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Abstract

Thisthesisistheresultsofthefirstsystematicinvestlgationofverysmall

Main-beltAsteroids(sub-kmMBAs)usingthe8.2mSubarutelescope;wecall

thissuⅣeySMBAS(Sub-kmMain-beltAsteroidSuⅣey)･Asteroidsbelonging

to血issizereglOninthemain-belthasneverbeenexploredbefわre,duetotheir

faintness.

Recenttheoreticalworksandlaboratoryexperimentsoncollisionalevolution

ofasteroidshighlighttheimportanceofsub-kmMBAsfromthetwoviewpolntS:

1)themajority(～70-80% )ofthenearearthasteroids(NEAs )are

sub-km-sizedandaresupposedtobeoriginatedfromthemain-belt,and2)this

sizereglOnliesneartheborder-linesizeseparatingthetwocatastrophicimpact

mechanisms,namelythoseinthestrengthreglmeandthegravityreglme.

Therefわre,theresearchorthesub-kmMBAscontributestotheestimationofthe

productionrateofNEAsinthemain-belt,andfurthermorewouldgiveusclues

onthemechanismofthecollisionevolutionamongthesmallbodies.

FortheanalystsOfthissuⅣey,Wedevelopedamethodtoderivethesize

distributionofsub-kmMBAs,basedonstatisticalestimatesofthesemi-major

axis(a)andinclination(I)foreachdetectedasteroid,becausethetraditional

dete-inationsoforbitsf♭rsub一km MBAsbyfわllow-upobseⅣationsare

practicallyimpossibleowlngtOStricttelescope-timeortheSubamtelescopeor

other8-10m largetelescopes.Hence,ourSMBAScannotdetermineother

orbitalelementsexcepttheaandI.Inaddition,wecannotavoidsomeerrorsin

oura-andI-estimates,Causedbythelackofinformationoneccentricity(e).



ABSTRACT

Therefore,WeevaluatedthoseerrorsfTromMonteCarlosimulationsbyadopting

Bowell'sequationswhichassumee-0.Weconfirmedthattheseerrorscould

varytheslopeofCumulativeSizeDistributions(hereafterCSD)forthe

main-beltasteroids(MBAs )detectedfTromtheSMBASwithintherangeofonly

士 0.1.ItisfoundthattheslopeoftheCSDfTromourstatisticalmethod(See

Chapter2)hasaprecisioncomparabletothatfromthepastMBAssurvey

obseⅣation.Thenwe叩pliedtheaboveestimationore汀OrStOanalyzeour

SMBASdata,whichweretakeninFebruary2001.

ThemainresultsorthesuⅣeyobseⅣationsaresummarizedasfわllows:

(1)TheskynumberdensityofMBAsisfoundtobe～260perdeg2downtoR

-26magnearoppositionandtheecliptic.

(2)TheslopeoftheCSDforsmallMBAsrangingfTromafewkmtosub-km

seemstobefairlyshallower(～0.8-1.2,dependinguponlocationsinthe

main-belt)thanthatforlargeMBAs obtainedfromthepastasteroidsurveys

(～1.8).Thismeansthatthenumberofsub-kmMBAsismuchmore

depletedthanaresultextrapolatedfrom thesizedistributionforlarge

asteroids.

(3)Thespatialdistributionofsub-kmMBAsresemblesthatorlargerMBAs･

TheI-distributionofsub-kmMBAssuggeststhatalargernumberofsmall

asteroidswithhighinclinationmayexistcomparedwiththatoflarger

MBAs.

Finally,theimplicationf♭rdepletionofsub-kmMBAsisdiscussedinrelation

tocollisionalmechanismssuchasthefbmationormbblepileasteroids.

2



Chapter1

Imtroduction

Thecurrentsize,spatialandcompositionaldistributionsofthemain-belt

asteroids(MBAs )havebeenbelievedtoreflectlong-term historyofcollisional

evolution(e.g.,Wetherill,1989).Generallythesizedistributionofasteroidsis

representedin thefom ofacumulativesizedistribution,(hereafter,we

abbreviateitasCSD).Ahighresolutionanalysisof仙emain-beltCSDwill

bringaboutaninsightintotheinterrelationbetweendifferentobjects,intermsof

theproductionrateofmeteoroidsandnear-earthasteroids(NEAs ),thecratering

rateontheimmerplanets,andtheearlyaccretionprocessesinthemain-beltreg10n

oroursolarsystem.Itmayalsobeabletoestimate也eimpactriskto

interplanetaryspacecraft,theoriginalmassinmain-beltandtheimpactstrengths

oftheasteroids(e.g.Kuiperetal,1958,Anders,1965,Jedicke&MetCalfel,

1998).Fromsuchmotivations,somesystematicsurveyobservationsofMBAs

havesofarbeendoneandtheCSDsforMBAs havebeenrevealeddowntoafew

kmindiameter.

Howeverrecently,theimportanceofthestudyofsub-kmMBAs hasbeen

pointedoutmainlyfromtwoviewpoints:1)majority(～70180%)ofNEAs

aresub-km-sizedandaresupposedtobeoriginatedfrom sub一km MBAs

(httl)://cfa-www.Harvard.edu/iau/mT)C.html),and2)thissizeregionliesnearthe

border-linesizeseparatingtwocatastrophicimpactmechanisms,namelythosein

thestrengthregimeandthegravityregime(e.g.,Melosh&Ryan,1997,Durdaet

〟.,1998).
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Concemlngthefirstpolnt,itisgenerallyacceptedthatNEAs orlglnatedfTrom

MBAs throughcollisionprocessesamongasteroidsandsubsequentgravitational

perturbationsassociatedwiththeKirkwoodgaps(e.g.,Wisdom,1983,

Morbidelli良Moons,1995).Hence,thestudyfbr山eCSDofsub-kmMBAs

mayshedlightonaphysicalrelationbetweenNEAsandsub-kmMBAs.

