate & greater and throughout
heating of the asteruid;

3) The Veritas family was not originated from the
brsakup of a large bady, but it would just reprassnt a
clustering of background objects. Again this assump-
tion is not supported by the statistical clustering anal-
ysts of this {amily, which confirms a highly raliable
Veritas family (Zappald et al. 1995),

5. Summary

In this section we summarize the important points pre-
sented o this paper:

- Most of the observed 36 members of Themis family
show featursless spectra similar to C-, B-, G- and F-
type. The distribution of these spectra is completely
contained in the cange of the above classes;

~ A limited spread of the distribution of suparicial com-
position is apparent, confirming the dynamical indica-
tion of a probable comman origin from the fragmenta.
tion of a parenc-body;

- Two nhjects, 461 Saskia and 1171 Rusthawelia dis
play & specira similer to P-type sugzesting that they
might not be members of the Themis family but just
background objects;

- Indication of agueous elseration is clear in 15 objec:s
and is possibly presant in 11 more. This result tends
to indicate that the parans-body of Themis family was
probably thermally altered. This hypothesis is als
supported by the larger percentage of objacts presant.
inr agueous alteration among the big astersids than
amang the small onas;

~ A slight correlation between albedos and diamaters is
found: as the asteroid diameter decreases a largar dis-
persion of albedos is present and higher albedos are
displayed by smaller esterolds, The same slight corre-
lation Is appacent in our spectra as discussed abovs,

- Comparisun between Themis and Varitas Families,
which lie neacly at the same helioeentric distance,
shows & greater inhomogeneity among the latter one,
On the other hand, the presence of aqueous elteration
i5s mare FI[UI'I'IiI'lE"-: in the Themis En].ﬂ'l.il}", Une of the
possible explanations is that since the original parens
body of Themis was lacger than that of Veritas a ther-
mal event lsading te metamorphism [probably due to
the " Al decay) was more efficient in the former.

From the analysis of 36 members of Themis family we
can conclude that a compositienal bemogensity is present
a3 would be expected from the collislonal breakup of an
ariginal parant body. Un the other hand, a slight hetero-
geneity is also apparent from the presence or not of aque-
aus alteration and from slizhtly distinet albedn popula-
tions between the family.
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Table Al. Obasrvational circumstances: Exp is the aumber
of #xposur=y, B and A are the heliocentric and geocantric dis.
tances, reapactively, o it the solar phase, my is the visual mag-
nitude, and D is the diamezec {(°) IRAS diametzr)

Astercid UT Date Exp. R{AU] AAU) & m, O(km) Analeg
dd/mm/ ¥y
24 Themis 15,20,/03/97 D3 LTo2 1975 167  1l6 13166 EHD44394
63 Erato 07,13/07/97 03 3291 ) 1.5 13.3 838" HD44585
690 Anticpse 05,06,/03/94 03 3484 2.500 75 137 12007 HD44595
171 Ophelia 07,09,/07/97 02 1,479 3.427 169 146 11669 HD44385
24,30,/ 12707 03 3,232 3.083 154 142 HD44594
268 Adocea 03,15/07/97 04 3.341 2.901 13,6 1383 139.83° HD44385
116 Goberra 0s/o7,/aT nz 3.541 2.757 B.1 134 47592  HD44585
431 Maphsle 09/01,/97 nz 2.514 2716 .4 4.0 85.03" HD445394
461 Saskia 13/07,/97 a1 3.577 24827 63 133 3785 HD443585
468 Lina 17/03,/97 a2z 3.694 2759 62 154 6334~  HD44504
526 Jena 07,08 09/03/08 03 2.887 2.119 13.1 143  41.49°  HD44535
£21 Werlandi o4/07/97 gz 3477 .76 1:.9  16.1  2T.15"  HD4458%
537 Chrysothemiz  16/03/97 gz LT1a 11270 14 145 19.87 HO44594
845 Lipperta 0870797 az 3598 2847 138 162 52.42%  HD44385
B43 [nna 08, 13/07/97 a3 2.572 1823 183 132 3128 HD44535
854 Li 09,0197 01 3.397 3008 137 159 5BO03* HD445%4
1003 Lilofee 080197 01 2.B45 2652 202 138 43.13 HDd4554
1171 Rusthawelia 0T, 13/07/97 1z 2.89% 2.327 147 130 T0.13* HD44335
1229 Tilia 08/03,/98 a1 3,713 3.720 0.3 162 763" HDd4395
1340 Yvette 06,07 /03,/98 a3 2.B41 1.851 09 148 2587  HDd4595
1487 Boda 15/07/9T g  i0€s 2.080 09 143 2905 HD44535
153% Borrelly 04/01/38 at 3214 24527 120 158 3301 HD445534
1576 Fabisla oT.14/07/87 e} 3.205 2.251 62 138 2725% HD44538
1615 Bardwall 04,14 /07 /97 02 2934 204 160 153  ITTET HDd4533
1681 Qart I6/12/97 a1 3.043 2310 142 160 30457 HDd4534
03/01/98 a1 HD44554
2286 Kugultinoy 06,07/03,/95 a3 2697 1.122 48 150 26.02 HO443535
2480 Suverov 0E.14/07,/97 a3 2617 1.EB3 101 15.8 1E.85 HD44335
2519 Aonagerman  09707/97 1] § 613 202 208 159 2602 HE44335
* 2524 Budovicum ©  06113/07/97 04T SLES 0 1EI® w04 141 3139 HDW4585
2325 Q'Steen 08,13/07/97 a3 2.738 1.501 137 4% 576l HD44385
3128 Obruchev 06, 14/07/97 02  LE7S 008 204 163 2373 HDO44535
3274 Maillen 04,/07/97 a1 2811 1.838 128 155 1EOD HD44535
3507 Vilas 0, 18/07 /97 a3 2,786 160 I9.4 181 2601 HD44343
3615 Safronav 0d,15/07/97 a3 2884 2527 0 65 i85 HD44335
3665 Tisserand 0d4,13/07/97 n2 2.714 1.767 0% 165 1563 HD44535
3442 Shapirn 0d,13/07 /07 0z 3.0323 1.057 68 170 1563 HD44385
4143 L3681 QN 04,15/07/97 03 2.6265 1.654 831 153 1800 HO44335

Appendix A: Spectra of observed asteroids
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3.3.4 - Objetos Candidatos & Missao Espacial ROSE-
TTA

Rosetta é uma missao espacial da Agéncia Espacial Européia (ESA), com o ob-
jetivo de investigar objetos primitivos do Sistema Solar, com um estudo in situ de um
nucleo cometdrio e o sobrevéo de dois asterdides do cinturao principal. Seu lancamento

estd previsto para 22 de janeiro de 2003 pela Ariane V.

O objetivo principal desta missao é estudar a origem dos cometas, a relagio entre
os cometas e o material interestelar e suas implicagdes sobre a origem do Sistema Solar.

As medidas a serem feitas tém como finalidade:

— uma caracterizagao global do nicleo, determinagio das propriedades dindmicas,

composigao e morfologia superficial;

— adeterminagdo das composigoes quimicas, mineraldgicas e isotépicas dos materiais

volateis e superficiais do nicleo cometario;

— a determinagao das propriedades fisicas e a interrelacao entre os voldteis e 0 ma-

terial superficial do nicleo cometério;

— uma caracterizagao de asterdides, incluindo a determinacao de propriedades dina-

micas, composi¢ao e morfologia superficial.

O cometa escolhido como alvo desta missao é o 46 P/Wirtanem, e os dois asterdides

escolhidos para o sobrevéo sdo Otawara e Siwa (decisdo tomada em 1998).

Estes sobrevoos terdo caracteristicas similares aos da missdo Galileo de Gaspra e
Ida. Como estes dois asteréides sao do tipo S, foi dada prioridade na escolha de objetos
mais primitivos como os do tipo D ou C, ou ainda objetos mais evoluidos termicamente,
como os dos tipo V ou M. Por esta razao realizamos, nos anos de 1995, 1996 e 1997,
observagoes espectroscépicas em 14 asterdides candidatos a esta missdo. O artigo a seguir

descreve detalhadamentes 0s nossos resultados, que podem ser resumidos em:

— até a época de publicagao de nossos dados os asteréides 3840 Mimistrobell e 2703
Rodari eram os dois provaveis candidatos, sendo que Mimistrobell tinha sido ob-

servado por Barucci e Lazzarin (1995), sendo classificado pelas autoras como do
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tipo S. Nossos dados mostram que Rodari também possul um espectra do tipo §,
fazendo com que nao seja um candidato ldeal bascado no objetive ciensifico da
missan, citado acima.

nossos dados mostram gue 5 objetos possuem espectros do tipo C, 7 do tipo S,

um do tipo E e um apresenta caracteristicas de E e M indistingulveis (tab. 3).

baseado no tipo espectral (C) e no tamanho (140 km de difmetro), indicamos
140 Siwsa como um forte candidato a esta missdo, jd que seu tipo espectral é mals
primitive do que o tipo 5, e seu tamanho, 6 maior entre todos os candidatos, pode

indicar uma menor evolugio colisional.
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Abstract. The final selecton of the two Rosetia target
asteroids will be made m 4 suecessive phuase ol the
Rosetta project developmizal, when the engineering
parameters will be frozen. In this paper we presenl
spoctroscopic observations of the posaible Rosetta can-
diddates and we discuss the results obtained, particularly
the definition of their compositionzl ype, We examing
the possibility to sslect some mors “primitive” candi-
dates. On the basis of its size and spectral tyvpe, we
suggest including the asteroid 140 Siwa as ong of the
asternid targets of the Rosetta mission. §3 199§ Elzevier
Science Lid |

1. Introsdwetion

The ESA Rosetta mission (launch in Janwary 22, 2003)
was seheduled Lo have a rendesvous with comet Prwie-
tanen and two Hy-hvs te the asteraids 3840 Mimistrobell
and 2530 Shipka (Anmouncement of Opportunity, FSA,
Marzh 1935), In 1996, ESA defined 2 new mission hase-
line, changzing the sevond astermd flv-by 1o 2703 Kodard,
selected by the Rosetta Project on the basis of the mini-
mum Az cosl erilerion. The present Roselta lrajectery
iFig 1)isa Mars-Earth=Farh gravity assisted (IMEEGA)
trajectory, The Mimistrobell dv-by is scheduled Cor Sep-
tember 16, 2008 in between tha two Earth swing-bus, while
thz Rodari one will take place on April 5, 2008 in the last
leg of the oroise toward comet P/ imanen. Visible spectra
of thesz twa candidates hove been cbtained with obser-
vitlians at the Canadian-French-Tawaiian 1elescope
(CFHT) by Baruwe: and Luzzarin (1995) for Mimistrobel]

#*Pazed on ohserveafions carmzd ont of the Canadsn—French—
Hawaiian ‘Teletcope (CFHT), Hawaii, and a1 the Luropean
Southern Observatory (E530) of Lo 5illa, Chilz

Correspomdence fo7 M. AL Baruea

and in 1996 for Reodarn (which results are presented in this
paper) O the boasis of e spectra of thase Two 4_1--";|_p.:|._'l3,
they have been clasaficd s S-type objects, which means
they contain 4 misture of pyrozens, olivine and Fe=2
metal, Even though 2 more detailed knowledge of S-type
asteroids is of high scienuitic interest {Galtew er al, 1993,
it would he-apprapriate to selecta “mare primitive” can-
Jdidete ws an gateroid targel nonder:

1. to meet closely the prinary objectives of the Rosclia
mission, which iz devoted o the mvestizgation of the
pristing Solar Syslem materials

Lo increase our knowledse on the “diversily™ of the
asteroid populazion. which iz one of the most inree-
esting characteristics of these obiects,

ta

For these reasons we present in the Ot part of Section 3
lhe resolts obrained for the possible alternatve candi-
dates, indicated by ESOC for the bassline lnunch windaow
on January 22, 2005 1o comet P/Wirtanen, on the hasis of
the closeness of the encounter with the Roseity spuceerall
wilh minimum Ar cost during the My-by {sce Takle 1) In
the second part of the section the ohservations of the
asterpid candidates (ESA SCU9NT) for other possible
COMBTary scenarias are presented.

2. Observations and data reduction

All the observations have been performed at the Luropean
Southern Observatory (LSO) of La Silla (Chile) during
several campaigns { 1905 18996 and 1097) except 2703 Rod-
ari which hug alsw been obeerved of Maone Kew Obsery-
atory, Hawaii, on June 20, 1954 A1 ESO we used the
1.5m telescope with & Boller and Chivens spectrograph
and a CCL (2048 x 2045 pixels). The CCD has square
| 5 ym pixel, grving a dispersion of about 3 A pixel ' in the
wavelength direction. The spectral rangs is ahou
U.48 < 2 =<0.92 amwith e FWHM ol aboul 10 A The spec-

Lo
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Ecliptic Projection of the Rosetta Baseline Mission.

Fig. 1. The projection on the ecliptic plane of the Rosetta baseline trajectory. The Rosetta trajectory
is represented with a solid line. The orbits of Earth and Mars are represented with dotted lines, and
the orbit of the asteroids Mimistrobell and Rodari are represented with dot-dashed lines (courtesy of

G. Schwehm)

tra were taken through a slit oriented in the East-West
direction ranging between 2 and 4”.

At the Mauna Kea Observatory we used the 3.6 m Can-
adian—French-Hawaiian telescope equipped with the
MOS (MultiObject Spectrograph) and the CCD STIS2
(2048 x 2048 pixels). The grism used is the V150 with a
dispersion of 433 Amm~'. The spectral range covered is
0.4 < <0.98 um with a spectral dispersion of 7 A pixel~"'.
A spectral resolution of about 30 A has been obtained
with a slit aperture of 1.7".

Particular care was taken to ensure proper calibration
of the asteroid spectra and several solar analog spectra
have been secured during each night. The reflectance spec-
tra are the result of the division by the solar analog spectra
(Hardorp, 1980). Table 2 lists the observational par-
ameters for the asteroids observed. In order to calibrate
the observational data, bias, flatfield, calibration lamp and
spectrophotometric standard star spectra were secured at
different intervals throughout the observational period
each night.

The spectra were reduced using the software packages
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Midas and IRAF according to standard procedures
described by Lazzarin ez al. (1995).

3. Results

We present the spectra obtained for (i) asteroids that may
be selected within the present launch baseline and (ii)
possible candidates of alternative missions to be launched
between 2003 and 2004. For each object, the diameter has
been given: for the asteroids 140 Siwa, 732 Tjilaki and
1071 Brita the diameter has been determined by IRAS
(Tedesco et al., 1992) while for all the other asteroids an
estimation has been computed using (e.g., Fowler and
Chillemi, 1992):

log D =3.1236—0.5logp,—0.2H

where D is the diameter in kilometers, H is the absolute
magnitude and p, is the geometric albedo. The albedo p,
used is the typical mean albedo of the taxonomic class
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Table 1. MEEGA mission to Wirtanen with 0 to 3 asteroid fly-bys (Rosetta Project Courtesy)

Date Day Cost Av (ms™")  Total Av (ms™")
without asteroid fly-by (reference)
Launch 20/01/03 0
Mars 26/08/05 949 51 51
Earth 28/11/05 1042 14 65
Earth 28/11/07 1773 3 68
Wirtanen 13/06/11 3136 1328 1396
with one asteroid fly-by during
1 leg 2leg
3840 Mimistrobell 19/09/06 1334 67 1463
1981 ES33 09/12/06 1417 93 1489
2703 Rodari 04/05/08 1930 56 1452
732 Tjilaki 07/06/08 1964 165 1561
140 Siwa 22/07/08 2010 29 1425
1992 Galvarino 21/08/08 2040 188 1584
1515 Perrotin 21/09/08 2069 221 1617
4258 Ryazanov 03/12/08 2143 26 1422
with two asteroid fly-bys during
1 leg 2leg (same dates and days as 1 fly-by)
3840 Mimistrobell 2703 Rodari 92 1488
3840 Mimistrobell 140 Siwa 298 1694
3840 Mimistrobell 1992 Galvarino 215 1611
3840 Mimistrobell 1515 Perrotin 260 1656
3840 Mimistrobell 4258 Ryazanov 334 1730
1981 ES33 2703 Rodari 246 1642
1981 ES33 140 Siwa 155 1551
1981 ES33 1992 Galvarino 299 1695
1981 ES33 4258 Ryazanov 122 ' 1518
140 Siwa +4258 Ryazanov 187 1583
with three asteroid fly-bys during
1leg 2 leg (same dates and days as 1 fly-by)
3840 Mimistrobell 140 268 1664
Siwa +4258
Ryazanov

(Birlan er al., 1996b) attributed to the asteroid in the
framework of the Barucci classification (Barucci et al.,
1987). The physical parameters of the observed asteroids
are listed in Table 3.

3.1. Alternative asteroids with fly-by to comet
P|Wirtanen

The asteroids reported in Table 1 are potential candidates
for a mission to the comet P/Wirtanen with the same
launch window. This selection has been done on the basis
of Av cost criterion. All the asteroids listed have been
observed spectroscopically except 1981 ES33, which was
too faint to be observed during the allocated time.

140 Siwa is the largest object included in the list of
the possible alternative asteroid candidate (diameter of
110 km). An estimation of the rotational period (Schober
and Stanzel, 1979; Harris and Young, 1980) gives a value
>22h, while Lagerkvist er al. (1992) give an estimation
of 18.5h. We observed this object several times during
three runs to check possible morphological variations on
its surface with the rotation. The eight spectra obtained
are shown in Fig. 2. The object belongs to C class. No

evidence for aqueous alteration has been found. All the
spectra are similar. We computed the reflectivity gradient
S in the wavelength range SOOO—SOOOA and we obtained
values ranging between 4.4 +0.1%/10? A for the spectrum
of 1997/01/02, and 9.5+0.1%/10° A for the spectrum of
1995/06/20.

732 Tjilaki is a main-belt asteroid with a diameter of
38 km. This object has been observed at ESO on March
26, 1996. The obtained spectrum (Fig. 3) is less red than
the one obtained by Xu er al. (1995). They classified
this object as D type, while the slope of our spectrum
is typical of C asteroids, with a reflectivity gradient S’
(computed in the wavelength range 5000-8000 A) equal
to 4.7+0.1%/10° A. A similar slope has been observed
by D. Lazzaro (personal communication). A rotational
period of 12.342 h has been determined by Florczak ez al.,
1997,

1515 Perrotin is a main-belt asteroid with a diameter of
about 9km. It has been observed at ESO during two
nights (March 26 and 28, 1996). The obtained spectra are
shown in Fig. 4. The asteroid has a typical S class spec-
trum. No differences are evident in the two spectra.