Ifthesecondpointaboveiscorrect,thepossibledifferencebetweentheCSD

slopeforsub-kn MBAsobtainedfTromSMBASandthatforknownMBAs larger

thanafewkmindiametermaybeinterpretedasthedifferenceincollisional

naturebetweenthestrengthreglmeandthegravityreglme.Inotherwords,we

maygiveaclue(orananswer)tothequestionofwhethersub一kmMBAsare

rubblepiles(aggregatesofimpactfragments)ormonolith-likebodies.Forthese

reasons,weconsiderthattheobseⅣationalstudyofsub-kmMBAsisvery

impoぬnt.

Inthischapter,WefirstreviewthehistoryofthepastasteroidssuⅣeysand

discusstheirsizeandspatialdistributionsofknownMBAsandNEAs.Thenwe

mentionthepurposeofthisstudy.

1.1Historicalaspectsorasteroidsurveys

FourpreviousasteroidsuⅣeysaredescribedinthissection.Theyarealso

listedintable1-1.

1)TheYerkesIMcDonaldsurvey(YMS)isthefirstsystematicphotographic

asteroidsuⅣey.Itwasca汀iedoutin1950-1952anddetected1,550asteroids

for14,400deg2withinj=2000ftheecliptic･Thesurveywascompletedown

tothephotographicmagnitude(Vp)16.5(Kuiperetal.,1958).

2)ThePalomar-LeidensuⅣey(PLS)in1960sisalsoaphotographicsuⅣey･Ⅰt

discoveredmorethan2,000asteroidsfわr216deg2areaoftheskycenteredon

4



CHAPTER1INTRODUCTION

oppositionatthevenalequlnOX･Orbitsforaboutl,8000bjectswere

determinedandtheirmagnitude-frequencydistributionuptoaphotographic

magnitudeofabout20mag(correspondingtoafewkm indiameterof

asteroids)wasestimated(vanHoutenetal.,1970).

3)TheSpacewatchsurveyduring199211995foundoutasmanyas59,226

asteroidsfわr3,740deg2withthelimitingmagnitudeV<～21(Jedicke良

Metcalfe,1998).Sincethissurveyistheprogramspeciallydesignedforthe

automatedsearchandstudyofNEAs,thedurationofeachobseⅣationwastoo

smalltodeteminetheorbitofeachMBA.Sotheirorbitalelementsneededf♭r

estimatingtheirabsolutemagnitude(H )wereobtainedfromastatistical

method.ForthepurposeoftranslationfromHtosizeofeachasteroid,they

usedrelativenumbersofexistingasteroidsfわrvarioustaxonomictypesandthe

correspondingtypicalalbedosamongMBAs (Ivanovetal.,2001).

Table1-1

ThepreviousasteroidsuⅣeysandSMBAS

Survey Observation Telescope Limiting Skycoverage Numberof

time size(m) magnitude (deg2) detectedasteroids

Yerkes-McDonald 1950152 0.25 Vp <14-16 14,400 1,550

Palomar-Leiden 1960 1.25 Vp <20-21 216 >2,000

Spacewatch 1992-95 0.90 V<21 3,740 59,226

SloanDigitalSkysuⅣey 1998-2000 2.5 r書く21.5 500 -13,000

OurSMBAS 2001 8.2 R～26 3.26 1,Ill

Vp:photographicmagnitude

r':R-band(theeffectivewavelengthsis6280A)inSDSS

5
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4)TheSloanDigitalSkySuⅣey(SDSS)alsocontributedtostudiesofasteroid

sizedistribution,thoughitisbasicallydesignedforsystematicsurvey

observationsofgalaxiesandquasars(Gunnetal.1998,Yorketal.,2000,

Ivezicetal.2001).Thissurveyfound10,000asteroids,andestimatedthatthe

main-beltcontainsabout700,000asteroidslargerthan1km indiameter.

Moreover,也eSDSS could distinguish between carbonaceusasteroids

(C-type)androckyasteroids(S-type),becauseitobservedinfivebands.

SincethealbedosbetweentheS-typeasteroidsandtheC-typeasteroidsare

different,theC-typeasteroidsaretwicetimeslargerthantheS-typeonesfor

thesameapparentmagnitude.Thesizeofeachasteroidwasestimatedmore

correctly,becauseitstypecouldbeidentifiedinSDSS.

1.2SiZ:eandspatialdistributionsofknownMBAs

WedescribeherethesizedistributionofknOwnMBAsobtainedfromthe

abovesurveys,incomparisonwiththeoreticalworks.Firstwediscusstheoretical

results.Thefirsttheoreticalworkonthesizedistributionofasteroidswasstarted

byDohnanyi(1969).Forasimpli丘edsystemofasteroidsinequilibriumin

whichaself-similarcollisioncascadeoccurs,Dohnanyi(1969,1971,1972)and

Hellyer(1970,1971)predictedthatapower-lawCSDwasexpectedtotake

placeoverawiderangeofsizes.

Fromobservations,however,forlargeasteroidswithD(diameter)>～100

km,itisknownthattheCSDisnotapower-law.ThisisusuallyInterpretedas

remnantsortheprlmOrdialsizedistributionnearthemain-beltlocationinour

solarsystem.Forsmallasteroids,ontheotherhand,oneusuallysupposesthat

asteroidsobeyapower-lawCSD,whichitcanberepresentedwiththefbllowlng

relation,

N(>D)∝ D~b,

6
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CHAPTER1INTRODUCTION

whereN(>D)isthetotalnumberofasteroidswithdiameterslargerthanDkm.

Dohnanyi(1969)foundthatthetypicalvalueofbisequalto2.5.

NextwediscusstheobservedCSDsforthesurveysmentionedabove.Wh en

wetalkaboutthesizeofasteroids,wemustbecarefulaboutthattherearetwo

kindsofdiameters.Theyarethediameterestimatedfrominfraredobservations

(representedbytheIRASdata)andtheoneobtainedbyopticalobseⅣations

withsomeassumptlOnfわralbedos.Thoughtheestimationofalbedosneedsboth

infrared and opticalobservations,albedo'sdataallow usmoreprecise

deteminationofthediameterofeachasteroid.However,sinceallsuⅣeyslisted

inTable1-1areoptlCalobservations,whenadiameterofeachdetectedobjectis

estimated,antypicalalbedowouldbeassumed.Althoughtheinfrareddiameteris

important,wedonotdiscusshereaboutitindetail,sincewearemainly

interestedinthecomparisonoftheresultsfわropticalsuⅣeys.