1992 Galvarino has an estimation of the diameter
between 5 and 9km, depending on the albedo value
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Tuble 3. Obsercaticnal choracseristics af the Kosetin candidates

Agterond Daiz (LT) Exp. (n.} riALnL ATALY 1"hase angle () i, Sulur unalog
[ 40 Siwa 1005106, 20 I 2,353 1509 17.3 2.0 HDI335/HRS060
19961013 2 2,595 1627 0.3 i2.0 HDZE0HD44 594
100E 100 A | 5598 1. pta al .o HIX280/H Iyd454944
1806G:10,17 7y 2601 1.625 57 1.9 HI a0 HD44594
10970103 2 2iTd a1z 19.7 134 HD<4304 HD1 35
732 Tylnkt | 90, 0324 | 2481 2040 bl i5.3 HIX7R151
1071 Btz 198306, 20 | EN 10 i 126 151 FITY 835 HE G060
1515 Perrotin 1996:/03,26 I 3035 228 a8 174 HD741351
| 9 03, 2R | 3141 2215 81 174 HTx 144585
W42 Cialvaring | RT3 I 3407 LEI2 AL 178 FDsqspa i HL1 835
45 Lunecharsky 1996,03,28 2 1977 2078 5.4 172 HD 1443585
1006 115 | 2 a7 1.55) 247 6.7 HT2800H N4d384
19o 10 1 & | 21463 1562 248 15.9 TTIX2R0H 44554
2703 Rodan 19960621 I T 208 1.738 26.6 175 I6Cve B
[ 00s10, 15 I 2275 1.485 19.1 17.1 HO2E0HD44594
19961016 I 276 1495 9.4 17.1 HD:280/HD 4554
1057 Miiaren 194506, 21 | . 1.329 1.3 157 HIR 335 HR ()
3103 Eger Tk 1T S | 01921 15005 LEN | 1.4 FID2E0/H 554
1996710/ 16 l 0923 {502 82,0 15.4 HD2E0/HD425%94
LoEmar 10 L7 | 0927 Dla 2.2 I5.5 HD2E0/HD=4504
537 19K OD] |95 DR, 21 | 2,747 1.939 13,3 15.2 HDIRS/HRARN
3837 Carr 19,05, 27 | 356 1.34% 12.5 15,5 HId 243555
4258 Rvazanov 15990522 | 2AN2 1,093 R 159 HE 443545
114 Abbe |93 05,21 [ 2264 1.2645 . ) 17.0 HD 144385
GL73 193 AD 1O 13,27 I 2413 1.514 3.2 154 HD 144585
. Phvsiz TAMAOLCES y i eanciclatesy « J J ]
Table 3. Physical paramarers of Rosot W‘ *"“"1 'I 4 e
Asteroid Dizmeter Tusonomic  Rotation ‘ ok Wﬂl‘ e
{km) claxs period (h) . M“'ﬂ Ib =
= ’ Mﬂ ST |
140 Siwa 11g® C ~ 18,3 ]
732 Tjiluki g C 12342 B o
14171 Brita g L -
1515 Perrotin 9 5 = L = wrird |
1992 Galvarino e EM 7.0
2446 Lunacharsky 16 C 3.613 ] i # w7
2702 Roderi & 5 E | - ("_,w-""'.* AV —
0457 Mélaren 3 5 - : B |
3103 Eger 2 E 5,700 P -
3328 1025 QD 14 5 < i et 7
3337 Cartr & a = i
4158 Ryazanov 14 5 = =]
5224 Abbe ¥ C o 140 Stwa
al73 1983 AD 8 3 = R 7
‘Iameter determined by TRAS, the other valucs are only an nam : g;:ﬂ I ﬂ;:;n I 10000

estimation

assumed. Birlan ¢f i, { 190964} observed 1t by CCD photo-
metry snd determined o rotational period of 7.004 h. The
gpectrum ohimmed is presented in Fig. 5. The red part of
the specirum is very noisy. Tentatively, it can be classificd
as For M type.

2703 Rodari (diameter of about & km) has been observed
at CFHT on 19960621 and at ESO (Octoker |5 and 16,
|396). The spectra are shown in Fig. &, and they exhibir a
rypical behavior of S tvpe ehjeets. Mo variations between
these speotra are cvident.

4258 Rvazanuy is 1 main-bell asterold with a diamater

Fig. 2. Eight reflectivity spectm of 140 Siwa ebtained dunng five
different days. All spectra have been normalized to unity at
35 A snd have been offset vortically for clanty

of about I14km, [t has been observed at LSO on
1996/05/22 and its spectrum, charactenstic of 8§ type
abjeets, ts shown in Fig, 7.

3.2 Alrernative lmiel wmdows

The following obscrved asteroids include some of the
possthle asteroid Av-hys for other Rosetta coimet rend-
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ervous opportimties with launch between 2002 and 2004
[SCIR3TT,

1071 Brita 15 & mam-belt asteroid wita a diameter of
S0km. Tt was the pregranuned fy-by astcroid with the
rendezvous Lo the cometl P/Schwassmann—Waclimann 3
and spacecraft launch on 20030718 (SCI93)T). The
asteroid has been observed at CSO on 1993/06/20. Tha
spectrum is shown in Fig. 8 and the compured reflectivity
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Fiz. 6. ReBectivity specirn of 2703 Rodart obimned at ESG
(the first twoj and the thid at Hiwail, The spectra have bean
nermelizad o umty al 5500 A and have béen offscr vertically for
clHmY

ﬂ&ﬂlﬁrazm | .
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1. e
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o5 | 1 | e i
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uhielargth
Hig, 7. Reflecrivity spectrum (normalised o umity st 5500 Ay of
4258 Ryazaney
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Fip. 8. Reflectivigy spectrumn (normalized o uaity st 5200 Ay ol

171 Brita

gradient &' (30005000 A s egqual to E2+0.1 % J10Y A,
The object wasabserved tn 192 by A er ol {[Y95). The
spectrum is typical of a C class astereid.

57 Milaren s a main-belt asteroid with o diamneter of
about Skm. It is the candidate fur g fiyv-bv, logether with
rhe “asteroid 494 Virmus, for the mission to comst
PiNenimin 2 (launch on 200309/29), The asteroid has
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Fig. 9, Reflectivity spoétrant (noomalized te unily at 35004) of
ST Milnzen

20 ,
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Fig. 10. T our reflectivity spectea of 2440 Lunacharsky. The spee-
bras ke been nosnmdieed to umity al 3500 A and huve been oifsct
wertcally for clarity

heen observed 20 ESQ on 199506/21 and the spectrum
[Fig. 9 is typical o § class objects.

2446 Lunacharsky and 3103 Eger are both candidates
for the fiv-by asteroids with the rendezveous to the comet
P /Finlay {launch on 2004/05/11). 2446 Lunacharsky is a
main-belt ebject with o diameter of about & km, while
3103 Eger i3 an Apolle with a diameter of abouot 2 km.
e Lunacharaky has been obsereed during three mehis
al ESO. In Fig, 10 the flul spectra charaeteristic for C type
asteroid: dre shown, No detectable variations are present
in the different specira. CCD photomerry have been car-
red out at G5O and a rotational period of 3.0130 has
bezn datermined (Florcrak er gl 1997 2102 Lger has
heen observed durng three nighte and the spectra
shtained are shown in F;E- 1. T hese spectr are I}'pi\:al
ol Eeluss, Provioons visible and near-infrared speotroseopy
observations have heen cartied our by Gaffey ef al, (1992)
who clusufied this NEA objects as E type. They also
affirmed the anulegy of this object with the =nstatite
achondrits metzorites. A rotational period of 5.708 1 has
bezn abtainéd {Witnrzwski, 1991 : De Sanctis ef of 19945,

3328 1985 QD1 15 anastervid ol the Eos family (Zappals

13

20 -
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e
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Fig, 11. Refzcrivity spectra af 111 Eger, The spectrs have been
normatized to unity at 3300 A aad have been offset vertically for
clarity
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Vawsengih

Fiw, 12, Reficctivity spectrum (naormalized 1o unity at 5300 .i] af
IA2R 9R5-00

et al,, 1W5; Doressoundiram e af., 19897) with & digmeter
of about 14 k. Itis the fiy-by candidate. with the asteroid
1453 Fennia. for the misson to comsl P/Schwassmann—
Wachmann 3 (lavneh oo 2002/04/19). The specteom (Fig,
12) has been ohtainad At E30Q on 1995/05,21 and, as for
uther Eos family members, belongs Lo S tvps,

3837 Carr i5 a main-belt object (diameter of abour
Ehkm). [t 15 one of the two asterond candidates, with
[YEI WM, Fara mission to the comet P/Brooks 2 (launch
on M523 The observalion hay boen performad at
ES0 on 1994/03/27 and the spectrum (Fie, |3 indicares
an S=type abject,

5224 Abbe and 6173 1983 AD (beth with ¢ diameter af
abour 8 kmt are the back-up targets for 3 debated mission
to the comat P/Wirtanen (launch oo 20053/11/03). These
objects have been cbserved at ES0 on 1996 and the spec-
tri are shuwn in Figs 14 and 15 The speetrum of the
asteroid 5224 Abbe is characteristic of C type with rellect-
ity gradient of 74 £0.1%/10° A (computed in the wave-
length runge S000-8000 A), while the spectrum of 6173
[9EY AL is ovpical of S class.
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Fig. 15. Reflectivity spectrum (normalized to unity at 5500 A) of
6173 1983 AD

4, Conclusions

Up to now, we have in situ observations of only two S-
type asteroids (951 Gaspra and 243 Ida, obtained from
Galileo spacecraft). Details on the nature of these two
objects are given by Granahan et al. (1994), Belton et al.
(1995) and Chapman (1996).

The asteroid targets of the Rosetta mission baseline
3840 Mimistrobell and 2703 Rodari, belong again to S
class as well as 433 Eros, the main target of the NEAR
(NASA) mission.

In our opinion the ideal selection in the present frame-
work baseline of the mission has to include the asteroid
140 Siwa because of its size and its spectral type. The data
obtained indicate that Siwa is a more pristine object (C
type) which has probably been less altered by collisions
than smaller ones. The presence of several primitive-type

asteroids between the possible alternative targets (both
to P/Wirtanen or other comets) suggests that a careful
selection procedure is needed in order to explore “primi-
tive bodies™ and to meet the primary goal of the Rosetta
mission.

The final selection of the two Rosetta target asteroids
will be made in a successive phase of the Rosetta project
development, when the engineering parameters will be
frozen. We hope that this work will help in choosing the
best candidates.
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3.4 - Conclusoes

Realizamos varias missoes de observacao espectroscépica de familias de asteréides,
de asteréides do tipo C, de alguns objetos com érbitas proximas a da Terra e de candidatos
a missao espacial Rosetta. Quanto as familias, encontramos que os membros estudados
de Eos, Themis e Flora apresentam um comportamento espectral similar, confirmando os

resultados dindmicos de uma origem comum.

Na familia de Eos encontramos que seus membros possuem espectros identificados
como do tipo K com uma forte identidade espectroscépica, ou seja, um méximo local-
izado entre 8000 e 8500 A. Por outro lado, a diversidade espectral encontrada entre os
membros, nos leva a concluir que o corpo original desta familia deva ter sido parcialmente
diferenciado. Com relagao a familia de Flora encontramos que seus membros apresentam
caracteristicas de tipo S, onde a diversidade espectral encontrada parece indicar que um
processo de alteracao mineralégica superficial estd agindo nestes objetos. Devido ao fato
de encontrarmos semelhangas entre os membros menos alterados e os meteoritos condritos
ordindrios, sugerimos que a composi¢ao mineralégica destes asterdides seja parecida com_

a destes meteoritos.

Encontramos nos membros da familia de Themis uma caracteristica espectral de
C e seus subtipos B, G e F, sendo que parte destes objetos apresenta indicios de que um
processo de alteracao aquosa estd agindo em sua superficie. O fato de que parte destes
objetos nao apresenta indicios de alteracao aquosa nos leva a concluir que provavelmente
o corpo original desta familia deve ter sido parcialmente diferenciado. Para os asterdides
de tipo taxonémico C encontramos varios deles que apresentam bandas que sugerem um

processo de alteracdo aquosa em seus materiais.

Com relagdo aos asterdides préximos da 6rbita da Terra, encontramos alguns
semelhantes aos meteoritos condritos ordindrios e um objeto com tipo espectral C . Nos
outros asteréides, embora ndo houvesse nenhum meteorito andlogo, sugerimos que um
processo de alteracdo de composicdo superficial pode estar agindo, escondendo sua real
composi¢ao, provavelmente do tipo similar aos condritos ordindrios. No que diz respeito a
missao espacial Rosetta, observamos 14 asteréides candidatos e sugerimos 140 Siwa como

um alvo ideal entre aqueles por nés analisados.
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Capitulo 4

Propriedades Rotacionais de Asterdides

4.1 - Introducgao

A rotagio dos asterdldes € resultade de uma comhinagio de seus momentos an-
gulares individuais injeiais, com o momento que estes objetos ganharam ou perderam nas
colisbes subseqiientes i sua formacgdo. Desta [orma, o conhecimento da distribuicio atual

das taxas de rotagio poderd nos ajudar a compreender o cendrio evolutivo destes objetos.

(Juando se analisa as taxas de rotagao, encontra-se diferencas na distribuigao entre
08 tipos taxondmicos mais comuns e entre as familias de asterdides. Lagerkvist (1983) e
Lagerkvist e Williams (1987) verificaram que a taxa de rotagio dos asterdides do tipo M era
maior do que a dos § e C, fato que poderia ser explicado eonsiderando-se a maior densidade
média das objetns de tipo M. Além disto, Binzel (1988) encontrou nma distribuigiio de taxas
de rotacio com um valor médio maior para as membros da familia de Fos em comparacan
com os de Koronis. Em sen modelo de evolugao colisional, Binzel propoe que a familia
de Fos tenha nma idade préxima & do Sistema Solar enquanta Koronis seria muito mais

jovem, comn idade entre 2 e 4 bilhdes de anos.

Analisando a2 taxas de rotagao em fungio do didmetro, Binzel e co-autores (1989)
encontraram para os objetos maiores (D > 200 km e 123 < D < 200 km) que estas poderiam
ser ajustadas por wna distribuicao maxwelliana, unplicando que estes asterdides teriam
aleancado um avancado processo colisional. Por outro lado, os asterdides com D < 123 kin
apresentavam wn excesso de objetos lentos, sugerindo que suas taxas de rotagao teriam sido

influenciadas por eventos catastréficos. Fulchignoni e co-autores (1995) e Angeli (1995],
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aualisando a distribuicio de rotagao de pequenos asterdides (D < 50 km) enconlraram que
esta distribuicao poderia ser uma combinagao linear de trés distribuicoes maxwellianas,
com valores médios de rotagio de 4,1, 8.7 e 24,7 horas. A existéncia de objetos (2/3
do total) com um periodo rotacional de &7 horas, proximo ao dos grandes planetas do
Sistema Solar (periode médio igual a 7,62 horas), os levaram a sugerir que as rotagcbes
foram pouco aletadas por colisoes apods as fases primordials de formacao. Em relagio acs
Lipos taxondmicos eles conflirmaram que os asterdides do tipo M possuem wma taxa de

rotagao média maior do gue os de outros tipos, enquanto vs C e P seriam os mais lentos.

Por estas razdes, determinar as propriedades rotacionais dos asterdides é funda-
mental para entender sna evolugao colisional. Estas propricdades, tais como o periodo
de rotagio, a forma do objeto & a diregido do eixo de ratacio podem ser obtidas através
da andlise de suas curvas de luz, Estas curvas sio a variagao de luminosidade do objeto
durante win certo perfode de tempo. Os [atores que levam & variacdo da intensidade da
luz solar refletida pelo asterdide sao: a) as mudancas das distincias asterdide-Terra e
asterdide-Sol; b) a rotacio do asterdide; ¢) as mudangas do dngulo de fase solar (dngulo
Sol asterdideTerra) (fig. 4.1).

Podemos corrigir os fatores geométricos utilizando as magnitudes reduzida e ab-
soluta. Magnitude reduzida é a magnitude de um asterdide supondo gue este esteja a uma
distéancia padrio de 1 U.A. do Sol e da Terra, enquanto que a magoitude absoluta seria
a magnitude reduzida quando o asterdide estd com um dngulo de fase igual a zero [ver
secan 5.2). A magnitude absoluta seria entio uma grandeza invariante do ponto de vista

geomelrico.

A mudanga do brilho devida & rotagdo do azterdide normalmente ocorre sem que
haja uma variacao significativa de sua confipuracao geométrica, com excecao dos asterdides
que possuem rotacio longa ou complexa, que discutiremos a seguir. Desta forma, podemos
obter o periodo de rotagio em poucas noites (hoas) de observacao. Portanto, em uma dada
configuragao geométrica a variagio no brilho da asterdide serd funcio apenas da mudanca
da drea superficial de reflexiio solar, ¢/ou da mudanga de albedo (fig. 4.2). Se o asterside for
nrma eslera semn variagtes de albedo sua curva de lnz sera uma linha reta; do contrdrio, serd

do tipo senoidal. Se admitirmos nma rotagdo pura, ou seja, em torno do eixo principal de
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Asteroide

Terra

Sol

Figura (4.1) Configuragao geométrica do Sol, Terra e asteréide. O dngulo ¢ é chamado

de 4dngulo de fase solar.

momento de inércia, entao o periodo poderd ser obtido através de uma anélise de Fourier.

A curva de luz pode ser representada pela seguinte fungio (Harris et al., 1989):

Aysin —(t — t,) X Bjcos ?(t —t5) (4.1)

i ol orl
P

onde V(a,t) é a magnitude reduzida em um angulo de fase o e um tempo ¢, V(a) é a

magnitude média em um angulo de fase o, 4; e B; sdo os coeficientes de Fourier, P é o
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periodo de rotacde do objeto e {; € wma constante escolhida como o instante praximo dao

meio do intervalo de observagio.

A amplitude de uma curva de luz (Am) nos fornace nma estimativa da forma do
asterdide, Considerando um asterdide como um elipsdide com os eixos a, b e ¢ diferentes,
obteriamos em uma rotacao completa 2 méximos e 2 minimos (fig. 4.2), e considerando
que a variagao da luz refletida seja apenas devida & mudanga da drea de reflaxdo, teriamos

uma relagio entre a amplitude dos eixos do elipséide dada por;

Am = 2.5lag (1.2)

a
=

A determinagio da forma e da orientagdo do eixo de rotacao € mais complexa do
que o periodo, devido a diiculdade de se extrair uma grandeza tridimensional através de
dados bidimensionais. Para isto sdo necessdrias muitas abservagtes em vidrios dngulos de
fase solar distintos. Atualmente outras técnicas, além da fotornetria, sao utilizadas para
determinacio da forma tais come o radar, as ocultacoes estelares e observagdes in locy,
alravés de misstes espacials.

A hipdtese descrita acima de uma rotagio pura @ baseada na anélise das curvas
de Juz de asterdides, que aparentemente nao exibem midltiplos perfodos, o5 guais seriam
resultado de uma precessao e/ou cambalhotamento {Sher, 1471). Por outro lado, podemos
supar que colistes que nao passam pelo centro de massa do asterdide Ltendem a desalinhar o
eixo de rotagdo do eixo principal, causando umna precessio livre ou win cambalhotamento.
Burns & Salronov (1973) deduziram wma expressao aproximada para o intervalo de tempa
necessario para o alinhamento dos eixos de rotagio com o momento de inércia principal
devido & dissipagao interna de energia. Este tempo. que chamaremos de tempo de relazacao,

fol deduzido comao sendo dado por:

jue,

T s 4.3)

onde p & o coeficiente de rigidez do material que compée o asterdide, Q) € wm fator gue

indica a perda de energia por ciclo de oscilagdo, k& ¢ um fator numérico relativo ao formato
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Figura (4.2) Um asterdide visto em meia fase rotacional, e sua curva de luz correspon-

dente (Angeli, 1995).

do corpo (aproximadamente 0,01 para uma esfera e 0,1 para um corpo altamente alongado),
r € o raio médio do corpo e w é a frequéncia angular de rotagdo. Calculando 7 para alguns
asteréides, os autores encontraram valores entre 10° e 10® anos concluindo que grande
parte dos asteréides se encontra num estado puro de rotacdo, j4 que as estimativas de
probabilidade de que ocorra pelo menos uma colisdo entre 2 asteréides fornecem tempos

superiores a 10% anos.

Mais recentemente, as andlises das curvas de luz de 4179 Toutatis (Spencer et al,
1995), 253 Mathilde (Mottola et al, 1995) e 3288 Seleucus (Harris, 1994b) indicaram que
estes asterdides provavelmente se encontram num estado de rotagao complexo. Por outro
lado, nestes 1ltimos anos tem aumentado o nimero de objetos para 0s quais o periodo tem

sido estimado como sendo longo (superior a um dado valor) e mal determinado, sugerindo
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novas ohservagées ¢ uma andlise mais detalhada de sen comportamento rotacional. Deve-
mos ressaltar o efeito de um bas observacional que ocorre na determinacan dos perfodos
rotacionals de asterdides, onde muitos nao sio publicados justamente pelo [ato de nio
se obter um bom valor. Isto poderia nao ser originario de uma observacao onde os dadoes
obtidos sdo de baixa qualidade. mas sim de uma rotagio complexa da objeta. Desta forma,
terfamos uma quantidade muito maior de asterdides com rotagao complexa e/ou rotacao

longa do que a prevista até o momento.

A fim de estudar o comportamento rotacional de asteroides, realizamos virias
missoes de observagao com o objetivo de aumentar as estatisticas do ndmero de objetos
com periodo conhecida, dando énfase aos asterdides pequenos e aos candidatos & missao
Rosetta, e de analisar o comportamento ratacional de objetos cujos periodos eram mal

determinados e considerados longos.
4.2 - Observagoes e Reducgdes

As observacoes fotoclétricaz ¢ COD foram realizadas nos anos de 1995 ¢ 1996, nos
telescdpios de 0,60 m do Observatdrio do Pico dos Dias (Brasil), de 1,2 m do Observatdrio
de Haute—Provence (Franca) e de 1,5 m Danish, 0,9 m Dutch, 0,6 m Bochum e 0.5 m do
Enropean Southern Observatory (ESQO, Chile).

As observagdes fotoelétricas foram reduzidas com o sistema de redugdo fotométrica
do ESO, RANDO?2, e as observagoes CCD com o IRAF. As imapens foram corrigidas de
bins e flat-field como descrito no capitulo 3. A corregio da extingao atmosférica e a

transformacao ao sistema padrio de magnitudes foram feitas usando-se estrelas padrdo

(Landolt, 1983; Graham, 1982; Lasker et al., 1388), como descrito por Hardie (1962).

Cnando as condigies do cén sao consideradas boas, ou geja, com baixa dispersio
na determinacao da extingio atmosférica, é obtida a mapnitude reduzida (V) através da

seguinte relagao:

V =V, — 5log(rA) (4.4)
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onde r & a distincia do asterdide ao Sol, ¥, é a magnitude instrumnental e A a distincia
do asterdide & Terra (Hg. 4.1). Para a obteng¢ao do periode rotacional ajustamos a funcio
descrita atraves da equagao 4.1, usando o método dos minimos gquadrados. Na pritica
procuramos determinar uma solugio onde, fxando wm valor inicial para o periodo (esti-
mado visualmente) e usando um valor fixo para o grau da equagao (n), [avemos variar
o perfodo em torno deste valor inicial de forma a obter a menor dispersao. Em seguida

Lestamos esta solugac para malores graus da equacao 1.1,

5e a noite nao for fotométrica. on ocorrer algum problema na transformacio ao
sistema padrio, podemos ainda obter as magnitudes diferenciais uzando estrelas de com-
paragio do mesmo eampo do asterdide. Desta forma o ajuste descrito acima é feito sobre a
diferenga entre a magnitude do asterdide e aquela de uma estrela de comparagdo. Normal-
mente usamaos tris estrelas de comparagao, de forma a eliminar algum problema intrinseco

a estrela como, por exemplo, uma variabilidade.
4.3 - Resultados

Nas segdes segnintes apresentaremos os resultados obtidos do estudo das pro-
priedades rotacionais de asterdides do cinturido principal e de asterdides com perfodo
longo. Para cada um dos assuolos apresentamos um resumo dos principals resultados

e, em seguida, o artigo correspondente.
4.3.1 - Asterdides do Cinturao Principal

Com ¢ objetivo de aumentar os dados sobre a rotagio de asterdides realizamos
uma campanha de observacio durante o ano de 1996, obtendo 64 curvas de luz para 15
asterdides. Destes, 13 objetos possuem um didmetro inferior a 50 km e dols em torno de
100 km. Dois ahjetos, 732 Tjilaki e 2446 Lunacharsky eram candidatos & missao Rosella,
aumentando o interesse na determinaciao de seu estado rotacional em vista da missan es-
pacial. Obtivemos o periodo rotacional para 12 asterdides e estimamos um valor minimo
para 2. Os asterdides 424 Gratia e 491 Carina, com difimmetros de 87 e 97 km respecti-

vamente, tiveram periodos determinados com boa precisio, sendo iguais a 19,47 e 14.87

123



horas. Estes valores estao bem acima do valor médio, 8,8 h, encontrado por Angeli (1995)

para asterdides com didmetro superior a 50 km.

Para os objetos menores do que 50 km tivemos uma maior distribui¢do dos periodos
calculados. Os periodos rotacionais de 440 Theodora, 727 Nipponia, 838 Parysatis, 1626
Sadeya e 2446 Lunacharsky foram estimados em 4,828, 4,6, 5,49, 3,438 e 3,614 horas
respectivamente. Somente para 727 Nipponia o periodo foi mal determinado, havendo a
possibilidade de estar errado. Estes valores estao préximos daqueles de uma populagio
considerada de rotacao rapida, cujo valor médio foi estimado em 4,1 horas por Angeli e
que representavam 25 % de toda a populacgao dos pequenos objetos dentro de sua amostra.
Apenas 783 Nora apresentou um periodo muito lento, 34,4 horas, bem maior do que o valor
médio encontrado para uma popula¢ao com rotagao lenta, que é em torno de 24 horas e que
representa aproximadamente 10 % da populagdo de pequenos objetos. Para este objeto ja

havia na literatura uma estimativa de que o periodo seria longo (Lagerkvist et al., 1992).

Para os outros pequenos asterdides, ou seja, 446 Aeternitas, 732 Tjilaki, 2209
Tianjin e 3776 Vartiovuori, encontramos os seguintes periodos: 15,85, 12,34, 9,47 e 7,7
horas respectivamente. Estes valores estao entre os valores médios encontrados por Angeli
para a maior parte dos asteréides pequenos, 8,7 horas, e da populagao de rotacao lenta, 24
horas. Para 1246 Chaka e 1507 Vaasa foram encontrados apenas valores inferiores para o
periodo, ou seja, 20 e 14 horas, respectivamente. Para 1995 Shane nao obtivemos nenhuma

estimativa razoavel. Todos estes resultados sdo descritos em detalhe no artigo a seguir.
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Abstrace, In this paper we present ﬂ'le resulrs of smr:ra.l
observational campaigns carried out during. 1994 at the :
12m EeTaﬁcupc of the Haute var;nm Gbssrw,tmy
"{ancc} and at the [.5m Danish, 0.9m Dutch, D.6m |
Bochum and 0.5 m telescapes of the. 'Eur-:gpcau Sou- |
thern Gbsmalory (ESO, La Slfl:l Chile), m order ta |
er:!arge 1hu ‘gvailable sample " of knuw ;astermd |
rotational periods. ol
A total of 64 single night lightcurves Fur 15 asteroids |
were ohtained. The rotational periods have been deter- |
mined for 12 objects, with different quality code: 424 |
Gratia (Py, = 19.47h), 440 Theodora (P, = 4.828 h),
446 Acternitas (Py, = 15.85h), 491 Carina (P,
~14.87h), 127 '\Ilppuma (Pr=46h), 712 Tplah
(P = 1234h), 783 Nora {Pm 34 4h), 888 Par-
vaatic (P_,=549%h), 1626 Sadeya (P, =343Kh),
2209 Tianjin | (P, ="9.47h).' 2445 I.:ma::&‘m'rsk:.r |
(P.,.= 3613h) and 3776 Vartovuori (P, = 7.7h).
For 1246 Chaka, | 507 Vaasa and 1994 Shane the com-
pletz rotational phase was not covered and for two of ¢
them 1t was possible to find only an indication of the
ratational period. © 1997 Elsevier Scicnce Lid. AI[
rights reserved

Introduction

The knowlzdes of the asteroid spin rate is an mportant
tool to gain information an the collisivnal evolution state

*Based on observalions carriced out at the Buropean Southern
Cbservatory (ESQ), La Silla, Chile.
Crurrespemdence fo: M. A Barucci, E-mail ;
obspm. i,

BARUCC g

ol the asteroid population. Binzel er al. {198Y) showsd
that the intermediate size range s important in lerms af
collisional evolution: the limit between [00km and
125km is considered as very representative becausc il
seems to b the transition region botween the larger po-
mordial asteroids gnd the population of the smaller
objects which are supposed to be the fragments, results of
collisional events. Fulchigmoni & af, (1993}, analvang the
rotalional rate dist-ibution for 2 sample of 516 main helt
asteroids, found, for small objects (P < 50 km), the super-
umposition of three sub-populations: the more populated
(similar to the distobution of larger objects) and the slow
and the rapid rotator ones. Harris (1996), analyzing the
mtational spin of asteroids with mesn dismeter D <10
km, pointed cut an absence of very raipid rotators, and
an excess of slow rotators © the first chavacterstic (cul-off
for period of less than 2.23h) =eems to imply 2 “'rubble
pile” structure, while the excess of slow rotators can be due
to a state of non-principal axis rotation. or “tumbling
(Harris, 1904,

In order to enlarge the available data set of asterend
spins, we are carrying oyt a long-term observing program,

Iri this paper we presant 64 lightourves of 13 asteroids,
ohiained during 1996 by CCD ohservations at the 1.2 m
telzscope of the Haute Provence Observatory (Franee)
and at 39m Duch, 1.5m Danish and 0.6m Bochum
telescopes of the Eurepean Southern Obscrvatory (ESO.
La Silla, Chile) and by phatoelectne observations carried
out with the 0.8 m telescope at ESO. For all the obiects,
with the cxception of 783 Nora, lighteurves were measurad
for the first time. The survey has heen carrisd ool on
smell asteroids : 13 out of the 15 observed objects have a
diameter D<= 50 km, while the remaining objects have a
diameter of about 90 km,

Twa of the observed ssteroids (732 Tilaki and 2448
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Fig. 1. Composite lightcurve of the asteroid 424 Gratia in rotational phase. Zero phase corresponds

to U.T. 1996 July 22.0

Lunacharsky) are possible candidates for the Rosetta mis-
sion: 732 Tjilaki is an alternative candidate for the mission
to comet P/Wirtanen, while 2446 Lunacharsky is a can-
didate for other Rosetta comet rendezvous opportunities
(ESA, SCI(93)7).

Observations and data reduction

All the observations reported here have been obtained in
the V-band. The transformation to the standard system
has been carried out observing groups of standard stars,
taken from the Harvard E-regions (Graham, 1982), Lan-
dolt (1983) and Guide Star Photometric Catalog (Lasker
et al., 1988). The data reduction procedure has been car-
ried out using the standard method described by Hardie
(1962). The photoelectric observations have been reduced
using the ESO photometric reduction package RANBO2.
The CCD observations have been reduced with either
the software package IRAF or ASTPHOT, a synthetic
aperture photometric package developed at DLR. When
the conditions of the sky were not photometric, the data
have been reduced only taking into account the differential
extinction between the asteroid and the comparison star.
The aspect data, calculated using the Ephemerides Pro-
gram Ephem (version 1.1, Tholen, 1996) and the telescope
used are listed in Table 1: the mean magnitude level
¥(1,2), reported in the ninth column, corresponds to the
zero level of the respective composite lightcurve. We deter-
mined the synodic rotational period, and the cor-
responding uncertainty for 12 asteroids, by applying
Fourier analysis as described in Harris et al. (1989). The
composite or single lightcurves of the observed asteroids,
corrected for the lightime, are presented in Figs 1-15.
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Results

The main results are listed in Table 2: the synodic
rotational period (when determined), the corresponding
reliability code (according to Harris and Young, 1983),
the amplitude of the lightcurve and the diameter of each
object. The observations of individual objects are dis-
cussed below.

424 Gratia

This asteroid was observed at the ESO during four nights
(10, 21, 23, 24 July 1996) for a total of more then 30h.
The composite lightcurve, shown in Fig. 1, has been
obtained with a period of 19.47 +0.01 h. The lightcurve is
quite regular with an amplitude of 0.32+0.02 mag.

440 Theodora

We observed this asteroid at the 0.9 m Dutch telescope of
the ESO during two nights (24 and 25 July 1996) for a
total of about 18 h. The composite lightcurve, shown in
Fig. 2, is quite symmetric with well defined maxima and
minima. The computed rotational period is
4.828 4+0.004 h and the maximum amplitude of the light
variation is 0.43 +0.03 mag.

446 Aeternitas

This asteroid was observed at the 0.5m ESO telescope
during three nights (810 July 1996) for a total of about
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Table 2. Physical parameters of the observed asteroids

Reli- Ampli-
Rotational  ability tude D
Asteroid Period (hr)  Code* (mag) (km)
424 Gratia 19.4740.01 3 032+002 87
440 Theodora 4.828+0.004 3 0434003 197
446 Aeternitas 15.854+0.01 2 >0.33 45"
491 Carina 14.87+0.01 3 0.12+002 97
727 Nipponia 4.64+0.1 1 0.14+0.02 32
732 Tjilaki 12.3440.01 3 0.19+0.03 38"
783 Nora 34.440.5 2 0.08+0.02 40
888 Parysatis 5.4940.01 3 0.23+0.02 44
1246 Chaka =20 1 — 18"
1507 Vaasa >14 1 — 10°
1626 Sadeya 3.4384+0.009 3 0.2240.02 30°
1994 Shane —_ — - 26°
2209 Tianjin 9.47+0.01 3 042+0.02 16"
2446 Lunacharsky 3.613+£0.004 3 0414002 10
3776 Vartiovuori  7.7+0.1 2 0124002 24

“Meaning of the reliability codes:
1: the result is based on fragmentary lightcurves, may be
completely wrong;
2: the result is based on less than full coverage, so that the
period may be wrong by 30% or so;
3: sure result with no ambiguity and full lightcurve coverage.
by IRAS (Tedesco ez al., 1992)
‘estimation by Tholen (1996), based on the values of the mag-
nitude and the location on the Solar System.

g

17h. Figure 3 shows the composite lightcurve obtained
with a rotational period of 15.8540.01h with an
amplitude larger than 0.33 mag. The rotational phase is
not well covered, only two minima and one maximum are
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defined, and therefore the period is given with a quality
code 2.

491 Carina

We observed this object at ESO for 9 nights during 1996
for about 35 h. The composite lightcurve shown in Fig. 4
has been obtained fitting the data with a synodical period of
14.87+0.01 h. The lightcurve amplitude is 0.12 +0.02 mag.

727 Nipponia

This asteroid was observed at the 0.5m and 0.9 m Dutch
telescopes of the ESO during two nights (23-24 July 1996).
More than 11 h of observations are available, but because
the poor quality of the data, only a tentative solution for
the rotational period can be given. Figure 5 shows the
composite lightcurve obtained with P, = 4.64+0.1 h and
a quality code 1.

732 Tjilaki

This asteroid has been considered as an asteroid target in
the Phase A study of the Rosetta mission for an alternative
(non baseline) mission to comet P/Wirtanen. We observed
this asteroid at ESO for 10 nights during February 1996
for about 35h and the best fitting rotational period is
12.3440.01 h. The composite light-curve obtained, shown
in Fig. 6, is very asymmetric with a difference between

-0.4
g 446 Aeternitas |
-0.2 ]
i .. o , o <
I~ . ¢ L & o |
= X . ) ]
0 . i
E -
= I o} = =
Q
L i o
02| ‘i u
o 08 July 1996
00l ioes Pyn = 15.85 hr |
4 — 1 S T S e—
40 0.2 0.4 06 08 1

" Rotational Phase

Fig. 3. Composite lightcurve of the asteroid 446 Aeternitas in rotational phase. Zero phase corresponds

to U.T. 1996 July 9.0
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[EXES

the principal and secondary mimma of 0.07mag. Lhe
lighteurve amtplitode 15 0192+ 0.03 mag.

TES Nora

This object was vbserved For ene night during the 1290
apparition (Lagerkvist e ef , 1992) and the lighteurve
obrained suggzsted a long rotational pertod. During the
1996 upparilion we renbserved 733 Mora during [4 nights.
The chrained datz are very close to the opposition, phase
angles ranging belween 0.2 and 85 Figure 7 shows the
composite lizhtourve with a rotational period of 244 -
0.5 h. However, awing to the long rotational period, the
large dispersion and the small amplitade (0.0240.02
mag), alternative rotational perieds cannot be commpletely
excludad,

88 Porpsatis

We abserved 858 Parysatis al ESO duning two nights (21—
24 July 1996) for & total of about 13h. The composite
lighteurve, shown in Fig B, has been obtained by fitting
the single might Hehtcurves with @ rotativnsl period of
3.49+0.01 & The ohtained amplitade is (.23 £ 0.02 mag.

1246 Chaica

1246 Chaka was observad al the 1.2m telescope of the
OHE during 2 mights (34 Octaber) lor a total of aboul
20 h. The two single night lightourves (Fiz. 9) display two
differant wide minima suggesting a period longar than
20h.

1307 Ve

Weabserved | 307 Vaasa during twe nights (5 and & Coio-
ber] in 1996at the 1.2m lelessope of the OHP for uboul
1dh. The available single night lightcurves, shown in Fig.
10, did not allow 1 to determing an nnigue rotational
pencd. From the available data it seems longer then 144,

la2G Sadeya

1626 Sudeyn was ehserved during 1996 for 6 nights 9. 14,
11, 12, 22, 23 February) at ES0) for more than 13 h, The
composite lightourva, shownin Fig. 11,18 very asymmeiric
with g principal maximuom wider and brighler than the
secondary ene. The computed rotational period is
143800090 and the ampltudes obtamed 15 022+
0.02 muag.

1954 Shane
This ohject has been observed at the L2Zm telescope of

the OHP during two nights (3 and 4 October 19963, The
individual lightourves sre shown in Fig, 12 and seem Lo

M. Florcenk ef al.: Rowwticnal properiics of maun kel asternids

cover the same maximum. This constraing the rotarional
perind to be either 1250 or 2 longer multple of 6 b (such
as 14 or 24 1) but no delinitive conclusion can be drawn
from the availlahle data.

2209 Tienjin

2209 Tianjin was observed with the 0 %m Ducch talescope
at ESO during two nights in 1996 {25-26 July) lor g el
of abaut |6h. The compesite lightcurve, abtained with a
roiationzl period of 2,47+ 40,01 b, is shown in Fig, 13 with
8 maxmum amplitude of 0.42 4 0.02 mag.

2448 Lunacharsky

We ohservad this ohject tn 1996 ar the 0.9m Durch rele-
scope at ESO (12-13 July) for more than 9k, Figure
14 shows the composite lighicurve, obtained fitting the
cbserved data with a rotatione! period of 3.613 £ 0004 1.
The lighteurve is quite asymmerre with an amplitude of
041 +0.02 mug

37Th Fardioruor

3776 Vartiovuord was observed at the 0.9 m Dutch tele-
scope of the ESO for more than 154 (12-13 July 1995),
The eomposite lighteurve, shown in Fig. 15, hag bamn
cbtained  fitting the single might lizhicurves with a
ratational period of 7.7+0.1 4 However, a somewhat
longer rotational period {(11.3h) cannot be complerely
exeluded with the available data.

Arckmowledyements. E. Dotto and M. Floreeak thank ESA amd
CNPo, respectvely, for the financial support doring the presenc
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4.3.2 - Asterdides com Periodo de Rotagao Longo

A distribui¢ao dos asteréides com periodo de rotagao conhecido (734 até o ano
de 1997) mostra que a grande maioria tem um periodo de rotacdo entre 5 e 10 horas
(fig 4.3). Apenas 66 possuem um periodo superior a 24 horas, sendo que a qualidade
da determinacao destes periodos é, em sua grande maioria, ruim. Em muitos casos nao
temos um periodo definido mas apenas uma estimativa de um valor minimo; por exemplo,
encontramos tabelado “periodo superior a 24, 40, 50, etc, horas”. Harris (1994a) analisou
a curva de luz de alguns destes asteréides com periodo de rotacdo longo e propds como
explicagdo uma forma muito irregular juntamente com um estado rotacional excitado.
Harris se referiu a estes asterdides como tumbling asteroids. Este estado de rotagao excitado
poderia, segundo ele, ser devido a uma colisao recente ou ser remanescente dos processos
cadticos originais. Neste segundo caso, seria necessirio que o tempo de dissipacao da
energia rotacional fosse superior a idade do Sistema Solar. Harris substituiu na equagio
4.3 obtida por Burns e Safronov (1973) valores considerados tipicos para objetos do Sistema

Solar, encontrando a seguinte relacao:

P ~ 17D?/371/3 4.5

onde P é o periodo de rotacgao em horas, D é o didmetro do corpo em quiléometros e 7 é o

tempo de relaxacgao.

Na figura 4.3 vemos um grafico que mostra a equagao 4.5 obtida para trés diferentes
tempos de relaxacao. Podemos notar que 6 objetos se encontram abaixo da linha de 4,5
bilhoes de anos. Isto implica que se estes asteréides se encontram em um estado excitado
de rotagdo, deveriam levar um tempo maior do que a idade do Sistema Solar para chegar
a um estado de rotacao onde o eixo de rotacao teria o mdximo momento de inércia. Por
outro lado, estes objetos possuem um didmetro inferior a 50 km, cujo tempo estimado
para que sofram pelo menos uma colisdo no cinturdo é de ~ 10® anos (Housen et al,

1991). Conseqiientemente, Harris concluiu que estes asterdides sido fortes candidatos a
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4.5 bilhdes de anos sae fortes candidatos a se encontrarem muum estada de rotacéo excitado.