Kuiperetal.(1958)foundfromYMSthattheCSDappearstoconsistoftwo

parts,Separatedbytheasteroidsizenear30kmindiameter.Theysuggestedthat

thediscontinuitiesoftheCSDpossiblyrenectedthedivisionofcondensationby

accretionandfragmentsbycollisionalbreakup.Theyalsoestimatedthatthe

valueofbis2.40±0.12intheabsolutephotographicmagnituderangeof6to11.

OnecanseethatthevalueofbinYMSisconsistentwiththeDohnanylmodel

(Figure1-1(a)).

Vanlloutenetal.(1970)obtainedfromPLSthatthebisequalto1.75inthe

photographicmagnitudeuptoabout20(Figure1-1(a)).Cellinoetal.(1991)

foundfTromtheIRASdatathattheCSDofMBAslargerthan20-40kmin

diametercannotbefittoaslnglepower-law.

Jedicke&Metcalfe(1998)foundthatthevariationofpower-lawindexfrom

l･23to2.79fわrMBAslargerthan2kmindiameter,dependinguponlocationsin

themain-beltandthesize.TheystatedthatitisimpossibletorepresenttheCSD

ofMBAs byaslnglepower-law.Sincetheygaveonlydifferentialsize

distributions,wedidnotcitetheirfigures.AccordingtoJedicke& Metcalfe

(1998),thepower-lawindexvariesovertheHrangeof8.0to17forthewhole

7
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main-beltreglOn.MoreoverthevalueofbseemedlikelytovarygreatlyforH～

13.

InSDSS(FigureI-1(b)),thepower-lawindexis3forD>5kmand13

forD<5km,respectively.Ivezicetal.(2001)saidthatthenumberofsmaller

asteroidsextrapolatedfrompreviousstudiesuslngthedataforD>5kn wasan

overestimate.Thatis,itseemsthatthesmallasteroidswerenotasplentifulas

hadbeenexpectedfromobservationsoflargerones.Thisresultisconsistentwith

ourresultfromSMBAS,aswillbementionedinChapter3.

8
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暮■一一 ■叫

100 10 1

Figure1-1(a)

TheCSDsfortheYerks-McDonaldsurvey(1950-1952)andthe

Palomar-LeidensuⅣey(1960S)

ThisfTlgureWastakenfromSoberman(1971).ThehistogramsareforYMSandPLS.For

comparison,distributionsareshownalsof♭rpoweト】awindexesof-3(Piotrowski1953),

-2.5(Dohnanyi,1969),12(Anders,1965),and-1.75(PLS).
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Figure1-1(b)

TheCSDorentiremain-beltfわrtheSloanDigitalSkySuⅣey(1998-2000)

r*(1,0)is"uncorrected"absolutemagnitude,whichisdefinedbyr*(1,0)-r+-5log(Rp),

whereR istheheliocentricdistance, p istheearth-asteroiddistance,and p=-

cos(め)+[cos(め)+R2-1]l′2,whereめisthephaseangle.Thesymbo一s(circ)es,likelyC-type

asteroid;triangles,likelyS-typeasteroids)showthenonparametricestimates･Thelinesare

analyticfitstotheseestimates(lvezicetal,.2001),

Next,wedescribethespatialdistributionofknownMBAs.Thedataaretaken

from September2001versionofLowellObservatoryasteroid-orbitdatabase

(ftD://触.lowell.edu/Dub/elgb/astorb.html).Theirdiameterswerecalculated

10
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fTromH-magbyassumlngappropriatealbedos.Inthispaper,wederlnetheregion

within2.0-3.5AUasthemain-belt.Andalsowedefinetheasteroidswhich

havetheasofthisreg10naSMBAs.WedividedhereknownMBAs intofour

groupswithrespecttothediameteras:刀(km)>100,10<かく100,1<β<

10,andD<I.

Figure1-2(a)-(C)Showtheira,I,andedistributions,respectively.From

Figure1-2(a),weseethatthe(トdistributionisroughlyunifbm overthe

main-beltexceptasteroidswithD<1km(namelysub-kmasteroids).Wealso

noticethatthenumberofasteroidsdecreasesrapidly in thelocations

correspondingpositiontotheKirkwoodgapsineverysizeregion.Thereare

manysub-kmMBAsintheinnermain-belt.However,thisislikelytobeaffected

bytheobseⅣationalbiasratherthantheirintrinsicdistribution,becauseoftheir

faintness.

FigureI-2(b)showsthatthee-distributionoflargeMBAs hasapeaknear

0.2.0mtheotherhand,theeccentricityrangeorsub-kmMBAsisseentobe

widerthan thatofotherMBAgroups.Figure2(C)showsthattheinclination

rangeorMBAsiswi也in～50degree.

ll
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surveyofsub-kmMBAs.Scientifically,orbitalandtaxonomicdistributionsof

NEAsaregreatlymeaningfulforstudiesoftheorbitalevolutionofMBAs,their

materialpropeny,andsoon.

Socially,1tlSalsoimportanttostudythesizeandspatialdistributionsofNEAs

inordertoestimateanimpactriskordangerousasteroidsthatmaybombardthe

earth.Forthepurpose,SpaceGuardProjectisunderway.

NEAsareclassifiedintothreegroupsbytheirperiheliondistances(q),

apheliondistances(Q)andsemi-majoraxes(a):Amors(1.017<q(AU)<

13),Apollos,(a<1.OAU,q<1.017AU)andAtens(a<1.OAU,Q>0.983

AU).Figtlre1-4Showstheirabsolutemagnitudedistributions.Eachgrouphasa

peakorhistogram near19-20mag,whichiscorrespondingtosub-km in

diameter.TheirsizerangeJustmatchesthesizerangethatwewouldinvestlgate

forMBAs.TheirCSDsareindicatedbycurvesofdots.TheslopesoftheCSD

forAm ors,Apollos,andAtensareI.60,1.86,and1.46,respectively.Theirslopes

areroughlycomparablewiththevalueofPLS(I.75).