“tnmbling”, ji que muito provavehnente sofreram uma colisZo e ainda nao tiveram tempo

de atingir nm estado de rotagio puro.

F importante ressaltar que algnns outras efeitos também podem causar irregulari-
dades nas curvas de lug, fazendo com que nao pessamos estimar com seguranga os periodns
de rotacao dos objetos, pedendo levar & conjectura de que sejam asterdides “tumbling”,
tais como: a forma irregular dos asterdides, bindrias de contiato (como Castalia e Toutatis),

e satélites de asterdide (como Dactyl, satélite de 243 Tda).
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Com o objetivo de anmentar nosso conhecimento sobre o3 asterdides que exibem
uma rotagio aparentemente longa efou complexa, selecionamos 22 objetos no Ephemert-
des of Minor Planels eujos periodos de rotagio eram considerados longos e com gualidade
ruim. Todas as estimativas para os periodos de rotagin destes objetos eram superiores a
12 horas. Realizamos entao varias campanhas de observacao fotomeétrica a im de obter
guas eurvas de luz. e também observacioes espectrosedpicas 4 fim de verificar 2 existéncia de
algumas caracteristicas composicionais peculinres. Nossos resultados podem ser resumidos
em:

a) Ohtivemos curvas de luz para 10 destes objetos (a tabela 2a mostra as estimativas
dos periodos de rotagao e amplitude média das curvas de luz para 5 asterbides). Dois
objelos apresentam periodas inferiores a 10 horas e trés superiores a 20 haras. A qualidade
na determinacao destes periodos permanece ruim. Uma rotagao complexa nao pode ser
determinada coin 08 nossos dados, j4 que =eria necessaria uma campanha observacional de
monitoramento durante um periodo 1muito longoe de observacio sem grandes interrupgoes,
de forma a se obler wma curva de luz completa . Isto nao foi possivel devido a problemas
meteoralogicos e & distribuicao de tempo de telescopio para este projeto. Para 4 objetos,
as curvas de luz obtidas ndo permitiram sequer nma estimativa de periodo.

b) Na analise dos espectros de 18 destes asterdides nao encoulramos qualquer carac-
teriztica de composicao peculiar. Em termos de distincia heliocéntrica os espectros oblides
sio 0s csperados, entre tipos 8 e C, correspondentes ans tipos taxondmicos majs comuns
encontrados nestas regioes. A maior parte dos objetos do tipo U apresentam também

indicacdo de um processo de alteracio aquosa (ver capitulo 3).
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Abstract

We report the results of new photometric and/or spectroscopic observations of 22 asteroids, selected among a sample of presumed
slow rotators. All the available previous estimations of their rotation periods give values larger than 12 h. It has been recently
suggested by Harris (1994) that some of these asteroids could be in a motion of non-principal axis rotation, due to a primordial
excited state. The observations reported here were carried on at the Observatério do Pico-dos-Dias (Brazil), at the Observatoire de
Haute-Provence (France), and at the European Southern Observatory (Chile). More than 60 single night lightcurves were obtained.
Rotation periods and the corresponding composite lightcurves were obtained for 5 objects. Spectroscopic observations were also
carried on to increase the knowledge on these objects and verify the hypothesis of a common origin. We have obtained reflectivity
spectra covering 0.5-0.6 um for 18 objects with orbital semi-major axes between 2.23 and 3.15 AU. For most of them (11) the spectra
suggest a C-type composition, and for the others an S or E-type. Between the C-type asteroids, all but two show features associated
with an aqueous alteration process. © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

The analysis of the asteroid rotation periods can give
us information about the collisional evolution of the
asteroid population. Several works aiming to understand
the global collisional evolution of the asteroids have been
undertaken since the seventies. McAdoo and Burns
(1973), analysing 64 rotation periods known at that time,
concluded that the smaller asteroids rotate faster than
the larger ones. Later, studying a sample of 182 asteroids,
Harris and Burns (1979) also concluded that there was a
tendency for smaller asteroids to rotate faster than larger
ones. The rotation rate dispersions seemed to be con-
sistent with a tridimensional Maxwellian distribution, as
we suppose would be the case for a collisionally evolved
system. On the other hand, Tedesco and Zappala (1980),
analysing data for 134 main belt asteroids, did not find a
defined relationship between asteroid sizes and rotation

*Corresponding author. Tel/fax: 55-21 580 7181; e-mail
angeli@on.br

! Observations carried on at the Observatério do Pico dos Dias,
operated by the Laboratério Nacional de Astrofisica (Brazil), at the
Observatoire de Haute-Provence (France), and at the European
Southern Observatory (Chile), under the agreement with the CNPq/
Observatério Nacional (Brazil).

rates, even if they identified a large asteroid group
(D = 175 km) which seemed to rotate faster than the
other asteroids in the sample. Burns and Tedesco (1979)
also concluded that the asteroids with D > 175 km rotate
faster than the others. Like other authors, they concluded
that a much larger database would be necessary to con-
firm this tendency. -

Dermott and Murray (1982) have analysed the same
sample of 134 asteroids studied by Tedesco and Zappala
(1980) and have shown that the rotation frequencies were
dependent on the asteroid taxonomic type and diameter.
Farinella et al. (1981) have reanalysed Harris and Burns
(1979) and Tedesco and Zappala’s (1980) results, con-
cluding that the larger asteroids rotate faster than those
of intermediate size. They also suggested that it seemed
to have an excess of slow rotators among the asteroids
of small to intermediate size. Dermott et al. (1984) and
Binzel (1984), analyzing samples of 217 and 66 objects,
respectively, suggested the existence of two populations:
the slow and the fast asteroids.

Binzel et al. (1989) have summarized the knowledge on
asteroid rotation rates with the study of 375 rotation
periods known with a quality code > 1. The results of
their analyses have confirmed that the distribution of the
larger asteroids (125 < D < 200 km and D > 200 km)
can be fitted by Maxwellian distributions. The whole

S0032-0633/98/3—see front matter © 1998 Published by Elsevier Science Ltd. All rights reserved
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sample and the differentl sub-samples of smaller sizes
deviate from a Maxwellian and even from a lineur com-
bination of two Maxwellians. However, for the sample
in the range of 50 = D « 125 km, & very good fit is
obtzined with the combination of two Maxwellian func-
tions. The asteroids with £ < 125 km show an cxecss
of slow rorstors and their non=-Maxwellian distributons
sumpest that their rotation rites might be more strangly
affecred by processes like catstrophic periurbation
EVERTS.

Meoare recently, Fulchignoni et al, (1993) analysad the
rotation perods of 516 astereids with a qualitycode = 2.
They abtained very pood fits o the distributions of the
larper astersids with one Maxwellian function, and of
the smallar asteroids with a lincar combination of thres
Maxwellian functions. Angeli (1995), studying 2 sample
of 3835 asreroids, obtained resulls very close o those of
Fulchignoal et al. {(1993). The sample was composed of
all the rotation periods published (wilth qualily code = 2)
in the literature until Tuly 19935, plus the rotalion periods
(200 computed by the author hetween 192 and 1993, that
i5, 13% (59 objects) more then the amount contained in
the previous analysis, As in the work by Fulchignon et
il., the whale sample has been divided in two sets: the
larger asteroids (0= 30 km) and the smaller oness
(D= 50 km). A very good fit has been obtained ta the
distributien of the larger asteroids, with only one
Maxwellian function. The best fir obtained for the smaller
asteroids considers the linear combination of three
Maxwellian funcrions and sugpests that three distinct
populations can explain the observed distnbution. The
first population superimposcs cxactly the larger objects
population, s represented by a Mexwellian distributon
wilh a4 mean purod of 8.7 L, and contains 23 ol the
whale samphk. The second population contains the fast
rotators (Maxwellian function with & mean period of 4.1
h) and is formed by 25% of the whole population; and
the third population account mainly for the slow rotators
(Maxwellian function with a mean period of 24.7 h),
composed by 0.11 of the whols sample. [1 is important to
stress out that this population of slow rotators is probably
underrepresented in the sample, becavuss their rotation
periods are in general computed with & very low precision
{guality code 1).

Al the momenl, a very modest amount of rotation
periods of slow rotation objects iz available from light-
curve analvsis. Although these periods arc not known
with a high precision, Harris (1994) suggests that it can be
question of abjecis presentng a complex rolation motion
around maore thin one rotation axis, Following Harrs
(1994), the damping time scale of rotational wobble, for
small asternids with a long rotation period, to 2 state
of principal-axis rotation about the axis of maximum
moment of inertia is expected to be considerably longer
than the age of the Solar Sysiem. These objects may,
therefore, exhibit non-principal-axis rotation, which in an

extreme case may lead to the appearance of an irregular
‘tumbling’ in space. For two of these objects, 4179 Tou-
tatis (Spenceretal., 19%3), and 253 Mathilde ( Motola e
al., 19%3), worldwide campaigns allowed the determining
ol 4 principal rotaton end @ wobhling sround it some-
how confirming this hypothesis.

A complele and secure statistical picture of asteraid
rotation propertics must ke into account the rotation of
these slow objeets, Bot further obeervarions and reliable
period determinations are still needed. In arder to enlarge
the knowledzae zbhout the rotatienal behavier af these
siow astercids and increase the relizbility in the deter-
mination of their periods, we started a systematic abser-
vational progeam. We have observed 27 astecaids
photomerrically and/or spectrascopically, whose results
are presentad below,

2. Ohservations and reductions
Af. Phorametry

The photometric observations reported here were per-
formed al the Observaténo do Pico-dos-Dias (OPD, Bra-
Zil}, on a 0.6 m telescope, and at the Observaloire de
Haute-Provence (OHP, France), on & 1.2 m lelescope.
All the observations were carried out using CCL cameras
in the V band. In the OPD chservations a CCTD EEY-
323 =376 was used, with a focal-plane reducing optics
giving a 7.2' % 5.5 field and vielding a scals imaze of
1-127 pix. In the OHP observarions a CCD camera Tek
F12x 512 with & scatle imupe of 082" pix and a T x 7
fielel was used.

The abservaliconal crcumstznees and the aspect data
wre listed in Tablz 1(a). The UT date and hour, dght
pacension. declination, ecliptic longilude and ladtude,
haliccentric (1) and topocentric (A) distances, and selar
phiase ongle are given. These values were obtained using
EPHEM program by Tholen (1997). The mean mag-
nitude level F{l.a), reported in the ninth column, cor-
responds to the zero level of the respective composite
lightcurve for the asteroids 388 and 2204; for 141, 249
and 1646 they correspond fo 2n average magnitude value
of the night. This ts done because for these three asteroids
some nights were nol ol good gualicy, so the composite
lightcurves have been made just with relative magnitudes
(the differential extinction belwesn the asteroid and a
comparison star). So, for 141, 249 and 1645 the values
given in Table | do not correspond to the zero level of
the lichtourves, but to an average value of the magnitude
of the respective night, In the last column the telescope
size is given, and the times reported have not been cor-
rected for light-travel lime. The images were reduced
using DAOPHOT, a routine of the Image Reduction and
Analysis Facility (IEAT) package, and calibrated using
standard methods with bias and dome flat-field imapges.

142



Talale 150}

Aspect data af the observed asteroids
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Date F.A. Dl Lumz. Lat. r A Thags Hlm Tel
(OO TY el LT [ 2000 (2000 (A0 fALD (AL (dzg) (mag)
h min s

JE Comcorala

1925 03 14 Q] &4 3103 07747415 2T.0 —2.8 2882 o258 19,17 = Gam*
g 18 0l 432843 HTNAEST D 2T -2 2823 220 L3.57 - 0.&6m*
[0 a3z 1706 R R P T 131 —4.5 2022 |.B4T 532 - LAm™
11003 a1 3048 30 04317345 225 —4.6 282 | Edl 4.5 - TAhm*

|07 0211 07 41 1832 18175 1142 —d 6 2648 |.738 2zl i (&% m™
0213 07.39 26.23 + 16752282 113.8 —4.5 2647 1757 [1.33 —_ 0.6 m*
031l a7 33 25.9% +18*15°33.9 Lzl —14 G0 |.RE7 13.9% - b&m*
031z 07333542 + 18717480 [ e § -31.3 2,635 |.95E 913 — 0.5 m*

P20 Lochesis

1995 03 1% 33T/ —017a521.4 3541 +i8 3230 2310 5.87 —_ 0.5m*
[EIR1]] 210542.23 =3*aTer.l Sdal +1.8 1,250 2258 &by — 0.8 m*
EIN{E] 2304 2605 =[03*5207.7 EL4 140 1251 2310 T — 0.4 m*

41 Lumen

1995 0313 02 26 39.51 + 270117 431 +I1.8 200 1716 .k W 1 — 04 m*
4 |4 Q11727 m +27°1285 43,3 + 110 10 | 7048 28.67 L7058 40033  (Em*
1315 Q12834 4 2775226.5 435 +11.1 2002 | B9E L RAOGR+0033 06 m*
09 28 a2 32 03.53 4 35raaa 5l.2 + 183 2105 L3k 121 22440033 0.5m*
LI 0250 42,74 +26711°56.8 511 +18.9 2107 .28 1902 — 0.6 m*
1az 02 30 37.85 436" 0251 5.2 + 1858 2107 [.28% 15.99 FAISE0033 OBEm"
103 11 ¥ 35,53 + 26717245 5.1 + 1540 2102 |.27% 1547 DIsA40055  O.6m*

997 43 12 i0 40 2420 +RI73¥37.8 153.1 —54 14150 2002 620 — 0.8 m*
02 |4+ Ll 48 3130 +01"35° 18,7 16529 —55 1052 200 154 EABS£0.033 O.E6m*
13 12 10 24 30,95 = 0Z22AdE1 155.9 =7 1088 1021 500 EAMI40.027 Ofm*
0313 10 23 3954 +U2a3az 156.6 —6.8 1059 L1z5 545 $.88040027 NAm*

24U Jlge

1995 0813 21153182 = (47207 35.0 3HLE —13 1993 neoE 547 — & m*
LERE: 27 1430.H bt O Fak 2ok ima —3.1 1,995 09491 409 1179540011  06m®
14 15 221337 =14MF0.3 330.1 =14 1994 0.957 4.52 11.54340011 Q6 m*
as 17 2711 a4 —14"1340.5 329.7 =13 1.99] 0951 137 — 0.6 m*
03 |8 23 1542 — 14517582 39e -7 1.959 0.97% 180 1158040011 08 m*

1937 0212 1026 34,56 + 11705204 1513 +1.2 2.063 I 6EE 4105 [L.e20 0011 O6m*
0214 1024 26.05 L 1P10d54 153.7 +1.1 1aaT | 680 312 — 0&6m"
0312 09 37 38.14 +12%09°33.2 147.3 -{.2 .71 T4 .04 1197440010 0O6m*

437 Rhadla

19394 0l 2o 03 330285 + 10753008 1278 —T.6 1935 197 2.60 - 0.5 m*
a1 28 114 M) 58,87 + 0S5 0LE 1313 —-71.7 1937 1953 1Al — 0Gm*

1437 a5 11 1317345 - 175 300.0 el SN —g.9 1435 1,500 11.23 — 0.6 m*
s 12 13 14 52.38 — 177350 .2 i1 B -k 2435 1.502 1186 (LE m™
0513 11 16111 — 1734501 2 -5 2432 1505 12407 — 06 m*

J88 Achilles

1555 28 |a 583172 —~17°50°59.0 3Le —{.5 £.860 4,636 1.5% B.E5540014 Ofm*
08 L5 20 35 02.82 17752024 JlLa =05 5059 4658 1.37 E04L0004 (& m*
OB |7 20 57 01.52 = 1754256 L5 —[.5 5.857 4663 15 EAI+0014 06 m*
oH 18 2 363114 —17"55'33.7 311.4 =[5 5650 4665 233 £5774£00l4 Ofm?

617 Palrochus

ERgs 0425 1237623 + [3M22a.4 133.2 + 156 5922 07 564 1.2m
04 25 11 36 3647 + 13702703.7 1831 +'15.5 £ax 5081 =7 — 12m
0417 1236 11.05 + 1301737 15850 o+ 5.5 5922 5.00E 540 — 1.0m
0505 1203923 + 11#41752.8 181 .3 +13.3 34910 5.5 R — & m

1534 1424 1402 55.74 —Q5"4 83,8 21015 +6.] £.749 AT 1.27 & m

1557 0512 15 3606.26 =T p.x i —~5.5 5432 4 437 142 - 0Em
1513 15 55 29,68 =I5"IWE5L 2374 — 6l 5432 4,439 143 - 0dm
05 2 13385315 =250 G bk — il 5431 4427 1.37 — 08m

1238 Thals

15595 0812 2017 4645 —d 52008 8 it —154 1948 Lo 649 — tEm
i3 20 26 47.74 — A5 T00 0 2377 —253 1.347 1021 16,32 — 0.6 m
03|14 2025 50,52 — 459 A2 6 15 —345.3 1.045 1023 [7.15 —_ 0fm
0817 20023 0500 —43715°30.5 2370 -i51 198 1005 1E.18 - GEm
0927 20 25 54438 =421 R 337 — 187 1873 Lt 2952 — 06m
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Continued

Date RA. Dl Loag. Lal. r A I'hase ¥ilag T

DO (20000 (=006} (2000)  (2000) AL (ALR [cleg) [rnig)

hmins

1646 Hosreland

|45 0a 12 21 15919.62 —2F32 W g ilLg = | 22m 1.281 184 — b m
e 13 21 14 23.66 =457, i —i 4 .o 1381 332 12112=0.010 d.6m
0 14 21 133782 —20°43°14.0 Iad —&.5 2.290 1.283 1,78 122310010 d.0m
08 13 21123220 = 207577327 342 —4.6 2.2688 123 4.5 (2281 20010 D6 m
0% 17 21104193 —21"E¥d1.S 33T -4 Z.286 1.28% 5123 = 06 m
0518 21 0% 47.44 — 202134 3135 —4.7 2284 1.287 e 1215640000 Oim

22060 Weapioienes

|95 % 14 213044 4% = 3247393 J123 =164 5.183 4212 154 100 40000 Dbam
0215 20201003 — 3285004, Nzl — 168 5.183 43213 .64 MRS L00L D6m
08 13 21 18 3L.7 =33937.1 s —164 5.182 4313 3897 10.0%340.0001 D&m

* (Fhservatono do Pieo dos Dhas, Brasl
"Dhservatoire de Haote-Provence, France,

Takle 1k
Observatione circumstoness. Exp iy the number of exposures, rand A are the hellocentric and peocentrie distances, reipectively, o is the solar phise
angle, i, i= the visual magniture and in che last column the solar anilog i given

Asteroids LT Dare Exp. r il ) ", Salar Analog
(AL} (AL fe)
1 Pirglnia L6ei}3 97 a LR o] 1.218 1002 14.07 HIZ44594
I8 Conyevdia 13411795 1 LRET 2157 19:34 1367 HR2290
165 Arrentis 1711726 1 ey 1.926 17, 13.08 HR1403
0300157 i 2555 L4l 2133 13 HIa4594
14} Lunmen 1843797 2 1055 143 .53 128 HIDaa4504
N i 1 LA T1E2 1.55 12.57 HTd4 554
168 Zella L8128 1 2407 1.520 12.67 13,14 HRI280
249 Iler L 70397 Z i 1.213 1063 1546 HI34454
134 Bamibergu L0387 Z 2524 4253 18.59 11.R6 HTwad 55
357 Minina 1R/11/98 z 2341 2834 18.47 14.32 HRzasn
417 Rhodin 17403187 i 2581 1.748 14.54 14.50 T4 594
+#35 Kretra L0397 4 1.750 1.945 1545 12.35 HDaL 50
203y I 2740 .98t |4.57 |29 HI4594
21 Brexir F 10387 Z 1430 3204 1631 14,58 HDa504
IR I 3an7 1157 1675 [4.54 H Dt 53
622 Chrlsting 18/11/9¢ I 2.528 1.350 15.13 13.57 HR2280
76 Berlaley 19,1198 1 1003 iy 3! 1%.11 16.43 HR23%0
870 Manin 011056 I 1856 1313 |6.53 16:53 HREZ:EED
M2} Arriza 12,0197 I 2833 2401 10.38 1402 HIM4594
1621 Prushlye 20197 2 L4945 1.41% I4.35 1511 HID44534
{640 Rosseland 21196 | 2.2315 1.778 23:37 | 5.9 HR2Z00
2014 Vasilewskis 12,0157 I 2.592 2378 Il 16,71 HIx4594
Flux calibration was performed using standard stars from the composite lightcurves were performed using the

Landolt (1983). The images were corrected for extinction tmethod deseribed by Harris ot al, (198%).
by using photometry of field stars in the asteroid images

and of Landolt stars, taken at different air masses. The 2.2, Specirasopy
errors given in Tables | and 2 take inte account the
aperture error given by DAOPHOT and the quality of The spectroscopic ohservations were performed at the

the night. Fourier analyses of the data in order to abtain Eurepean Southern Observatory at La Silla (Chile) using
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2 1.5 m telescope equipped with 2 Boller and Chivens
spectrograph and a Ford CCD 2048 « 2048 pixels with a
readout noise of 47 electrons. We used the 225 grfmm
grating with a dizpersion of 0.022 gm/mm in the first
vrder. The CCD has a square 15 um pixel, giving a
dispersion af about 3 A/pixel in the wavelength dircction.
The spectral range is about 0.5 <1 < 0.9 um with a
FWHM of 10 A. The spactra were taken through a 3
arcs slit ornented in the East-West dicection in order
to ebminate poszible loss of lght due to atmospheric
differential refraction. The obscrvational circumstances
and the aspect data arce listed in Table (1), All the values
were nbrained from EPHEM program by Tholen {1997),

The apectral data reduction was performed using the
Image Reduction and Analysis Facility (IRAF) package.
Pixel-tn-pixel variations were removed by subtracting the
bias level from each frame and dividing it by a (lat field.
The IRAF apsum packapre was wsed to sum the pixel
valucs within a specified aperture and ta subiract the
background level. Wavelzngth calibration was performed
using & He—Ar lamp andl spectra were corrected from
airmass by using the mesn extinciion curve of La Silla.
We used the solar analog HD 44,394 to compute reflec-
tivities, but we observed two other solar analogs (HR
2290 and HR 14035) (Hardorp, 1979) to comparc the
quality of the night. All asteroid spectra are normalized
dround 0.33 ym by convention.