15





CHAPTER1INTRODUCTION

ClassificationofthesizeisthesameasthatforMBAsintheformersection.).

FromtheFigurell5(a),onecanfindthatasteroidswhicharelargerthan10km

indiameterandhaveorbitssimilartotheearth'Sorbithavebeennever

discoveredsofar.

Figurell5(b)showsthee-distributionofNEAs.Thee-rangeofNEAs with

D<10kmisspreadupto0.8.ThistrendisalsoseenforMBAswithD<10km

(seeFigure1-2(b)).Thepeakpositionofthee-distributionofNEAs showsa

slightlysmallervaluethanthatofMBAsofthesamesizeregion(seeFigureI-2

(b)and1-5(b)).ThoughitseemsthatNEAsaretheasteroidsthathavebeen

thrownoutthemain-beltandtheeofthoseasteroidsshouldhaveundergonesuch

largeorbitalevolutions,itisinterestingtonotethattheeoflargeNEAsis

smallerthan血atoflargeMBAs.

FromFigureI-5(C),itisseenthattheI-distributionofsmallNEAs (D<

1kn )isanalogoustothatofMBAs forallsizerange.Namely,asteroidswith

largerIisscarce.ForlargeNEAs,itseemsthattherearetentimesmoreasteroids

withI- 20othan asteroidswithotherI.Thesefactsmayexpressthe

characteristicsoforbitevolutionofNEAswhicharepresumablyoriginatedfTrom

theareaofMBAs.

Althoughwebelievethatatleasttheoverallcharacteristicsoforbitsandsize

forNEAsexplainedsofararereal,itiscertainthewell-knownNEAs listof

MPCwhichweinvestlgatedherecontainstheobservationalbiasaswellasthat

ofwell-knownMBAs.Innearfuture,thesystematizedsurveybytheSpace

GuardProgrammayglVeanunbiasedvieworNEAs.

17
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sub-kmMBAsandNEAs,andimpactmechanismandcollisionalevolutionor

smallasteroids.

20



Chapter2

Statisticalmethodtoderivesize

andspatialdistributionsorsub-km

MBAs

EveniHhemotionoranasteroidwasobseⅣedfわronlyonenight,theorbit

canbedeteminedatleastinprlnCiplefromthreemeasuredpositions.However,

theorbitdeteminedwiththismethodcanincludelargee汀OrS.Thelntemational

AstronomicalUnion(IAU)hasadoptedcu汀entlytherulethatifanewasteroid

wasobservedatmorethanthreenights,theasteroidisglVenatemporary

designation.Andthenaftermorefollow-upobservationsaremadeatafewother

oppositions,itacqulreSaPemanentnumberwhenitsorbitbecomesderlnitely

reliable.

However,theaboveprocedureistmeonly fわrbrightasteroidsthat

medium-sizedtelescopescanobseⅣe.Practically,itisimpossibletomake

follow-upobservationsoffaintasteroidsdiscoveredbytheSubarutelescopeor

withother8-10mclasslargetelescopes,becauseofthesevererestrictionofthe

allocatedtelescopetimes.Soitisprobablyhardtodeteminethepreciseorbital

elementsforthosefaintasteroidsuslngtraditionalastrometricmeans.

Instead,wenoticedthat,forasteroidsneartheeclipticandopposition,an

approximatesemi-majoraxis(a)andinclination(I)ofaMBAcan be

statisticallyestimatedfTromitsskymotionvectorwithoutfollow-upobservations



CHAPTER 2 STATISTICAL METHOD TO DERIVE SIZE AND SPATIAL
DISTRIBUTIONSOFSUB-KMMBAS

(Nakamura,1997,YbshidaandNakamura,1999a,1999b,吉田,1999),thanks

tothespecialgeometrylnnear-oppositionobservations.Moreover,iftheasand

Isarecalculatedformanyasteroidsbythestatisticalmethod,Wecanestimatethe

meanerrorsoftheaandIforthoseasteroids.Thisapproachisapproprlatefor

ourpurpose,sinceitisexpectedfわrustodetectalargenumberofsub-kmMBAs

inSMBASusingtheSubarutelescope(Yoshidaetal.,2001b).Similarmethods

inordertoestimatetheorbitsofasteroidswerealsoadoptedintheSpacewatch

suⅣeyandSDSS.Wedescribeinthischapteramethodofstatisticalestimatesof

orbitsandtheirerrorsofMBAsdetectedinourSMBAS.

●
2.1Methodforderivingtheirsemi-maJOraxisand
inclination from sky motion vectorofeach
asteroid

lntheSubarusuⅣey,theobseⅣeddatainhandareonlytheapparentdaily

motionanditspositionangleforeachasteroid.Thus,Wemustinfersomeof

orbitalelementsofasteroidsfromthosedataonly.

Figure2-Irepresentsacorrelationdiagrambetweentheasandthedaily

motionsf♭rexistingasteroidsobseⅣedinanear-oppositionwindow.Similarly,

Figure2-2ShowsacorrelationbetweentheIsandthepositionanglesoftheirsky

motionvectorsforthesameasteroids.Fromthesefigures,itisunderstoodthat

approximateaandIforeachasteroidcanbeobtainedfTromonlyitsapparentsky

motionwithoutmakingexactorbitdeterminations.However,forquantitative

analysts,Weneedamorerefinedmathematicalprocedure,becausepossible

correlationsbetweenaandIarenottakenintoaccountinFigure2-1and2-2.

22
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Figure2-I

αvs.血ilymotionco汀elationfわrknownasteroids.

Calculationsweremadeforan assumedoppositionwindow(4oX50:nearthevenal

equinox ) on September 23, 1999 for about 40,000 asteroids

(舟p://如.lowell.edu/Dub/eleb/astorb.html)whichwereavailableasofSeptember1999.The

so)idcurveisforcirculareclipticorbits.ThisrelationshipmeanSthatthevalueofacanbe

approximatelydeterminedfbmtheobserveddailymotionofeachasteroid.