3. Resulis
3.1, Photometric lightenrves

In Table 2(a) the estimated diameter of each asteroid
and the values obtained for the synadic rotation period
and the amplitude of the composite lighteurves are
reported. The lighteurves ars plotted in Figs. 1-10, and

Table 2u)

Phyzical parameters of the observed asterids

Astaraid Diameter  Ror Pedod Amplitude

(kem} () (mag.)

38 Concordia RS

120 Lachesiz 178k

14! Luener (357 135% 20003 =029
(a7 200+03 =018

I Mg [ R i 426403 =14
(37 416+03 =054

437 Rhodiz 14,34

S88 Avkilivg 14744 TO0+0.1 =022

417 Patrociur 1354

1236 Thair 6.9

1544 Rogveld 16.5% [t | =045

2200 Nuoprolonmes B5. 0 F3=0.1 =043

+ Diameters by the IRAS Minar Planst Survey.
* Diameters By Do), Tholen, cphemeris program EFHEM, 1997,

Table (B
Presence of hydration ends on the observed asteraids

Agzrernid Semi-major  Diametzr Estimated P Hvdration
mRis
(AL (kim)y (hy

51 Virginia 1431 sS4 1788 Yes
3 Catrcordia 2300 9.7 =16 ey
MIF Arrenriy L3 (234 ik Yes
14T Lunen .1 154 20001 ey
189 Zelta 2158 EIw 16 —
249 Hse 2,178 IT e a6t Yes
324 Bomibergz 2 ERS 242 2943 Mo
357 Ninlng 3. 149 1104 =20 ey
437 Rhodia 2363 14. 54 i -
4588 Krauza 3,148 158 ~28 Yy
32I Brizea 2.740 121 4 =24 Yes
828 Christime 2581 S =14 —
718 Bericeley A1 35k =17 —
70 Manfo 2333 145" =24 —
M3} Arctica ERAE Ta e 51.0 Yes
152! Dvnzivba 2330 .0k =012 —
Mdag Forreland 2.180 165" il T
200 Vagilengkly 2,403 17.5* 3825 —_

& Dnametars by the [IRAS Minor Planet Survey,
* Diameters by D ). Tholen, ephenienis program EPHEM, 1597,
1 Thiz work.

in the compositz ones sach symbol corresponds tw 2
different night. A relisbility code 1, meaning a result
based on [ragmentary or inconclusive coverapgs, which
may be completely wrong (Harrs and Young, 1983), has
been attributed to all the oblained periods, Below, we
make some specific remarks aboul cach asteroid.

38 Concordia was observed in 19935 (4 nights) and 1997
(4 nights), The rotational period previously estimated for
this asteroid was F = 16 h, with an amplitude larger than
0.07 mag. (Gil-Hutton, 1993). It must be noted that just
a single lightcurve was published in that work. The single
might lehteurves [or each appartion are shown in Fig. |
(a) and (B}, Magnitude varalions of small amplitede are
visible in some of these lightcurves, but no estimation can
be made about the rotativnal period.

120 Larchesis was observed during 3 nightsin 1995, The
rotation peried previously estimated for this object was
P =20 b (Debehapne e al, 1983, with an estimated
lightcurve amplitude Jarger than (.1 mag., when only
three single lishtourves were published. More recently,
Hainant-Rounelle et al. (19595) provided a new estimation
of the amplitude (larger than 0.14 mag.), but their two
sinals lightcurves did not allow a better esumation of the
rotation period. The single night lighteurves are shown
in Fig. 2, but the small number of points for each night
does not allow an estimarion for the rotation period.

{41 Lumen-was obszrved during 7 nights in 1993 and
4 nights in 1997, The first rotational period estimated for
this astecroid was P = 18 b (Wetterer and Flower, 1952,
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with an amplitude larger than 0.2 maz., when only an
individual lightourve was published. More recently, Hol-
lidaw (1996} based on 7 nights of observations in Nov-
enber 1995, reported a rotetion period of 19.67 +0.01 h
withquality codle 1 and lighteurve amplitude of .13 map,
We divited the whole daty in two sets according to the
year of the ohservation. Aller some tes13 the period of
200403 h revealed to be the best it o the data, with
the composite lightourves showing clearly two maxima
and two minima. In the 1995 lighteurve (Fig. 3a) the
principal maximum seems to be much briphter than the
secondary one (> 0.11 mag.), and in the 1997 lizhtourve
(Fig. 3b) one maximurn is not well dafined. The light-
curves are relatively goad, but in some parts they remain
without coverage.

249 Ilse was observed in 1995 (5 nights) and 1997 (3
nizhts). This asteroid has besn observed by Lagerkvist
(1978), who did not detect any variation in i3 lighteurya
over A period of 4.5 h. The periods previously estimated
for this astercid were P = 42.62 h (Binzzl and Mulho-
land, 1983) and P = 85.24 h (Binzel, 1957} Due to the
precarious coverage, neither published compaosite light-
curves 15 of very poed quality. Our data fit the period of
42,6 h, but not that of §5.24 h. In Fig. 4{a) is shown the
compaosile lightcurve abtained with the 1995 data sat, and
in Fig. 4b) the one obtained with the 1997 data set, Both
are poorly covered and the second one has a very Jarpe
amplitude { >0.84 mag.).

437 Khodia was observed in 1990 (2 nights) and 1997
(3 nights). The rotation pericd previously estimated for
this asteraid was £ = 36+ [ h (Binzel, 1957}, We present
the five obtained single night lightcurves (Fiz. 5), because
it is not possible to confirm or to refure this estimation
with our data set.

388 Achilles was observed during 4 nights in August
1995. The rotation period previously estimarted for this
asteroid was P> 12 h with an amplituda larger than
(.12 mag. (Fappala et al,, 1989), The published single
lighteurves do not show a definite behavior. Achilles has
been observed before by Lagerkvistand 5jélander (1979),
but only one single lightcurve was published at that time.,
The authors estimated P > (1.4 days for this asieroid, The
best fit oblained with our data provides = 70401 h,
with a lightcurve amplitode larger than .22 mag, The
composite hghicurve shows the principal maximuom nar-
rower and much brighter than the secondary one and
presents a refatively poor coverage (Fig. ),

617 Patrocfuy was ohsorvied in 1995 (4 nights), 19961
night)and 1997 {3 mights). The rotalion perod proviously
estimuted for this asteroid wus P = 40 h (Gonano et al,,
1551}, with an estimated lizhteurve amplitude larger than
(L1 mag.. but no Lightcurve (single or composite) was
published. In Fig. 7 (2. b and ¢} we show all the eight
single night lightcurves obtained. Among the three data
sels, the 1997 ane seems to present larper variations of
magnitude, bul due to the poor coverage of most of
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the lightcurves, no conclusion can bo drawn from the
available daca,

1230 Thoiy was observed during 3 nighes in August
1995, The rotation period previously estimatad for this
nbject was F = T2 h, with a lightcurve amplitude larger
than 0.08 map (Schober and Schroll, 1983). Here was
show our fivesingle night lightcurves (Fig. ), and, despite
same small amplitude magnitude variations, no csi-
mation can be made about the rotation period.

1646 Rorseland was observed for & nights in August
1995, The ratation perind previously estimated for this
abject was P = 69.2 h, with a poorly sampled and very
irregular lighteurve with amplitude of 0.13 mag. (Binzsl
and Mulhaland, 1933} After several trals, the composite
lightcurve that hest fits our data provides P = 68.94-0.3
I, but the most of this lightourve remaing without cover-
age. The two minima seem to have nearly the sume mag-
nitude, but the twa maxima are very poorly coversd and
the lightcurve amplitude seems to be greater than 0.45
mag. {Fig. 9).

2260 Neaptolentis was observed during 3 nights in
Angust 1995, The rotation period previously estimated
was P = 12 h (Binzel and Sauter, 1992) with a lightcurve
amplitude larzer than 0.26 mag. (hased on 3 h of cover-
age, with seven measurements). No lightourve was pub-
lished ar that time. The best fit abtained with our data
provides = 8.5=0.1 h, with a poorly covered lightourve
of amplitude larger than 0.43 mag. (Fig 10). The maxima
and the minima are oot well defined, it no ather period
could 6t the data.

3.2, Spectro

We obtained reflectivity speectre over he wavelength
fram 0.5 to 0.9 um for 18 asteroids candidutes for 4 long
rotation period. Far most of them (11) the spoctra sugesst
a C-tvpe composition (Fig. Lla and b) and for the others
an S or E-type (Fiz. llc).

The five azteroids for which we also presant lightcurves,
ie., 58 Concordia, 141 Lumen, 249 Mse, 1680 Rorseland
and 437 Rhodia, exhibit a C-type composition, except the
last ane. Berween the C-type asteraids, afl hut ane, /646
Roreeland, show features associated with an agueous
alteration process. Previons classification by Tholen
(1984) indicated for 535 and 141 a C- and CPF-type,
respectively, In the case of 30 Firginia, alse classified as
C-type, Rivkin et al. [1995) obtained a speerrum which
clearly shows ahsorplion features in the T pm repian,
diagmostic of hydrated minerals. X eral. (1595} abtained
a spectrum of J6486 Rosseland attributing to it a CX-
typa classification. For 437 fiodia that are no previous
classification and our spectra suggest an E-type compo-
sition

Another six objects, {005 Artemis, 324 RBomberga, 357
Ninine, 488 Krewsq, 52) Bvivia, and 103! Arcrica, also
present 1 C-Lype composition, most of them (3) showing
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features associaled with an agueous alieralion process
(Fig. 11b). These asterpids were classiiied by Thalen
{1984) ws: C-type for {03, 488 and 321, CX-ype for 357
and J03], and CP-type for 324,

The spectra of C-type asteraids varies from neurtral
to slihtly red, prohahly darkened by organic materials
associnted with curbonaceous chondrites. The presence
of aguenus alteration in some C-type asteroids was dis-
covered by Vilas ot al. (1994), resulting from a low term-

1]

perature chemical alteration of marerials by liquid water,
which acts as a solvent producing material Like phyl-
losilicates, sulfares, oxides, carbonates and hydroxides
(Barucei et al., 1598 The spectrum shows a broad
absarption feature around 0.7 pm with a depth relative
to the continuum around 3-7%. This absorption feature
is believed to arise from Fel* — Fe'' charge transfer
absorptions in phyllosilicate minerals (Vilas and Galley,
1989 Vilas ar al., 1993).
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The other objects analyzed, 169 Zella, 710 Berkeley,
870 Manto, a2 Druzhive and 2018 Vasilenskis, present
an S-type compesition (Fig. 11c). Tholen (1984) also
classified /69, 76 and /627 as S-typeand Xu et al. (1995)
confirmed an S-type spectrum for /69 and 204,

The last object, 528 Christine, shows a spactrum similar
10 437 fhodic which resembles an E-type afthough it was
classified as SD-tvpe by Tholen (1984). More data, ona
witler spectral range, is needed to confirm it classi-
[ization.

4. Discussion

Since our composite ishtourves are not of very good
guality, the period determinations arc not definitive,
Therefore, a reliahility code 1, meening a resull based on
fragmentary or inconclusive coverape (Harris and
Young, 1953), has been atiributed (o all the oblained
petiods. Anvway, we cannol exclwde the possibility that
some of Lhese asteroids do have rotslion perikds shorter
than previowsly estimated. It must be noted that even
the proevious cstimations were, [or the mest parl, not
supporied by pood quality hghtourves:

A complex rotation cannet be deduced From our daica,
[eis important Lo stress that, in cases of very long rolation
periods, only an intermational campaign, like that under-
taken for Tentaliv and Matkilde, cun succeed in making
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a secure determunation of the period and revealing a
possible complex rotation.

From our spectroscopical analysis, the long-period
asteroids do not present sny specific compasitonal
characlerstic, In terms of their heliocentric distances
these ssteroids present an expeeted composition between
S and C-lypes. The C-type ssleroids with indication of
aqueaunsalteration arealsoe in the “alteration zone' defined
by Vilas et al. (1994) and by Rarucei et al, (1998).

Due to the supposed long rotation period of most of
these asteroids, it would be useful to have available =11
data acquired up to present. To favour [ulure perod
determinations by other abservers, we make our complete
data set available through anonymous [ip 1o the [ol-
lowing address; lagrangz.on.fr
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4.4 - Conclusoes

Realizamos védrias missoes de observagio fotomeétrica com a obtengio de curvas
de Iuz para 25 asterdides, sendn que determinamos com boa precisio o periodo rotacional
de 8 deles. Para 3 objetos a precisio foi razodvel, podendo estar errada até 30 % e para
8 objetos a estimativa de perfodo é considerada ruim. Para os objetos restantes nio fon

possivel obter uma estimativa razodvel.

Ewmn relacao aos pequencs objetos, determinamos o periodo de 12 com didmetro
inferior a 50 km. Destes asterdides, 5 apresentam valores proximos aos de rotacio rapida
(4,1 boras), 4 tém valores proximos aos de uma populagio intermedidria (8,7 horas) e 3
possnem rotacio lenta (> 24 horas). Aproximadamente a metade destes objetos sio de
rotacio rapida, o que nao seria esperadao pois esta populacio representa em torno de 25 %
do total segundo o trabalho de Angeli (1995). Por outro lado, estes periodos ripidos sio
o5 menos influenciados pelo bias observacional, j4 que é muite mais ficil determingd-los. O
fato de obtermos também mais objetos comn rotagio lenta do que o previsto se deve ao fato
de que em nosso trabalho escolhemnos uma amostra que privilegiava este tipo de rotagao.
Em relagdo aos objetos comn rolagao longa, encontramos apenas 3 com valores bem acima

de 24 horas e 2 com valores emn torno de 20 horas.

Em vista da nossa amostra ser pequena [ica dilicil de se tirar conclusies gerais
sobre o estado rotacional dos asterdides. Acreditamos serem necessdrias mais observactes

antes de se ter conelusbes seguras sobre este assunto.
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Capitulo 5

Objetos distantes: Chiron

5.1 - Introdugao

Chiron fol deseoberto por Charles T. Kowal em 1977, sendo inicialmente classifi-
cado come o asterdide 1977UB. Posteriormente, com a realizacio de novas observacdes, sua
drhita fol determinada com precisao e o objeto passou a ter a identificacao de 2060 Chiron
¥, Desde sua descoberta, este objeto desperton particular interesse devido aa fato de ser
o asterdide mais distanle do Sol de que se linha conhecimento. Enguante a maloria dos
agterdides se encontram entre as dérbitas de Marte e Jupiter, Chiron orbita entre Saturnc
¢ Urano com distineia periélica de 8,6 U.A. e afélica de 18,9 U.A.. Sua drhita € cadtica,
pois cruza & orbita de Saturno estando portanto sujeita a fortes perturbacdes e a encontros

préximos com este (French et al., 1989).

Com a descoberta de 5 asterdides com drbitas similares & de Chiron, foi definida
uma nova classe de objetos, o5 Centauros. Os Centauros sio wm grupo de objetos cujas
orbitas cTuzam as dos planetas gigantes e parecem ser uma populagao intermedidria entre

s cometas de cnrta periodo e os objetos do Cinturdo de Kuiper (Ferndndez, 1980).

Em 1987, Chiron comegou a apresentar um comportamento distinto do que ze es-

pera de um asterdide, tendo sido detectadas variactes significiativas em seu brilho, sugerindo

* Chiron na mitologia grega representa um centouwro, filho de Kronos (Saturno) e

neto de U'rana, wma figura metade homem e metade cavalo.
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Figura (5.1) Curva de luz de Chiron obtida por Bus e co-autores (1989). O perfodo

rotacional € de aproximadamente 5,9 horas, com uma amplitude de 0,088 magnitude.

urma possivel atividade comoetdria, Sua curva de luz apresenta trés Lipos de variagoes, A
primeira é devida i sua rolagdo, sendo o periodo estimado em aproximadamente 5,92 horas
por Bus e co-autores (1989) e também confirmado por nds (ver se¢io 5.3.2). A fHgura 5.1
mostra o curva de uz obtida por Bus e co-autores com uma amplitude de 0,082 magnitude.
Este tipo de variscao & similar 4 encontrada em asterdides. Uma segunda variagio & do
tipo secular, ou seja. um anmento/diminuigio continuo do brilhe num periodo de alguns
anos. Desde a sna descoberla até aproximadamente o ano de 1983, Chiron apresentou
wn aumento suave em sua magnitude, ou seja, seu brilho comegon a diminuir. Entre-
tanto, entre os anos de 1985 e 1489 foi detectado um anmento significativo em seu brilho,
chegande a nma varizgao de mais de wna magnitude. Este aumento no brilhe foi atribuido
a umsa atividade cometdria, sendo esperado que esta continnasse durante a aproximagio

an peridlio de Chiron (French et al., 198Y) (fig. 5.2).

A terceira variacao é do tipo impulsiva, que ocorre em curtos intervalos de tempo

e sugere a existéncia de jatos cometirios. Luu e Jewitt (1990b) observaram wm awmento
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Figura (5.2) Variacdo secular do brilho de Chiron desde sua descoberia alé o ano de

1990.

do brilho da ordem de 10 % em 29 de janeiro de 1990, enquanto que Buratti @ Dunbar
(14991), 9 dias depois, observaram o contririo, ou scja, um deeréscimo desta mesma ordem
na britho (ver fig. 5.3).

Em 1989, quanda Chiron estava em torno de seu brilbo maximo, [bi detectada
sun coma (Meech e Belion, 1990), e este objeto passou a ser considerado wmn cometa.
Mas mesmo sendo um cometa, Chiron é ainda um objeto incomum devido ao seu prande
tamanhao, da ordem de 180 ko, e a sua atividade cometiria em regides muito distantes
do Sol. Devemos salientar que em cometas fipicos a atividade é devida essencialmente &
volatilizacao da Agua, o que ocorte em torna de 3 U.A.. Em distancias da ordem de 10
U.A. a Agua nao pode ser volasilizada, sugerindo que em Chiron outras moléculas, tais

coma CO, CN, N: ou CHy, sejam responsiveis por sua atividade. De fato, em 1591 Bus e
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Figura (5.3) Curvas de luz de Chiron obtidas por Luu e Jewitt (1991) e Buratti e

Dunbar (1991), mostrando suas variagoes impulsivas.

colaboradores detectam a molécula de CN.

O fato da atividade cometaria de Chiron ser intensa a grandes distancias do Sol
nos fornece uma forte evidéncia de que o nivel de atividade ndo é uma funcao apenas
da distancia heliocéntrica. Provavelmente, a atividade cometdria de Chiron deve ser uma
combinacéo entre o nivel de aquecimento solar, a direcido de seu eixo de rotagao, a local-
izagdo dos materiais voldteis proximos a superficie e o tipo de composicao superficial. A
figura 5.4 mostra a érbita de Chiron e as posi¢oes aproximadas onde foram detectados seus
efeitos cometdrios. A grande variabilidade de Chiron e a taxa provavel de producéo de gas
CN e CO em sua coma sugere que a fonte de atividade em Chiron deve ser inferior a 1 %
de sua superficie (Stern e Campins, 1996). A existéncia de jatos de matéria, inicialmente
sugerida pelas flutuagdes de curto periodo no brilho, foi também confirmada através de

ocultagoes estelares (Elliot et al., 1994).

Com o objetivo de melhor compreender a atividade deste objeto foi realizado um

monitoramento do comportamento de Chiron em sua aproximacao e passagem pelo periélio.
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Figura (5.4) A érbita de Chiron e as posigdes aproximadas onde ocorreram as deteccées

de atividade cometaria.

Para isto foram realizadas diversas missoes de observacao durante os anos de 1994 a 1996,
que sao descritas a seguir.
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5.2 - Observagoes ¢ Redugoes

As observaghes fotomeélricas foram realizadas nos anos de 1994 a 1996 princi-
palmente no Observatdrio do Pico dos Dias (OPD, Brasil), e emn menor quantidade no
Observatorio de Haule-Provence (OHP, Franga). No OPD utilizamos os telesedpios de 1 6
e 0,6 m e no OHP o de 1,2 m, acoplados a cimeras CCD. As redugdes scguiram o8 mesmos

procedirmentos descritos no capitulo 4

A magnitude absaluta foi obtida através da equagio (Bowell e el 1980):

H(a) = H —2.5log[(1 - G) @ (a) + G&s(a)] (3.1)

ande H ¢ a magnitnde absolula, que é a magnitude comn um dngulo de fase igual a zero. G
& um parametro que indica o gradiente da curva de fase, que vale aproximadamente zero
para corpos de baixo albedo e 1 para altos albedos. Estes dois parimetros fundamentais

podem ser obtidos através das scguintes relacoes:

10—0,4V(a) _ 218 () + a3 ®z(a)

H = -2,5log(a: + as) (5.2)

iy

1 + as

onde ¥{wx) (ver eq. 4.4) ¢ a magnitude reduzida para diferentes valores de o, e a; e as
sao constantes auxiliares para nm dado asterdide. As fungoes @ sao ralculadas através das

seguintes relagoes:

D, = W, +(1— W}'I'“

il
W = exp (—HU, 56 tan® Ea)
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As observacoes espectroscopicas foram reéalizadas no European Southern Observa-
tory (ESO, Chile) e no Observaldrio de Mauna Kea (Havai) no ano de 1996, O telescopio
utilizado na ESO foi o de 1,5 m, com espectrégrafo Boller e Chivens e detetor CCD num
intervalo espectral entre 0,48 e 0,92 pm. Em Mauna Kea fol ntilizado o telsscopio de 3.6
m com o espectrografo MOS (Multi Object Spectrograph) e detetor COD num intervalo
espectral entre 0,4 e 0,98 pwm. A redugao dos dados seguiu os mesmos procedimmentos

descrilos no capitulo 3.

5.3 - Resultados

O objetivo principal de nossas observagbes fotomécricas entre vs anos de 1994
g 1995 foi 0 de monitorar sen comportamento secular. Chiron maostrava uma atividade
minima ¢ntre os anos de 1933 e 1985 ¢ maxima enire 1988 e 1091, Nessos resultados,
surpreendentemente, mostraram uma volla acs valores similares aquelss da posicao de
minima atividade, embora Chiron estivesse se aproxdmando do perélio. A figura 1 (secao
5.3.1) moatra a variacdo da magnitude reduzida de Chiron com ¢ tempo. onde podemas
notar sua variagae de longo periodo com uma possivel periodicidade em tornn de 12 a 14
anos. Lste periodo necessita de muitas observacoes adicionais ao lonzo dos anos para ser
confirmado. Nenhum mecanismo foi por nés encontrade que possa justificar esta suposta
variacao periddica do brilho.
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Calculamos também o valor da mapunitude absoluta e do parametro G de acordo
com o sistema deserito acima e encontramos, cowm os dados de 1986. um valor de 0,71 £
0,15 para G, similar ao valor de 0,70 encontrado por Bus e co-autores (1989). Entretanto,
quando calculamos o pardmetro G utilizando também os valores de magnitudes reduzidas
obtidos por ontros autores (G 1, se¢ho 5.3.1}, obtemos valores bastante diferentes, como
seria de se esperar, pois o sistema de magnitude absoluta H-G é definido para um eorpo
qne nao possui qualguer tipo de atmosfera (como uma atividade cometéria). Por isso, vale
salientar que este sistema de magnitudes H-G € apropriado para asterdides mas nao para

conetas.

A passagem de Chiron pelo periélio acontecen em [evereiro de 1996, sendo a
primeita vez gue se pode observar sua maxima aproximacdo ao Sol. Desde que foi de-
tectada sua atividade cometiria a prandes distincias, era de se esperar também uma
atividade no periélio. Por eéste motivo monitaramos Chiron no primeiro semestre de 1996,
realizando observacoes fotométricas em vArias missdes e duas ohservacoes espectroscépicas

na decorrer do semestre.

Nossos resultados fotométricos mostram, em diferentes filtros, que Chiron atingiu
um valor minimo de brilho nos meses de janeiro ¢ fevereiro, ¢ um aumenta de aproximada-
mente 20 % no més de margo, retornande novamente a um minimo em junha (fig. 4, secio
5.3.2). Entretanto, como o aumento foi detectado quando Chiron estava em uma posicio
de dngulo de fage minimo, nde nos € permitido afirmar que este aumento seja devido a uma
atividade cometaria e nao & um efeito de angulo de fase. Por outro lado, detectamos ativi-
dade de curto periodo da ordem de algumas horas durante uma noite. A figura 3 (secio
5.3.2) mostra a variacgdo da magnitude de Chiron na noite de 23 de abril nos filtros V e
R. A razdo entre as magnitudes de duas estrelas do mesmo campo de Chiron garante que
esta variacdo seja devida A atividade cometiria e nio a um outro efeita, como problemas
atmosféricos. Outra atividade de curto periodo, da ordem de alguns meses, tambem foi

encontrada em Chiron no infeio do ano de 1996 (Hg. 2, seqdo 5.3.2).
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Com o3 dados de 1996 obtivemos uma curva de luz composta com 200 pontos (fig.
5, secAn 5.3.2), confirmanda o perinda rotacional obtido por Bus e co-autores (1989) e
Marcialis e Buratli (1993). Entretanto as amplitudes obtidas por nds e por estes autores
sao dilerentes, o que provavelmente € resullado de uma forma levemente alongada de
Chiron. combinada com uma coma esférica, mais ou menos intensa em diferentes épocas,
ocultande sua real forma. Por oulro lado, estas diferentes amplitndes podem tamhbém ser
duevidas & variagio do Angulo entre o sixo de rotagio do ebjeto e o plano orbital (dngulo

de uspecto).

Em relagao 4 variagio secular na magnitude encontramos que o brilho de Chiron se
ENCONGTA em um minimao, embora isto nao represente wima [alta de atividade cometdria, pois
variagoes de curto periodo foram detectadas, como deserito acima. Este eommportamento
¢ hastante incormim para nm cometa, possuindo uma maior atividade cometiria praximo

do afélio e uma menor no periclio.

No ano de 1996 obtivemos dois espectros de Chiron, um no més de margo ¢ outro
em junho. Os dois espectros sao similares aos asterdides do tipo C, mas com diferentes
gradientes de refletividade: o espectro de marco se mostra mais inclinado do qﬁe o de junho,
provavelmente devido a uma atividade cometdria nesta época, sugerida pelos resultados

de fotometria descritos anteriormente.
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Abstract, The resulls of pholomeine observations of
comet/asteroid 2060 Chiron at-the Observatdrio do
Pico dx:ra Dhas (Brazil—QPD) and the Observatoire de
_Haute-Provence (France —DHF) dumlg 1594 and 1953
are prasented. The analysis of the datashowsa decrease
of 2060 Ch]muhngh tness from its peak v values of 1988
1991, The absclute magnitude, M, variss from. a
muximum of 6.6 in February 1994 up o & minimum of -
6.5 in Tune 1995, Therefore 20&[] Chiron is back to =
minimum of aetivity closa to that of 1983—1935 The
slope parameler @ is found to be G = 0.71 +0.15. It is
suggested that the A= magmitude system, genarally o
adopted 1o present 2060 Chiron brightness, is not the
most appropriate due to the cometary activity of this
object. Copyright i 1996 Elsevier Science Lid

[niraduction

2060 Chiron, with an orbil between Liranos and Satorn,
was considered @5 the most distant asteroid known at the
time of its discovery (Kowal, 1979). Calenlation hy Schell
(1979 and Oikawa and Everhart (1979) readily dem-
onstraled that 2080 Chiran is oot in aostable path due o
its proximity b Saturn and Uranus. T‘C{:wa.du_l.':-' itis widely
accepted that 2060 Chiron ariginated somewhere in the

Correipumiznce ro D Larraro

*Obzervations carried out at the Observatdnie do Pice dos Dias,
aperated by the Loboratbrio Macioral de Astrofisica (Brazl),
and at the Chservalaire de Houte-Provense, operalad by the
Cenre Matonal dz 14 Fecherche Soiznutigua « France).

17 Tulv 1596

puter Solar Svsiem, probably o the Euiper belt, and
evolved toits present orkit (Lahn and Bailey, 19905,

From the analysis of THK photometric data Hartmamn
er al (1982 concluded that 2060 Chiron 15 a low albedo
ohjest composed of dark carhonsccoms chondeltic
matenal andfar dirty joes malching the C elass ssleroids.
[ the other hand. bBetween 1983 and 1989 many
observers (Tholen er ol 1988 Rus er af., 1988, 1989;
Hartmann e al, 1930) reported the suddsn brightenianz
of 2060 Chiron indicative of @ cometary behavior,

The presence of a coma arcund 2080 Chiron was Hrst
observed by Mesch and Beltoo (1990% at 2 heliocentrio
distance of 115 AL Almost simultanenusly Lo and Jew-
W (19900 reveled that 2080 Chiron exhibils two kinds of
brightness variations: lonz-term (months W years) and
short-term (howurs), Short-perivd varidlions were also
detected by Buratti and Dumbar (19511, Marcialis and
Buralii (1992) suggested that the long-rerm variation can
he caused by dissipation and resupply of material in the
coma while the shor-rerm vaciation should be due w the
release of velatiles such as COy and O, [t was also argued
(Sterny, 1484 Meech and Belinn, |‘}‘.‘f'|l_'l that outhursts ot
large heliocentric distances should be due 1o the gube
limation of more valatile jcas, such as CO or OO, The
presence of CM and OO was detected by Bus ¢ af (1591)
and Womack and Stern (1993), respueatively.

Maorzover, the cecultaton ol a stur by 2060 Chiron n
1594 revealed the presence of discrate jer fearures aear
the nuclaus (Elliot =f 2, 19950, It bacame clear that the
particles in the comga have redu larger than 0.23 um and
orginited from a fow active arces

Another quite intersting aspeet of 2060 Chiron is s
sive. Using dilferent technigues the dismeler of 2060 Chi-
rom has been estimared 23 372 km (Svkes amd Walker,
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1991), 173km (Lebofsky et al., 1984) and 182-189 km
(Campins er al., 1994 ; Marcialis et al., 1994). Whatever
the precise value is, it is clear that 2060 Chiron is one of
the largest comets presently being observed.

The approach of 2060 Chiron to perihelion in February
1996 was the incentive for systematic monitoring of its
brightness since 1994. In this paper we present the analysis
of photometric observations of 2060 Chiron obtained dur-
ing 1994 and 1995 which show that the decline in bright-
ness is continuing despite its proximity to perihelion.

Observations and reduction

CCD observations of 2060 Chiron were performed in 1994
and 1995 at the Observatério do Pico dos Dias (Brazil—
OPD) and at the Observatoire de Haute-Provence
(France—OHP). The first observing run, at the OPD, was
done using a 1.6m telescope on February 8. The 1995
campaign is composed of several short observational runs
between February and July on a 0.6 and a 1.2 m telescope
of the OPD and OHP, respectively. In Table 1 are shown
the mean geometric circumstances for each night of obser-
vation as well as the technical specification of the telescope
and the CCD used.

The photometric data from these observations are given
in Table 2. In this table V() is the observed magnitude
and V(«) the reduced (to unit distance) magnitude at phase
angle . All images were reduced using IRAF (DAO-
PHOT) and calibrated using standard methods with bias
and dome flat-field images. Flux calibration was obtained
using standard stars from Landolt (1983). The images
from each night were corrected for extinction by using
photometry of field stars from 2060 Chiron images and
photometry of the Landolt stars taken at different air-
masses. Since not all the observations were made under
photometric conditions a night quality factor is given in
Table 1. The errors given in Table 2 take into account the
aperture error given by DAOPHOT and the quality of
the night (through the extinction coefficient). It must be
pointed out that the non-photometric nights have not

D. Lazzaro et al.: 2060 Chiron brightness

been appropriately linked to the photometric ones, so that
the values given must be taken with care.

Results and discussion

The basic aim of our observational program was to moni-
tor the photometric secular behavior of 2060 Chiron.
Therefore only a few points per night were acquired and
no complete lightcurve was obtained. Since all the pub-
lished data are given in the H—G magnitude system, as
defined by Bowell et al. (1989), we reduced our apparent
magnitudes to this system in order to study their photo-
metric variation. The values of Hy, as well as the error
envelope, for a slope parameter of 0.70, are given in Table
3. Note that the value of 0.70, used in most of the pub-
lished data, was determined by Bus et al. (1989) from data
obtained in 1986, when 2060 Chiron was at a minimum
of brightness. As can be seen in Table 3 the mean absolute
magnitude H,, between 1994 and 1995, varied from 6.559
to 6.798 which indicates a minimum of activity.

As 2060 Chiron was initially thought to be an asteroid
and only later was cometary behavior noticed, this duality
asteroid/comet raises a problem when we analyze the
value to be used for the G parameter since it is not an
“‘atmosphereless body”. Nevertheless a crude estimate of
the G parameter for the nucleus of 2060 Chiron can be
obtained by using its photometric data when it has no
coma or, at least, when it is at a minimum of activity. A
new determination of this parameter from our data gives
G = 0.71+0.15 which confirms that the characteristics of
2060 Chiron’s surface are probably best represented by a
slope parameter around 0.70-0.71. We should, however,
remember that this value could also be wrong since the
presence of a thin coma cannot be ruled out even during
“quiescent” periods (Marcialis and Buratti, 1993). :

Since the H-G magnitude system does not seem to be
appropriate to monitor the behavior of 2060 Chiron we
suggest that reduced magnitudes should be used, instead.
Reduced magnitudes, ¥(x), are obtained from observed
magnitudes, V. (x), through the relation ¥{a) = V()

Table 1. Mean observing geometry for 2060 Chiron for each night it was observed. R and A are the heliocentric and geocentric
distances, respectively, and « is the solar phase angle. The quality factor, O, indicates if night was 3—photometric, 2—with thin cirrus
and 1—with moonlight. In the telescope column OPD stands for Observatorio do Pico dos Dias and OHP for Observatoire de Haute-

Provence

UT Date R(AU) A(AU) o Q Telescope CCD detector Scale ("pix~') Field ("x")
1994/02/08 8.865 7.927 2.09 2 OPD 1.6m EEV-384 x 576 0.57 3.6%5.5
1995/03/25 8.538 7.557 1.22 3 OPD 0.6 m TK-1024 x 1024 0.42 T#%7
1995/04/26 8.521 7.791 4.86 3 OHP 1.2m TK-512 % 512 0.82 T
1995/04/27 8.521 7.802 495 2 OHP 1.2m TK-512%x 512 0.82 Tx7
1995/06/03 8.505 8.316 6.79 2 OPD 0.6 m EEV-384 x 576 1.12 72x10.8
1995/06/04 8.505 8.332 6.80 2 OPD 0.6 m EEV-384 x 576 1.12 7.2x10.8
1995/06/05 8.504 8.347 6.82 2 OPD 0.6 m EEV-384 x 576 1.12 7.2x10.8
1995/06/16 8.500 8.520 6.84 1 OPD 0.6m EEV-384 x 576 1.12 7.2x10.8
1995/07/01 8.495 8.749 6.54 1 OPD 0.6 m EEV-384 x 576 1.12 7.2x10.8
1995/07/02 8.494 8.764 6.51 1 OPD 0.6 m EEV-384 x 576 1.12 7.2x10.8
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Table 2. Photometric observations of 2060 Chiron in 1994 and
1995

UT Date Vpla)  Error Vi)

15985 0.008 6.642
16.004 0.009  6.661
16.074  0.009  6.731
16.024  0.010  6.682
16.051 0.011  6.709
15752  0.006 6.702
15.950 0.006  6.900
15900 0.006  6.789
15916 0.006  6.805
15999 0.007 6.888
16.151  0.007  7.040
15846 0020 6.733
15880 0.021  6.767
15.865 0.021 6.752
15.801 0.024  6.688
16.022 0.024  6.909
15914 0.025 6.801
15930 0.027 6.817
16.230  0.010  6.986
16.361  0.012  7.097
16.285 0.012 7.018
16.185 0.010 6.933

1994 February 08.2439
1994 February 08.2543
1994 February 08.2658
1994 February 08.2744
1994 February 08.3106
1995 March 25.15%90
1995 March 25.1759
1995 April 26.9112
1995 April 26.9143
1995 April 26.9298
1995 April 26.9334
1995 April 27.8552
1995 April 27.9109
1995 April 27.9141
1995 April 27.9502
1995 April 27.9538
1995 April 27.9562
1995 April 27.9747
1995 June 03.9475
1995 June 04.0158
1995 June 04.0212
1995 June 04.9136

1995 June 04.9196 16.192  0.010  6.940
1995 June 04.9915 16.189 0.011  6.937
1995 June 04.9967 16.151  0.011  6.899

16.206 0.011  6.950
16.303 0.021  7.003
16.281 0.021  6.981
16.184  0.021  6.830
16.176  0.021  6.820
16,177 0.021  6.821
16.143  0.022  6.787
16.157 0.023  6.802
16.237 0.031  6.881
16.253 0.032  6.898

1995 June 05.9010
1995 June 16.9542
1995 June 16.9575
1995 July 01.8964
1995 July 01.9041
1995 July 01.9079
1995 July 01.9363
1995 July 01.9400
1995 July 01.9835
1995 July 01.9872

1995 July 02.8956 16.222  0.018  6.863
1995 July 02.9360 16.217 0.016 6.857
1995 July 02.9349 16.221 0.016  6.861
1995 July 02.9485 16.256 0.018  6.896
1995 July 02.9508 16.237 0.017  6.878

—5log(rA), where r and A are the heliocentric and geo-
centric distance, respectively.

The general behavior of 2060 Chiron’s activity reaching
a maximum in 1988-1991 and minima in 1983-1985 and

Table 3. Mean absolute magnitudes and the associated error
envelope obtained with a slope parameter G = 0.70

UT Date Hi{x) +AH,
1994 February 08 6.685 0.017
1995 March 25 6.715 0.032
1995 April 26 6.682 0.032
1995 April 27 6.579 0.032
1995 June 03 6.798 0.019
1995 June 04 6.692 0.019
1995 June 05 6.714 0.019
1995 June 16 6.756 0.019
1995 July 01 6.602 0.012
1995 July 02 6.641 0.008
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Fig. 1. Reduced magnitudes of 2060 Chiron versus year. The
values are taken from the literature and converted to ¥ mag-
nitudes as described in the text

1994-1995 is easily seen in Fig. 1. In this figure are shown
all the published data after transformation to reduced V
magnitudes. The transformation to the V filter for each
data set was performed using the color index determined
by the authors in that period. When these values were not
specified we adopted color indexes of +-0.37 for 'R and
+0.54 or +0.70 for B-V, depending on the epoch of
observation.