In1990,Bowelletal.proposedamethodtoderiveapproximateaandIfrom

仙eskymotionvector,basedongeometricalandkinematicalrelationsofthe

two-bodyproblem.Theyshowedthatiftheeccentricity(e)ofanasteroid'sorbit

iszero,itssemi-majoraxis(a')andinclination(I')oftheasteroidwhichare

nearoppositionontheeclipticarerepresentedbythenextequationsuslngthe

apparentmotionvectoroftheasteroid:(Bowelletal.,1990,Nakamura&

Ybshida,2001),
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Ivs.Positionangleofmotioncorrelationforknownasteroids.

ThedatausedarethesameasinFigtlre2-1LThesolidlinecorrespondtothemotionswhose

positionanglemotionsare180 0 ± J･Basedonthisrelation,itisexpectedthattheva一ueor√

canroughlybeinferredfromtheobservedpositionangleofeachasteroid.

a･-吉(Y-2kA±JFT)
tanJ'=

α--1

γ=Å2+β 2

K-γ2-4kAγ-4k2β 2,

where A isthecomponentinlongitudeofthemotionvector,B isthelatitude

componentand k isGaussconstant.InEquation(2.1),thelastterm ofthe
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secondmembershouldbeaddedifrc<0inEquation(2.4),andbesubtracted

ifJC>0.Notethattheseequationsarevalidonlyfornear-oppositionand

neaトeClipticobseⅣations.Forconvenience,wecallEquations(2.1)-(2.4)

"Bowell'Sequations"andusethemthroughoutthispaper.Inordertodistinguish

thesemi-majoraXisandinclinationcalculatedusingtheaboveequationsfromthe

onesobtainedbythetraditionalfわllow-upobseⅣations(inotherwords,tme

orbitalelements),weherea鮎rwritethefbmerasα'andJ'andthelatterasα

andJ.

2.2TheaccuracyofaandIestimatedfromsky
motionvectorofeachasteroid

ThemostimportantpointinapplyingEquations(2.1)-(2.4)totheSubaru

observationsistoconflrmWhetherthecalculateda'andI'shouldhaveno

systematicdeviationsfromthetrueaandIofeachasteroidinastatisticalsense;

Stochasticrandom deviationsareoutorourcontrol.Tbchecktheabove

systematicdeviations,wemadesomeMonteCarlosimulationsasfollows,rather

thanuslngthedataofexistingasteroids.Thereasonwhywehadtoperformthe

simulationwasthatthenumberofactualasteroidsinourspeci丘edwindowwas

toosmallforstatisticalanalysis,asseeninFigure2-1,2-2.

First,Wegeneratedmanyhypotheticalasteroidswithvariousorbitalelements

withtheMonteCarlosimulationsandpickedup5,000asteroidsinourspecified

window.Theorbitalelementrangesofthegeneratedasteroidsandtheassumed

observationalwindowsarelistedinTab)e211.Thesamplednumber5,0000f

hypotheticalasteroidsandtheobservationalwindowsizeinTable2-1mayneed

explanations.ThewindowsizeiscomparablewiththatforourSMBAS.As for

thesamplenumber,themorethesmallerrandomerrorwehave(therelative

erroris1%for10,000,forinstance).However,theavailabletelescopetimefor

theSubamisprobably3-4れightsatmostandanexpectednumberordetectable
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sub-kmMBAspernightwas1,000-1,500fTromourpastexperience(Yoshidaet

α7.,2001a).So,thenumber5,000isaresultorcompromisebetweenstatistical

accuracyandavailableresources.

Next,Wecalculatedtheirdailymotionsatoppositionuslngatwo-body

ephemerisgenerator.Wethencomparedtheaand/foreachhypotheticalasteroid

withthea'andI'Calculatedfromitsmotionvector.Hereinthestatisticswe

removedunusualasteroidsorabout1%whoseorbitsbecameoutortheasteroid

belt.Sucharesultseemstobeaninevitabledrawbackoftheestimationfrom

Bowell'Sequations.However,thisremovaldidnotaffectthestatisticalresult,

becauseofthesmallnumber.Figure2-3showstheaanda'Calculatedbyabove

simulation.From Figure2-3itseemsthatthereisnosystematicdifference

betweentheaandthea',thoughthescatteringlSroughlyequalto0.1AU.Also

Figure2-4showstheIandI'calculatedbyabovesimulation.FromFigure2-4,

onecanseethatthedifferencebetweentheIandtheI'isconsiderablylarge,

especiallyforI>10deg.InTable212and2-3,Welistedmorequantitative

resultsforthesystematicdifferencebetweenthetrueorbitalelementsandones

calculatedbyBowell'sequationswhichwereshownintheFigure2-3and214.

Fromthesetables,weseethat,irthesystematicdeviationintheα,thatis,

mean(a-a')inTable2-2iscorrected,Wecanestimatetheaforindividual

asteroidstotheerrorlevel(i.e.,SD)ofO.13-0.15AuThoughsucherrorsare

ratherlargerthanthewidthoftheKirkwoodgaps,theyareenoughforoursurvey

purposebecausewearemainlyInterestedinanoverallstmctureorsub一km

MBAs.

Asfわrinclination,ontheotherhand,theestimationsbyBowell'sequationsare

notgood.Ⅰnparticular,thee汀OrSfわrmedium-andhigh-inclinationorbitsare

fairlylarge(～6deg).ThisseemstobeadrawbackinherenttoBowell'S

equations,sinceBowelletal.(1990)alsoreportedasimilartendency.

Fortunately,however,theinclinationerrorsdonotaffecttheestimationofsize

distributionfわrsub-kmMBAs,inwhichwearemostinterested.Moreover,since

sub-kmMBAsaredistributeduptotheinclinationof～30deg(SeeChapter3),
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withevenanerroroff-6°eg,wewillbeabletograsptheglobal3-dim

stmctureorthesub-kmsizereglOnOfthemain-belt.

Table211

Theorbital-elementrangesofthegeneratedasteroidsandtheassumed

observationalwindow.

2.75± 0.75

15± 15

0.2± 0.2

Angularelements unifbm over0-360o

Observationalwindow 20x2O
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2.3Estimationofsizedistributionbasedona'fromsky
motionvectororeachasteroid

WefoundoutinSection2.2thattheerrorofa'estimatedonlyfTromthe

apparentskymotionvectorisabout0.1AU.Next,wemustconfim howthe

a-erroraffectstheCSDofsub-kmMBAs,whichwillbeinferredfTromour

SMBAS.

2.3.ITranslationfroma'toabsolutemagnitudeorsize

lnthissub-section,wecalculatedthe〟 oreachasteroidwithα'andJ'

estimatedfromBowell'Sequations.Ifthealbedo(p)ofanasteroidisknownor

assumed,itsdiameter(D)canbeobtainedfromtheequation(Bowelletal.

1989)whichisamodifiedversionoftheformulabyBowellandLumme

(1979):

logD-3.129510.5logp10.2H. (2.5)

The〟oranasteroidnearoppositionandneartheecliptlCisglVenby

H-V-5logr(rll)-aV, (2.6)

whereVand 6VstandfortheapparentmagnitudeandlightvariationinV-band,

respectively,and〟istheheliocentricdistance.Weneedtheheliocentricdistance

rofthisasteroidtocalculateH-magnitude.But,becauseofr-a(I-e2)/(1+

ecos(山)neartheecliptic,itsrcanneverbeenestimatedwithoutknowledgeof

thisasteroid'seand(o(argumentofperihelion),whosedeterminationis

impossiblefromonlyafewobservations.FortheknownMBAs,weknowthat

theiresarenearzeroandthevaluesofthe(dSeemtObedistributeduniformly.

Thus,byaveraglngroverVariousecos(oformanyasteroids,themeanris
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expectedtoneara.Soweassumedherefiomthebeginningthatr～a'(ore～0)

foreachasteroid.Forthissample-averaging;thelightvariation(aV)of

asteroidswillalsobeaveragedout,sothatweputherea㌢-0inapplyingthe

Equation(216).

SincewecannotmeasurealbedosofasteroidsinSMBAS,wemustassumea

certainalbedofordetectedMBAsincalculatingtheD basedontheH for

individualasteroids.

Itiswellknown血atacumulativenumberdistributionfわrMBAsbrighterthan

magnitude〟isexpressedas

logN(<H)- C+ aH. (2.7)

whereaandCareconstants.Thevalueofa correspondstotheslopeforlog

Nvs.Hplot.IfwerewriteEquation(2.7)withthehelpofEquation(2.5),the

resultisequaltotheEquation(I.1).Thepower-lawindex(b)inEquation

(1.1),whichcorrespondstotheslopeforlogNvs.logDplot,isconnectedto

αby∂-5α.

2.3.2ErrorestimationortheslopeortheCSDobtainedfrom
thea!

Usingthesemi-majoraxis(a')Calculatedfrom themotionvectorof

hypotheticalasteroidsobtainedfTromafewnightsobservations,Nakamura&

Ybshida(2001)obtainedtheCSDfbr血epopulationoftheasteroidsand

evaluateditsrelatingerror.In血issub-section,theirevaluationprocessis

reviewedshortly.

As mentionedabove,thea'andI'obtainedfTromafewnightsobservations

containtheuncertainty ofbotheand(O forindividualasteroids.Sowe

examinedhowthisuncertaintywillinfluencethepower-lawindexb.Thisis

neededfortheestimateoftheerrorinthebthatwegetfTromtheSMBAS
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observations.WeperformedthefollowlngSimulationandcomparedtheorlglnal

slopeoftheCSDwiththeslopeestimatedfTroma'.

Thestep-by-stepprocedurewas:

1.GeneratelikelyorbitdistributionsofasteroidswithMonteCarlosimulations.

Theproducedparentpopulationshavevariousa,I,andewithintheranges

designatedinTable2-4.Sincewehavenoinformationatallontheorbital

distributionforthesub-km MBAs,weassumed,ascommentedatthe

footnoteofTable2-4,thattheorbitaldistributionsforsub-kmMBAsare

similartothosefわrcurrentlyknownMBAs.TheslopeorCSDfわrgenerated

populationistakentobeequalto1.75,whichisthevaluefromPLS.

2.Pickup5,000asteroidsinanobseⅣationalwindowassumed (4oX50),

foreachdistributionintable2-4.Becauseaverylongcomputationtime

wasrequiredforanarrowwindow,wehadtotakethisobservational

windowwhichislargerthanthatfbrSMBAS(about20X20).

Generally,sincealargerobseⅣationalwindowincludesasteroidsthat

havemorevariousorbits,thevaluesortheSD(α-α')andtheSD(∫-7')

inthetable212and2-3becomelargerthan onesforanarrowerwindow.

ThusweexpectthattheresultfTromSMBASwillgiveabetteragreement

betweentheorlglnalslopeandtheoneobtainedfTromBowell'Sequations

thantheresultsfTromthissimulation,becauseanarrowerwindowreduces

thefiactionoftheorbitswithunusualalandI'.

Thereasonthatwepickup5,000asteroidsissameasthatmentionedin

thesimulationofSection2.2

3.Calculateapparentmotionvelocitiesinlongitudeandinlatitude,witha

two-bodyephemerisgenerator,foreachpicked-upasteroid.

4.Calculatea'andI'ofeachasteroidusingBowell'Sequations(2.1)-(2.4)

32



CHAPTER 2 STATISTICAL METHOD TO DERIVE SIZE AND SPATIAL
DISTRIBUTIONSOFSUB-KMMBAS

fTromitsapparentmotionvector.

5.Assumethatr-a',andcalculatetheH'oftheasteroidwithEquation

(2.6)

6.AssumetypicalalbedoamongknownMBAsbecausewealsohaveno

informationatallonthealbedosforthesub-kmMBAs,translatetheH'toD

oftheasteroidwithEquation(2.5).

7.ProducethesizedistributionfromvariousDsofpicked5,000asteroidsfor

everypopulationandgettheslope(∂∫)ofthecumulativesizedistribution

byaleastsquaresmethod.