From Fig. 1 it is clear that the magnitudes obtained in
this work are much smaller than those determined in the
period 1988-1991 and very similar to those of 1983-1985.
We therefore conclude that, despite its proximity to peri-
helion, 2060 Chiron is now in a “*quiet” state while a clear
outburst was responsible for the peak in 1988-1991.

The decrease in brightness has also been detected by
Bergeron and Vanouplines (1995) though their value of
this minimum (7.0) differs from ours (6.8). This data has
not been included in Fig. 1 due to the lack of precise
information on the procedure of acquisition and
reduction, but the important fact is that all the obser-
vations in 1993 indicate a minimum of activity of 2060
Chiron.

Itisinteresting to observe that Fig. | indicates a possible
periodicity, of nearly 12-14 years, for active/non-active
behavior of 2060 Chiron. Unfortunately the span of data
is still not enough to confirm this periodicity and, at
present, there is no obvious mechanisms that could
explain such a behavior. A preliminary reduction of some
of the pre-discovery plates indicated (Bus et al., 1993)
another possible peak of brightness around 19711972,
but a more detailed analysis of these plates is in prep-
aration (S. Bus, private communication) in order to con-
firm the exact value of this brightening. Only the years to
come and the reduction of all the pre-discovery plates will
confirm or not the periodicity suggested by Fig. 1.

The important points we would like to stress in this
paper can be summarized as follows:
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[. Photometric observations of 2060 Chiron, in 1994 and
1995, show that its brightness is decreasing despite its
approach to perihelion, reached in early 1996.

. Figure | suggests a possible periodicity, of nearly 12-
14 years, for the activity of 2060 Chiron.

3. A new determination of the G parameter was per-
formed resulting in a value of G =0.7140.15, very
similar to the 0.70 determined by Bus er al. (1989).
Considering that 2060 Chiron is now at its minimum
of activity we conclude that the above values probably
best represent its nuclear surface.

4, Since the cometary activity of 2060 Chiron is presently
well established, including the observation of short-
and long-period duration outbursts as well as discrete
jet features, we do not see a good reason for using
the H-G magnitude system. We suggest that reduced
magnitudes should be preferred instead of absolute
ones,

-2

2060 Chiron’s activity continues to present its unpre-
dictable character. The monitoring of this very interesting
object should be emphasized in the years to come. A
continuation of this program is already in progress at the
OPD for 1996 and, hopefully, for the following years.
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 Abseract. The mm s of phn tometric and _spl::trunmpu. |
cobservations of comet/asteraid 2060 Chiron carried on ;
Cat the Obzervatdrio do Pluo-dua-ﬂms [Bra:zﬂ} nl th.‘: 3
- European Southern Obseryatory (Chile}, and ,E-E 5118 J
Mauna Kea Observatory(Hawaii) during 1996 are pre- |
sented. The analysis of the. photometric data shows |
sthat ‘evenat @ m:mmumpt‘;}mghtnqs 2060 Ctul:onh
presents some nnhuitynzme Mnluta.magmmde,rﬂ,, }
~vared from:6,79 in February ta 6,32 in March, There-
¥ fure 2060 Elurun 15 skl in & minimum ut;acuuj.jr cluﬁ.,
“1o that, of 198319835 and of. 19941995 *@41993 Else-y
,'w,r:.r Samr:c T I:d ;ﬁ.]l ngh&s msr:rwd.h- -ﬁ 2l a‘f—ﬁi—'ﬂ._._]

1. Intrinluction

The appresch of 2060 Chiren to perihelien, which
occurred in February 19496, increased the inrerest on fhis
Centaur object. Since its discovery it would be the first
time thar this object could be observed &t its maximum
approximation to the Sun. Therefore, it would be the best
chance to test if its cutgassing mechanism is relatad to
heliocenlrie distanes,

It should be recalied that 2060 Chiron, heing & Saium
crosser, wis considored the most distant asteroid known
until ils cometary belmvior started lo be asserted in 1983
(Tholen er al., 1988 Bus &f ., |988; Bus er al, 1939;
Hartmann e o, 1990)L This comemary sctivity was
cetected when 2060 Chiran was ar a heliocentric distance
of nearly 13AL7 which ssemed Lo imply the preszoce of

£ hgervatinns corried on gt the Obszrvatdrnio da Moo dos Dids,
cperated by the Labaraiorino Nacional de Astrofisics [Hreazil),
atthe European Southern Obsarvatary (Chile) and arthe Mauna
¥ea Observetary (Hawaii).

f Carrespandence to: D Lazzaro

very volatile ices. such as CN, CO or CO. (Stern. 198,
Flesch and Belton, 19490). Even though CN and CO have
baen detectad (Bus ef al., 18991 ; Womiack and Stern. 1995
this nceucred only onceap to the present date, probahly
implying very particuiar oulgassing conliguralions,

Another guite surprising property observed for 2060
Chiron 15 that it seems Lo presenl 4 peculiar long-term
brichiness evoluton. In spite of incressing cometary
activity as it approaches peribelion the brightness dumin-
ishes (Berzeron and Vanouplines, 1995; Lazzaro ot af,
1996, The marked increase in brightness which occurred
from 1987 up to 1992 was preceded and fellowed by
periods of minima, tending to indicate & somehow per-
indic behavior (Lazzaro ef al., 19946).

To gam more infomeation on the long-term evolution
al 2060 Chiron's brightnzss, a pholometric. 2nd spe-
roscopic survey wis performed all aleny ts passaee
throwgh peribelion. In this paper we present thie dats
of these mizsions showing that despite 1ty minimum of
brightness 2060 Chiron i indeed active, In Section 2 we
present the photometric and spectroscopic observations
and the reduction techniquis used. The results and & brief
discussien of them ars given in Se¢tion 1

2. Ohservations and reduction
2.1, Phatomarry

CCD photometric observations of 2060 Chiren were per-
tormed all along i3 opposition in 1994 at the Obrervazirio
dor Pico-dos-Dias, [Brazil), This varmoaien was cormposed
ol several short ohservational runs between Janoary o
Junz on a 0.6m welescape. In all the obscrvations 1 CCD
LEV-383 = 370 was used, with a readout nuise of B clec-
trensRMS and an approximate gam of 10ATIU. A focal-
plane reducing optics giving a 7.2° = 3.3 field was used
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Table 1. Mean observing geometry for 2060 Chiron for each night it was observed”

“Linking
UT date R (AL) A(AL) o (%) Q night”
Photometry
1996/01/27 8.454 8.033 6.19 3
1996/01/29 8.454 8.004 6.10 3
1996/01/31 8.454 7972 6.00 2 01/29
1996/02/01 8.454 7.957 5.94 2 01/29
1996/02/17 8.454 7.740 4.84 2 02/18
1996/02/18 8.454 7.728 475 3
1996/02/29 8.454 7.611 3.72 1
1996/03/27 8.455 7.463 0.64 3
1996/04/23 8.455 7.528 275 3
1996/04/24 8.455 7.535 2.86 3
1996/06/12 8.465 8.133 6.60 3
Spectroscopy
1996/03/27 8.455 7.463 0.64 3
1996/06/21 8.467 8.265 6.83 3

*R and A are the heliocentric and geocentric distances, respectively, and o is the
solar phase angle. The quality factor, @, indicates whether a night was photometric
(3), with thin cirrus but “linked” to a photometric night (2) or with thin cirrus (1).

yielding a scale image of 1.2" pix~'. Most of the obser-
vations were obtained through filters approximating the
V and R of the Johnson system and some in the B filter.
In Table 1 are shown the mean geometric circumstances
for each night of observation as well as a quality factor
indicating whether the night was photometric or not. In
the case of non-photometric nights there is also given the
photometric night to which it has been linked through the
comparison stars in the field.

The photometric data from these observations are given
in Table 2 where Mag,,.(«) is the observed magnitude and
o is the solar phase angle given in Table 1. All images
were reduced using DAOPHOT, a package of the Image
Reduction and Analysis Facility (IRAF), and calibrated
using standard methods with bias and dome flat-field
images. Flux calibration was obtained using standard
stars from Landolt (1983). The images from each night
were corrected for extinction by using photometry of field
stars from 2060 Chiron images and photometry of the
Landolt stars taken at different air masses. Since 2060
Chiron was almost stationary relatively to the field stars,
it was possible to link the non-photometric observations
to photometric ones, through the comparison stars pre-
sent on nearby nights. The errors given in Table 2 take
into account the aperture error given by DAOPHOT and
the quality of the night. It must be pointed out that for
one non-photometric night, February 29th, it was not
possible to appropriately link it to a photometric one, so
that the values given for this night must be taken with
care.

2.2. Spectroscopy

2060 Chiron has been observed at the European Southern
Observatory of La Silla (ESO, Chile) on March 26, 1996
and at the Mauna Kea Observatory, Hawaii, on June 20,
1996. At ESO we used the 1.5m telescope with a Boller
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and Chivens spectrograph and a Ford CCD (2048 x 2048
pixels). We used the 225 grmm ™' grating with a dispersion
of 330mm ™" in the first order. The CCD has a square
15 um pixel, giving a dispersion of about 5 pixel ™' in the
wavelength direction. The spectral range is about
0.48 <1 <0.92 um with a FWHM of 10. The spectrum
was taken through a long slit oriented in the East-West
direction, 2" wide, to eliminate possible loss of light due
to atmospheric differential refraction.

At the Mauna Kea Observatory we used the 3.6 m Can-
ada—France-Hawaii telescope equipped with the MOS
(Multi Object Spectrograph) and the CCD STI2
(2048 x 2048 pixels). The grism used is the V150 with a
dispersion of 433mm™'. The spectral range covered is
0.4 < 1<0.98 um with a spectral dispersion of 7 pixel ™. A
spectral resolution of about 30 has been obtained with a
slit aperture of 1”.

The observational circumstances are listed in Table 1
which shows the distance from the Sun, from the Earth,
the solar phase angle and the quality of the night.

Particular care was taken to ensure proper calibration
of the comet/asteroid spectra and several solar analog
spectra have been secured during the two nights. The
reflectance spectra, shown in Fig. 1 are the result of the
division by the spectrum of the solar analog HD44594 for
the ESO observations, and by 16Cygnus B for the CFHT
observations (Hardorp, 1979).

3. Results and discussion
3.1. Photometric evolution

To analyze the photometric long-term behavior of 2060
Chiron we computed absolute magnitudes of the H-G
system (Bowell et al., 1989), as well as reduced ones (Table
3). For this purpose we adopted the commonly used values
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‘Tahla 2. Photeetelnic obsereations of 20060 Chizon in 199 Table 2. Contioued

UT date Filier Miag e Error UT date Filier Mg 0=} Ercor
1996 Januacy 27, [<82 L'} 16.070 0.027 19%6 January 293057 Y 16018 0010
1596 Janusry 27,1551 L 16076 0.02h 19846 Jonwary 203102 B 15648 .00
199G Japuary 27,1576 A 164074 0023 19% Janwary 29,3135 5] 16669 0.023
1996 Japuars 271625 LY 16,061 0024 1456 Jannary 31,2136 i 15 640 Lala
1996 Januery 27,1704 v 16.05% 0023 14950 Jenuoary 31,2184 R 15634 R
1996 Jamuary 27,1825 Yy 16022 0021 195G Jenuary 31.2214 ¥ 16003 0.024
| 596 January 27 1861 v 154023 (R e | 1556 Junoary 31,2303 W 1§67 1024
15996 January 27, 1899 L 16027 0020 19590 Jannary 31.24:25 R | 5.614 Lola
199 Janugry 27,1932 v 16,296 0.020 159 Januvary J1.2473 R 15621 0014
15496 Japuzry 271974 v 16028 0ol 1986 Jomary 31,2506 L' L5564 4822
1596 January 27.2085 v 164151 RETE] 1996 January 31,2352 ¥ L5550 4022
1906 Januarey 27.2132 LY 1682 O EY 14956 Tannary 31,2504 ¥ | 5981 izl
1506 Janpuacy 272009 v 16,116 0oy 19596 Januvarny 31.2714 K | 5628 .04
1996 January 27.2203 v 16,103 0.015 15956 January 31.2739 R | 5.658 L.ol4
19496 January 27.2274 v 056 0018 1906 Jenuary 312764 18 15.663 0004
1990 January 272305 v 16.037 WalR 1996 Jaruary 31,2839 W 16,023 L.0z4
198G January 37,2556 W 16079 0018 1996 Janvary 31,3063 W 16,043 0024
18906 Januery 27 2400 v 16068 2014 [9a Jamuary 31.3259 W 15,979 [.0024
1996 Januery 27,2640 Y 16.071 Q017 1986 Februnry 01.2317 W 16.024 00238
15496 Januzry 27.2725 v 16.052 0016 1994 Febiuery 012352 W 15597 0028
19496 Janvary 272761 v 160352 0.0lé 1998 February 012336 ¥ 15547 0.023
1996 January 272799 v 16057 HRARE] 14996 Fohrzary D1 2421 W TR0 0,025
L5046 Januacy 27 2431 ¥ 16,0360 0016 1996 Pebriary 01 2462 ¥ 15,990 04
| 9% Janusry 27.2863 b 16,024 0016 1995 Febroory 01,2503 W 15.870 0,025
1904 Janusry 272013 v 16.032 0ila 1998 Febreory 013016 W 16000 0.02a
1990 Janusry 27294 v 16,056 0016 1998 February 171719 v L6042 0.065
1596 Januacy 27.2980 v 16 102 0016 1998 Fohroary 17,2253 ¥ T, I (N1
1996 January 27 3040 ¥ 16,58 Lila 1995 Fehrpary 17.2659 ¥ 15973 0039
190 January 27.3131 v 16,035 4016 19896 Febroary 17.2771 W 16.004 0.053
1596 January 27.3168 ¥ 16.0a0 0LT 1994 February 17.3076 ¥ Lo.03 0.062
199 January 273203 ¥ [6.034 HXITE 1998 Febroary 18.1770 i’ 15641 (L008
1596 January 249 130 v 16,003 IR 1994 Febrnary 1518401 L4 13628 0. 15
1 G0 Junuary 29 1354 K 15.564G LG 1994 February 14,1830 R 15631 {105
| 9% January 29,1372 R 15.647 0013 1995 February 15,1329 v 16.001 0.7
F996 danusry 291401 R [5.635 DOl 1998 February 18,2123 R 15629 0.006
199 Janwary 29,1421 R 15,639 D.oLs 1894 Feobruary 18,2193 8 15.591 0.4
1904 January 29,1444 4" 160172 s 1995 Fehruary BE2RLD i 15,599 1.00A
199 lanuary 29,1475 ' 1550 s 19496 February 152876 34 | 5.580 0n.0ng
1994 January 29,1 5C8 W 16,003 0013 1945 February 192538 v 16035 .00
1996 Junuury 29,1545 B 16514 0,029 1994 Febroary 15.2308 Vv 15993 0.0
99 January 29.1 567 B 16,654 0030 1%8 February 15,3037 ¥ Lo 0.008
1504 January 29,1834 W 16057 003 1908 Fehruary 18,3204 L% 15083 000K,
1996 January 29 | 866 W 16072 noa 19495 Fehruary 29,0682 W 16031 0121
1556 Junuary 29,1354 W 16.052 oLz 1994 February 291700 W 15934 0115
{90 Jenuury 29,1930 B 15.710 N8 1995 February 29,2341 W 15378 0.113
| 996 January 29.1956 E 15694 0ol 1995 February 29,2360 ¥ [ 5.880 0,113
1584 Janunary 29,1973 1] 15901 M0l 1208 Murch 27.00172 v 15678 0014
1996 January 24,1940 K 15,713 D2 19435 March 270204 R [521%9 (.01
1096 Junuary 242050 B 10,613 IR 1A% 1948 March 27.0220 R [ 5. M8 0nlg
1008 Junpary 29,2102 B 10,691 025 1994 March 27.0240 W 15630 0012
1995 January 29,2281 b 16.072 0.0L3 1996 March 27.02635 v 15.654 0012
19948 Jannary 29.2311 A 1&.080 n.ol3 1694 harch 2702035 R 5222 n.nid
1994 JTanuary 24,2338 ¥ 16034 [h0n2 148 March 270311 i3 L5209 0013
194948 January 29.2360 ¥ 16,05 IR TIR 1996 March 27 8417 ¥ [5.02% nnz
1098 Jonuary 29.2411 3 15.628 0.0l 1996 March 270444 v L5557 0012
15994 Jamuary 29,2434 R 15634 D.0oLa 1995 March 27.0474 R 15214 0.017
1008 January 20,2432 E 15.657 0.oLa 19495 March 270450 R 15224 0.014
1994 Jaanary 20.2470 1] 13,50 (TR IEN [0 Wlarch 27 0500 v 15631 nna
1584 lanuary 29. 25906 B 1657 .02 1995 March 270537 v 15654 002
1994 Januwary 29,2605 B 16,341 0.2l 196 March 370564 R 15,184 TRV
1996 January 292735 E 15621 Dol 1995 Marcl 270580 B [5 149 LTI
1996 January 23,2751 E 15611 noLl 1996 March 270722 W | 5632 001l
1504 January 292767 R 15645 N0 1905 Murch 270752 v 15637 nnil
19946 Jannary 29.2791 B 16549 .ozl 1996 March Z70T&D R 15201 0.00%
1894 January 230835 B 16.5T4 ITRITE 1946 March 27.07%5 R 50 o
1990 Tuguary 242924 B 16 63% IR 1996 March 270415 v | 5651 0o
1994 January 22,3018 W 16,024 ERTIRN 1996 March 270340 ¥ 15.656 001t
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Table X Conlined

LT date

itter

hlag, .z

1996 March 27.0871
1996 March 27.08346
19498 Yarch 2705971
1996 March 2709257
1990 March 27.1157
| 068 Manch 27,1172
1996 March 27.2338
15996 March 27.2303
1996 March 27.224%)
1998 Manch 27.2407
1996 March 27.1535
1996 March 272628
1986 March 27,2671
1996 March 27,2693
1986 Apnl 22.5386
1955 April 235
1990 April 218512
1996 Apnl 22.9555
490 Apnl 225582
1906 April 229767
1996 April 235812
1996 Apnl 217862
194h Apnl 229892
1990 Apnl 2101048
10086 April 23.0147
1996 April 23.0190
1994 Apnl 230213
1996 April 21.0353
1595 Apnl 2105844
1996 April 230434
1996 Aprl 23.0463
1998 Apnl 23.0=97
1995 Apn'! 210577
1996 Aprl 23,0824
1996 April 23 0864
1996 Aprl 23.0844
1995 Apnl 23.0035
1998 Apnl 231163
1994 Apnl 231 20K
1996 April 23,1251
1906 Aprl 231278
1996 Apnl 23,1484
1998 Apnl 221525
1996 April 231 568
19%0 Apnl 23,1598
1008 .ﬂ.pri] 211744
1990 Aprl 21,1 7RG
1096 Aprl 22,1828
1994 April 23,1863
1998 Aprl 23,3
19896 Apnl 312000
19490 April 235539
1596 April 22,7612
1994 Aprl 23.9653
1996 Aprl 23.5683
1008 Aprl 23,9827
1996 Aprl 23,5879
1998 April 22,9920
1996 Apnl 23 5851
1098 April 24.01%
1096 Aprl 240244
10u8 Apnl 24,0200
1996 April 24.032]
1996 April 240603
1996 Aprl 24,0743
1996 April 24.0787
1908 April 24.0819

MM e AR AR A AN NS e N AL e e e IO LN I AR et s B mEamR

15212
15.208
15470
15671
15.268
15275
15.538
15,440
15211
15211
15.725
15.712
15.732
15231
15.71]
15.715
15.714
15334
15349
15,706
15.715
15.354
15354
15753
15.723
15.349
15304
15.77%
15778
15404
153335
15,415
15.511
15718
16220
15.748
15,358
15.757
15,763
15.377
15.377
15.778
15.734
15.302
15552
15.759
15764
15.218
15224
15.336
15307
15.754
15.756
15340
15,365
15794
15.799
15479
15.420
15530
15.808
15420
15401
15748
15.745
15,368
15373

Erear

0.0

0.00 1
001
0.0
{1.(MF
o2
nor2
0.0
0.0
0.2
.03
0.3
0.010
0.013
L0
.00
(1 MR
0.0
R T2
0.0
.08
(N1 TE]
0 (W3
HEETE
0,008
N
[NELES

0.7
0.007
N
.08
[ECTES
0.0LG
CL0uE
0,007
0.0%3
NS
11.(H¥7
0.007
0.3
.06
017
RS
.00
.0
0.007
0.0:07
0,005
N
RLTE]

0.007
0.007
0.5
0.0
URLTE
0.7
LT
R
0.7
0.7
IR T
0.7
0,5
HRL L

LIT date Filtar Mag, (2} Errar
1596 Apnl 14,1090 W |5.312 M0E
1596 Apnl 24,1141 v 13,785 13N}
1594 Aqnl 24,1 153 R | 5294 (FE]
154 Aaril 24,1214 R | 5285 I ETT]
15 April 24,1244 R 15,392 noay
180% Agpril 24,1277 R | 5.37% .17
L9 Annl 24,1351 v | 56008 (IE] VLS
L4 Apnd 24,1601 ¥ 154804 (IR VES
1896 April 24,1646 R | 5,406 0007
1996 Aol 24,1677 R 15,398 o7
1996 Apal 24,1970 ¥ 15762 (RY VR
[ St Aonl 242014 R 15345 (W7
15%% June 11,9742 ¥ IG5, 154 (005
1596 June 11,0732 v G155 XL VP
1996 Juge 10,0820 L I, 140 RLTR
199 Jure 12.0153 R | 5,308 RS HES
1556 Tune 12,0278 v 16114 IR Vi
1% June | 2. U260 v Ifa, D10 (FREVES
1546 Jupe 12,0030 B 16.83% LS
15 Jupe 12,0303 L o082 (LELIE]
1540 June 12,0349 R | 5.68% MOnE
150 Tume 1200871 J [ 5.A97 Ml
159 Ture 120134 R’ | 5683 (35
154 Jupe 12,0116 B |6.836 QaOEs
1944 Jupse 12,0420 B 5802 anLs
L9 Jure 12,0350 B 16,945 (1R
0 T T T T T
6 J -
H'I el MWWMW
L B i
13- -
DA = M’MW -
L a
04 =
- 080 Chimm
I | | | i
4000 g o TR

Fig. 1. Reflectiviry specirum of 2060 Chiron, normalized at 1
arcund S500°A, ohigined al f2) B3O on [998/05727, and (h)
CEHT on 1998/06,21. The exposure fime was 6003 for spacteam
(ay and 350 5 for spectrum (h)

of slope parameter, 0,70 0,15 determinad by Bus of al.
{1989, We would like to stress that, as will be discussad
in the next section, the use of the H-G system seems
inappropriate for 2060 Chiron, and i5 adopted hers just
to compare the present valugs with those publishad.

The monitoring of 2060 Chiron's brightness in 1996
showed that its mean absolute ¥V magnitude varied from
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Table 3. Maan values for each night of ohservation and each filizr, of the observed magniiuds,
Ma,, reduced magnitude, Mag.,, and absolute magnitudes, Hia), abumned with o slope

oaramerer & = 470

UT daule Filter
19%6 January 272312 v
1996 Januury 29 2053 v
1956 Jamunry 202158 R
1996 January 20.24°K] B
19%06 Jamuary 2126463 v
1986 Janzary 31,2403 R
1990 February 61,2497 v
1958 Fehruary 724599 YV
1996 Fehruary |3,7843 v
1996 February [3.2205 R
19%6 Feluuary 23,1771 v
1996 March 271126 W
1¥6 March 270958 B
1994 April 230862 v
1995 A poil 230863 R
1096 April 23.0848 B
1996 April 230648 bt}
1996 April 24 0613 v
1994 April 24.0779 B
1996 June 12,0034 v
1995 June 120316 R
1996 June 12,0374 B

Mag,,, Mag,., Hi=)
16.058 00019 R E 47101
16.026 +0.0113 o HAS 11
15651 +0.012 0,495 6313
16.601 +£0.024 T.45]) L
13.5%] +£0.023 fi. 847 n.aA]
15.638 +0u04 fh.a49% 6.3
15997 400027 [ H5H G674
16056 + 0,061 s 6.796
16.012+0.007 RIELY 67178
15,614 +0.008 fr. 3744 0341
15951 100115 6 BaE 0.756
15.665+0,012 (3. 025 a.a21
15.2224+0.000 6,232 6180
15751 £0.009 [ e s 623
15361 £0.008 R 623
IR+ 0017 FRiT 7267
R39S +0.017 T30 1247
15,791 + 0008 0, 75 0.658
15374 440007 352 240
16.127 100009 fi.041 iReet |
1560 1 0uous B, 508 6311
I6SI+0.015 7928 7.5328

6.7% in Febreary to 6.22 in March, An almost equal vari-
ation was detected in the mean absolute R magnituds,
from 6,24 1o 6.18, for the same time. In Fig 26a) and (&)
we present, {or 2ach fiiter, the mean absolute magnitudes
and the reduced magnitudes, respectively, obtained in

1996, As can b2 seen, 2060 Chiron was al & minimum of

brghtness in January and February, had an increase in
March reaching a minimum again in June. A nearly 20%
mug inerease in activicy, in the TV band, was alse detzeted
by Parker e i, (1996] [rom dala obiained wich the Hubble
telzscope in January and April 1936,

It must be pointed out that the detected increass of
nearly U1 mag in the spun of some months was coincident
with the smallest solar phase anzlz. Altheugh this faet is
takcen into account when computing absolute magnitudes,
we cannot guarantee that the incregse was dus o 2060
Chiren’s cometary activity or to an cpposition surge. 1o
the published data the only continueus monitaring rcach-
ing amall phase argles was made in 1978 by Bus e al
(1989} showing @n even greater apposition surge. if roal
Since a visible coma was nol detcoted in our ohservations
it 15 imposstble, at present; to excluds either possibility.

Short-peniod setivily of the order of hours was also
detected during onc nighl. In Fig. 3a) and (b} are shown
the obzervad mapnitude of 2080 Chiren and the ratia of
two comparison starsin the field of Aprl 23cd. In contrast
to this ratio which stays constant, 2060 Cluron's mag-
nitude presents a complex curve that can be representad
hy the comhbination of three componrentsz, The first one is
periodie, due to the rotation of the object, The second is
gecnlzr, due to the decrsase of brighiness afler the peak
detected in March. And the third component is rather
rundem, correspanding to peaks of brightening, A similar
short-period gctivity was alao defected o 1989 by Luu

and Jewitt (199 and in 1990 by Ruratti and Donbar
(19971,

All published data of 2060 Chiron are compiled in Fig,
4 where its brightoess seculzr evolulion is shown through
reduced V mugaitudes, From this figure it is clear that
2060 Chiron js now ar itz minimum of brighimess,
However, we would like to stress that presently 2060 Chi-
ron has an activity, as mentioned above. In other words,
4 minimum of brightoess does not mean inactivity. This
fact supgests that the minimum datected in 19841084
cannat be taken as proof of 2060 Chiron’s inactivily al
that instant. It must be recalled that 2060 Chiton than
was at almost 13 A1 A snall activity, such ag the present
one, would possibly be below the observational limit. This
understanding is erucial in modelling 2060 Chiron's
activily.

A Fourier analysis of the composite lightourve was per-
formed using the method described by Harris ez all (1989)
piving o period of 591784+ 0.0013h in agreement with
the value abtaired by Mareialis and Burart (1993). The
composite lightourve is plotted in Fig, 5 together with (he
fifth-crder fit (continuous line). Each svmbol corresponds
1o o different night. The quite high dispersion, around 3,
is most probably due to the activity datected in the ohjeot
and to the fact that the data are spread oot over o period
of several months. The peak-to-peak variation of thelight-
guarve 18 0.06 £ 0,00 mag. This vaiue, taking into acoount
the high dispersior of the data, s mathes close o chat
elitained by Bus gt 2!, (1929}, 0.08, when 2060 Chiron was
ul # munimum of activity as nowaddys. Itis interesting to
note that these values are greater than thoss obtained by
Luw and Jewitt (19900, 0.045, and by Buratti and Dunbar
(1991}, 0.020, when the comet was at a maximum of
brightness. Such a behavior of the lighteurve can bz under-

5
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Fig. 2. 2060 Chiron mean brightness during 1996 for each filter
used. The brightness is represented by (a) absolute H, magni-
tudes, and (b) reduced magnitudes

stood if we assume that 2060 Chiron has a slightly elon-
gated shape but the presence of a spherical coma may
suppress the amplitude variation during its high activity.
On the other hand, when it has low activity the effect of
the coma disappears and the amplitude variation becomes
greater. However, we cannot preclude the possibility that
these differences could also be due to different inclinations
of 2060 Chiron’s rotation axis.

The data obtained allow us to determine a broadband
colorimetry for 2060 Chiron in 1996. The V-R index
varies from 0.382+0.01 in January up to 0.417+0.008 in
April. The B-V index varies from 0.565 +0.027 in January
to 0.644 +0.019 in April, although the precision of these
values are less than the V-R values, and are based on
insufficient data. Considering that the solar values of V-
R and B-V are around 0.36 and 0.66 (Hardorp, 1979),
respectively, the values obtained indicate that 2060 Chiron
had a rather gray color in April. It is worth to point out
that the slight bluer color of 2060 Chiron in January has
no clear explanation but it could be due, in part, to the
greater phase angle.

3.2. The G parameter
The slope parameter, G, as introduced by Bowell et al.

(1989), is used to represent the scattering properties of an
asteroid’s surface. Since 2060 Chiron was initially thought
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Fig. 3. Observed magnitudes of 2060 Chiron during April 23rd,
1996. The stars represent the ratio between two comparison stars
in the field that has been arbitrarily vertically displayed in order
to fit into the plot
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Fig. 4. Reduced V magnitudes of 2060 Chiron vs. year. The
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Rotational phasa
Fig. 5. Composite Eghwarve with 200 points of 2060 Chiron
during 1996, Abziolute muaanitudes, with (7 = [L70 were used o
order to inchide the effzets of phasz angle. The continuous line
indicates th= dfth-arder At 2iving a period of 39287 h

L b an asteroid, this parameter was determined by Hus
er ab (1989, giving a value of 0,700,135, While these
authors sizle thal litde significance shoold be attached
formally 1o this value of & in view of their limited span of
phase angles, ull duta published wfterwards adopted their
valoe 1n order to assert the secular photometric evolution
of 2060 Chiron.

In cur previous paper (Lozzaro e af., 1996) we pointed
out that, in view of the cometary activity of 2060 Chiron,
tha H-(3 system seemed to he inzppropriate for moni-
torng s photometric behavior, However, 2160 Chiron
appearad again to bein g guict stute similar o that of the
Bus ¢r al. observarional period, so that 4 new deter-
minacion of this parameter was performed. The value of
0,71 40,13 was obtained confirming the previcus value,
Therelure, it sezmed to support somehow the id2a that
the churacieristics of 2060 Chiron's surface could be rep-
resented by a slope parameter around 0.70-0.71.

Since the mean hrightneis of 2060 Chiron in 1996 was
still at a minimum wi decided to perform yel another
new analysis of the slope parameter. This new analysis
indicated a very different value, 0424 0.01. However. as
dizcussed 10 the previous section, 2060 Chiron undersent
some comerary activity in 1996, which possibly invilidates
this new determination, Il is important oo note that, since
we cannot discard the fuet that m 1986 and in 1995 the
comet/asteroid presented some degree of avtvity, even (he
value of 0.70-0.71 must be vsed with care. Maorzover, if
we anulvse the different sets of data used in the dewer-
minations ol the stope parameter (Fig. &) il i3 clear that
the desa [or any of the valies are oo restricied in phase
angle to be significant. Mot even all the combined data at
minima of 2080 Chiron's brightness, assuming no com-
clary sctivity, span an interval of phase angles sufficizni
tey consirain well the slope parametsr. We do believe thar
reduced mamitudes should be preferred to absoeluate ones.
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for differsnt sets of data

Y.3. Chiron’s color

The twe optical spectra show a featureless quire flat con-
Linwum; the firstwith o small positve slope and the second
with # flatter continuwwm.

The reflectivity gradient S is equal to 2.3 +£0.1%/10°
in the wavelength ranpe 300-3000m for the fiest spectium
of Fig. | whils 5" isequal to 0.4 - 0.1%/10° for the seeond
one, computed in the same wavelength range, The higher
8" value obtained dunng the: March ohservations cor-
responds to an increase of 2080 Chiran's brightness prob-
ably dua to an increase of the dust production. It is worth
noting that the values cbtained from speorroscopy ame in
pareement with the droadband photometry,

These values are nol consisteat with the mean slope of
the optical spectra of comctary nucled, & = 14 = 5%/10°,
compuled by Jowitl and Lun (1990) and Fitzsimmong et
af. (1994). This differeove supports the idea that 2060
Chiron is a peculiar ohjccl.

The spectra abtained here revial a small difference from
those reported by Luu ( 1593) ; (hey show a slight negative
slope (the slope has been computed in the wavelength
range 380630 nm) even if they afirmed that the specirum
af 2060 Chiron becomes neatly newiral at longer waves
lengeths, The negaive redectivicy gradient was confirmed
by Fitzsimmons ef al. (1 92) with observations parformad
during the same period. We cannot exclude that small
L'h.'qng;:-s in color Ay alsn be dus to observations per-
formed during different rolationz] phases (different areq
on 2060 Chiron's surface) or w the phase angle effect on
Lhe speclrum conineg.

4. Surnrmary

In rhis section we summatize the impartant points poe-
sented in this paper:
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1. Photometric observations of 2060 Chiron in 1996 show
that its brightness is still at a minimum despite having
passed through its maximum approach to the Sun.
Even at a minimum of brightness 2060 Chiron presents
cometary activity of long- (months) and short-period
(hours). This activity could be now detected owing to
an almost continuous monitoring and to its greater
approach to Earth. We can therefore infer that 2060
Chiron has probably always some degree of activity
and the outgassing models developed for this very par-
ticular object must be reexamined in the light of the
new data.

3. Although the slope parameter, G, is useful in homo-
genizing the data for different phase angles, its value
hardly represents the surface scattering properties of
2060 Chiron due to its activity. A more detailed study
should be realized to assert how this fact affects the
considerations on 2060 Chiron’s brightness evolution.

4. A composite lightcurve was obtained with period of
59178 h and a peak-to-peak variation of 0.06 mag.
This value is rather close to that determined by Bus er
al. (1989) when 2060 Chiron was at a minimum of
brightness as nowadays. The difference between the
amplitudes obtained when 2060 Chiron was at a mini-
mum and at a maximum of brightness can be attributed
to a slightly elongated shape of the comet that is diluted
when an extended coma is present. We do not preclude
that these differences could also be explained by differ-
ent inclinations of 2060 Chiron’s rotation axis.

5. From broadband colorimetry we can assert a rather
gray color for 2060 Chiron, with values around solar
values.

6. The visible spectra of 2060 Chiron show quite flat
featureless continua. The spectral behavior differs from
the typical comet nuclei spectra which are generally
redder in color. Small variations in the reflectivity
gradients §” have been found among the available spec-
troscopical observations and this could probably be
due to variations in the comet dust production.

!‘\J
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5.4 - Conclusces

Nossas observactes de Chiron mostraram que seu brilho diminuiu, alcangando
um valor considerado minimo (pouca ou nenhuma atividade cometdria), apesar de sua
passagem pelo periélio. Obtivemos uma curva de luz composta que confirma o periodo
rotacional de 5.9 horas ¢ detectamos uma possivel atividade de curto periodo no inicin
do ano de 1996. Verificames também que o sistema H-G de magnitude absoluta nfo é

apropriado para Chiron.

Apesar da obtengdo de resultados muito reveladaores sobre a atividade deste objeto,
ainda nfo fol possivel se elaborar um modelo que explique de forma satisfatdria os processos
atuantes em Chiron. Em particular, a atividade secular peculiar deste objeto necessita de

dados sobre um intervalo de tempo maior antes de se elaborar wm modelo.
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Capitulo 6

Conclusoes e Perspectivas Futuras

O trabalho desta tese [oi baseado em observagoes especiroscdpicas e foloméiricas

de asterdides visando uma melhor compreensao destes objetos. DPara isto, foram sele-

cionadas algumas populagtes que nos permitiram trabalhar dentro de assuntos diatintos

na drea tais como: familias de asterdides, processos de alteragio fisico-quinica superficial,

relacio asterdides-meteoritos. propriedades rotacionais. entre outros. Entre os prineiais

resultados obtidos, podemos destacar:

encontramos caracteristicas espectrais comuns entre si nos membros das familias
estudadas — Eos, Flora ¢ Themis - confirmmando, do ponto de vista mineraldgico,

uma provavel origem comun;

nos membros da familia de Flora encontramoes evidéncias de que nm processn
de “envelhecimento” espacial estd agindo em sua superficie. camufiando sua real
composicao, a qual seria similar 4 dos meteoritos condritos ordindrios. Esta com-

posigao também fol inferida para muitos dos objetos praximes da Terra observados;

nos membros da familia de Eos encontramos uma diversidade espectral que nos

levou a concluir que o corpo original deve ter sido parcialmente diferenciado;

em parte dos objetos da familia de Themis foram encontrados indicios de um
processo de alteracio aquosa, implicando que o corpo arginal deve ter sido par-

cialmente alterado;

analisando uma amostra sirnificativa de asterdides do tipo C encontramos também
indivios de alteragio aquuosa, a qual caracleriza a ocorréncia de um evento térmico

a baixa temperatura;
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— dag ohservacies [otomélricas obtivemos eurvas de luz para 25 asterdides, tendo

determinado o periodo rotacional para 19 destes;

— as observaghes de Chiron revelaram que, apesar de sua aproximagao ao periélio,

sen hrilho se encontra com valores minimos.

Acroditamos que o conjunte de dados obtido seja importante no estudo dos aste-
réides. tanto de nm ponto de vista individual quanto global. Vale salientar que ao longo
do trabalko foram estudados mais de 230 asterdides, o que representa um nimero bastante
significativo, Mas, mais importante do que conhecer algnmas prapriedades fisico-quimicas
de um asteroide, ¢ entender este objetn como membro de uma populagdo, scja ela de
familia, de objetos lentos ou de cometas “esquisitos”. ['oi essencialmente este o espirita
que norleou o presente trabalho, e os resultados acima mencionados sio uma boa amostra

dizto.

Fntretanto, apesar do mimero de dados obtidos, estes ainda ndo sao suficientes
para se tentar melhorar os modelos de formagéo ¢ evelugao do cinturao, e do Sistema Solar,
atnalmente existentes. Dados adicionais sao necessérios para confirmar e precisar certos
aspectos observados em nossas andlises, Como bom exemplo podemos citar a definigio
precisa da extensdio do(s) evento(s) térmico(s) ocorrido(s) no cinturdo intermedidrio e no
externg, assiol como o processo que gerou este(s) evento(s). Este ponto é de fundamnen-
tal importincia na elaboragio de qualquer modelo coerente de formacio do cinturao dos
asterdides e, provavelmente, de todo o Sistema Selar. Qubro exemplo é o estudo evolutive
do cinturio através das fumiflias e do estado rotacional de asterdides, em particular dos
pequenos. Até cque ponto as colisdes influenciaram o estado rotacional atual? Serd que
os pequenos asterdides (didmetro inferior a 50km) podem guardar o periodo rotacional

original? O que & este periodo?

Para responder o estag e a muitas outras perguntas precisamos conhecer melhor
este universo de pequencs corpos, nio apenas do ponto de vista dindmico mas, princi-
palmente. fisico-quimico. Presendemos continuar neste caminho para futuramente tentar
ahordar o problema da formagao do cinturdo, tendo & mao condigdes de contorno rmais

precisas do que as atualmente disponiveis.
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