8.Comparetheoriginalslope(b)ofthegeneratedpopulationwiththeb'

estimatedfTroma'.

Fjgure2-5(a)-(C)ShowlogNvs.Hplotforthethreecases(A,BandCin

Table2-4)withb-1.75.Nisthecumulativenumberofasteroidsasafunction

oftheirH.InFigure2-5(a)-(C),Straightlinesstandfortheslopeforα-

0.35(∂-1.75).Opencirclesshowtheoriginalcumulative〟-distribution

generatedasInputdata.WeregardthisdistributionasthetrueCSDofsub-km

MBAs.FilledcirclesrepresentthecumulativeH-distributionobtainedfroma'

calculateduslngBowell'Sequationsfわrtheasteroidsthatliewithinthe

observationalwindow.Wh atweobtainfromourSMBASisthisdistribution.The

opencirclesandfilledcirclesarelinearlyflttedbyaleastsquaresmethod,

respectively.

OnecanseefTromFigure2-5(a)-(C)thatagreementbetweentheinput

H-distributionandtheoneobtainedfromBowell'Sequationsisfairlygoodforall

ofthethreemodelpopulationsforhypotheticalsub-kn MBAs.Theobtainedb's

fToreachcasearelistedinTable2-5,alongwithα'S.Theoriginalslopesα(G)
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inTable2-5werenotexactlyequalto0.35,duetothestatisticsofafinitesample

number(5,000).Ifwecoulddosimulationswithoutcomputerlimitations,α

(G)shouldtendto0.35.

Table214

Orbital-elementrangesf♭rthreemodelpopulationsorsub-kmMBAs

case-A case-B case-C

α(AU) 2.6±0.5 2.7±0.6 2.6±0.6

∫(°eg) 10±10 15±15 7.5±5

e 0.2±0.1 0.2±0.2 0.175±0.08

A:mostsimilartotheorbitaldistributionofcurrentlyknownMBAs.

B:s一ightlywiderinrangethantheorbitaldistributionofcu汀entlyknownMBAs.

C:correspondstotheFWHMoftheorbitaldistributionforcurrentlyknownMBAs.

Table2-5

GeneratedandBowell'sslopesfわrthreemodelpopulationofsub-kmMBAs.

case-A case-a case-C

α(G) 0.335

α∫(a) 0.343

b(G) 1.675

b'(G) 1.715

Ab-b-b' 10.040

ユb-≪Ab≫ 10.070

0.352 0.352

0.329 0.349

1.760 1.760

1.645 1.745

0.115 0.015

0.085 -0.015

α(G):theH-slopeforopencircles,α∫(B):theoneforfilledcircles,

(iAb}jrepresentsthemeanofAb,namely0.030.
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Figure2-5(C)

Comparisonofsimulation-generatedH-distributionswiththoseestimatedby

Bowell'Sequations.

Theformerandthelatterdistributionsareexpressedbyopenandfilledcircle,respectively.A

straightlineineachgraphshowstheslopeofα-0.35.Figure2-5(a)-(C)correspondto

case-A-CinTable2-4.

Inthepreviousdiscussion,WeassumedtheslopeoftheCSDfortheorlglnal

populationsisα=0.35(a-1.75).However,intheactualSMBAS,wedonot

knowthetrueboftheCSDforsub-kmMBAs.Wh atwehavefTromtheSMBAS

observationsisonlytheb'estimatedfrom Bowell'Sequations.Therefore,we

mustinvestigateherebysimulationslikeFigure2-5(a)-(C)howtheb'is

relatedtotheb,forawiderangeofobservedb'.So,wedeterminedthe

correctionvaluefortheb'bycalculatingthedifferencebetweenb'andbfor

variousmodelpopulations.

Weadoptedheretheninekindsofb-1.0,1.5,1.6,1.7,1.75,I.8,1.9,2.0and
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2.5,fToreachoriginalorbitaldistributionshownTable2-4.Therefore,wemade

27Orbitaldistributionsintotal.Figure216Showsthecorrectionvaluescalculated

fToreachparentorbitaldistributionwiththevariousb'S.Forthedatapointson

thisgraph,WedrawastraightlinecomlngaSCloseaspossibletoallthedata

polntSinaleast-squaressense･Theerrorbarsforeachdatapointcorrespondto

thestandarddeviationoftheb'(errorbarofxICOmPOnent)andthatoftheb-b'

(errorbarofy-Component).Bothofwhichwerederivedfromthevariationfor

thethreeparentorbitaldistributions.Notethattheerrorsofallthecorrection

valuesarelessthan±0.1inallcases.Thismeansthatifthereisadifferenceof

slopelargerthan0.1betweenthesizedistributionf♭rsub-kmMBAsandthatf♭r

km-SizedMBAs,thestatisticalmethodmentionedabovecaneasilydistinguish

thedifference.Whenthecorrectionvalueb-b'isappliedtotheCSDderived

komobserveda'S,wewillobtainthetrueCSDofthesub-kmMBAs.

AsimplifiedanalysISOfonlyseveraltensofsub-kmMBAsobservedwiththe

SubaruonJune12,2000suggeststhattheCSDforsub-kmMBAsislikelytobe

appreciablydifferentfromthatforlargerones(Yoshidaetal.200la).Thisresult

isencouraglng,Sinceitimpliesthatevenifthatthemethoddevelopedinthis

chapterhasane汀OrOr～0.1intheestimateortheCSDslope,ourmethodstill

glVeSaSufficientlymeaningfulresult.
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Figure2-6

Correctiontobeappliedtotheslope(b')calculatedbyBowell'sequation,asa

丘lnCtionof∂∫.

Thestraightlineisaleast-squares一触edcurvetoeachdatapoint.Thee汀Orbarsf♭reachdata

polntcorrespondtothestandarddeviationarisingfromvariationsamongthethreecasesin

Tab)e214.
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Chapter3

SurveyObservationsandResults

Inthischapter,wedescribethetwosystematicsuⅣeyobseⅣationsofsub-km

MBAswhichweconducteduslngtheSubarutelescopefわrexploringtheirsize

andspatialdistribution.Thefirstpreliminarysurveyhasasmallsamplenumber,

becausethesurveywasapartofthetestrunsforthecameraperformanceanddid

notsatisfytheobservationalconditionswhichwewouldintendasdescribedin

Section3.1.ThesecondmainsuⅣeywhichwecallSMBAShasenoughnumber

ofsub-kmMBAsasdescribedinSection3,2,Thesizedistributionsforsub-kn
MBAs obtainedfrombothsurveysshowedthesametrend.

3.1Preliminarysurvey

Wereportherefirstobservationsofsub-km MBAs obtainedwiththe

pnme-focusmosaicCCDcamerafortheSubarutelescope.Wehavedetected27

movingobjectsinasingleimageofthesky(fieldofview:27'x 27'),whose

locationwas410 0ffopposition･Fromtheirpositionsandprojectedmotionson

thesky,allthedetectedobjectswerefoundtobenewandconsistentwiththe

characteristicsofMBAs.TheV-magnitudesofthediscoveredasteroidsrange

approximatelyfrom19to24.Undersomesimplebutreasonableassumptions,We

estimatedtheCSDfわrtheasteroids.Thisisareportonthe丘rstattempttoobtain

theCSDofsub-kmMBAs(theminimumdiameterco汀eSpOndstoabout0.6
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km )byastatisticalanalysisoftheirSubaru images.Inthefollowing,we

describetheimagereductionmethod,theresultingCSD,apreliminary

comparisonofitwiththeCSDforasteroidslargerthanafewkilometersdeduced

fromthepastsurveyobservations,anddiscussimplicationsforourobtained

CSD.

3.1.1Observationsanddatareduction

obseⅣationsweremadeat14h26mUTofJune12,2000atthepnmefわcusof

the8.2mSubarutelescopeatopMaunaKea,Hawaii.Weusedthewide-field

mosaiccameracalledtheSubaru Prime-FocusCamera(Suprime-Cam )

(Komiyamaetal.,2000),whichcoversthefieldofviewof27'× 27'atthe

primefわcus(F/1.9)witheightchips(2048× 4096pixelseach,山epixelsize

is0.2").Thena汀OWgapsexistbetweentheexposureareas,namelyeightchips.

EachCCDhasanoverscanreglOn.

SinceourobservationswereperformedasapartofaSupnme-Camtestlngrun,

Wecouldnothelppolntlngthetelescopetotheskywiththeelongationangle

(sun-Earth-objectangle)of13900ffopposition(RA =20h10.OmandDec=

-16045')neartheeclipticplane,toavoidboththemoonandtheMilkyWay.

Theexposuretimewas5minwithV-filter.Wetooktwoimagesofthesamefield

insuccessionwithatimeintervalof9min,todetectmovlngObjects.Themean

seeingSizesforthetwoimageswere0.8"and0.9",respectively.

Ⅰmagereductionwasca汀iedoutuslngIRAFonachip-by-chipbasis.First,the

overscanreglOnWastrimmed,andthenanaveragedarklevelcorrespondingto

eachchipwassubtracted.InordertocorrectthedifferenceinpixelsensltlVlty,

theflat-fieldcalibrationmustbedone.Forthispurpose,Wetookseveralimages

ofthetwilightskywiththefield-centeroffsetslightlyeachother.Andfromthem

amediannat-fieldimagewasconstructed,withwhicheachobservedimagewas

divided.Finally,acosmic-rayremovalprocedurewasappliedfわreachchip.

Becauseoftheshortexposuretimeandthenot-S0-goodseelng,asteroidscould

40





CHAPTRE3SURVEYOBSERVATIONSANDRESULTS

3.1.2Dailymotionandphotometry

ToestimatedailymotionsofthedetectedmovlngObjects,wepickedupfrom

each chip about10 starsthathave entry in the USNOIA2 catalog

( http://tdcIWWW.harvard.edu/software/catalogs/ua2.html ).The positional

measurementsofthosestarsweremadewiththeAPPHOTtaskinIRK .The

positionforeachmovlngObjectwasalsomeasuredrelativetothecatalogstars

forboththeflrStimageandthesecondone,andtheapparentvelocityforthe

objectwascalculated.Thecentroidingerrorofeachobjectwasmuchsmaller

thantheseemgsize.

Wemadeasimulationusmgatwo-bodyephemerisgenerator,todeducea

statisticalrelationbetweenthesemi-majoraxis(a)ofasteroidsandtheir

apparentdailymotionsintheposltlOnOfthisobservationalwindow.Itwasfound

thatthemotionsofallthedetectedmovmgobjectswereconsistentwiththosefor

MBAs,thoughitwasdifrlCulttosurelydistinguishMBAs fromNEAs.However,

consideringthatthenumberofdiscoveredyetMBAs (approximatelyone

hundredthousand)isalmostahun血edtimeslarger血an血etotalnumberor

othersmallbodiesincludingNEAs(nearlya也ousand)

(httT)://cfa-www.harvard.edu/iaunists/Unusual.html),itisveryunlikelythatour

detectedmovlngObjectsincludeconsiderablenumberofobjectsotherthan

MBAsbychance.Infact,glVenaneXPeCtednumberofnon-MBAobjectsinour

obseⅣations(-27/100=0.27),thePoissonstatisticsteachesusthat

probabilitiesfわrourresulttoincludeoneortwoofnon-MBAsbych弧Ce

respectlVelyare0.20or0.03.Thismeansthat27Objectsdetectedin this

observationaresubstantiallyallMBAs.Wehavealsoconflrmedthatthose

movmgobjectsareallnewbyrefemingtotheasteroiddatabaseoftheCBAT's

MinerPlanetService.

Then,wedescribeherephotometricreductionofourobservations.Again

APPHOTinI… wasusedtodoaperturephotometricmeasurements.Forsome

reasons,Weneededtofollowthereductionproceduresmentionedbelow.First,

42



CHAPTER3SURVEYOBSERⅥYrIONSANDRESUI∬S

wecouldnothavechancestoobservephotometricstandardstarsseparatelybut

insteadhadtousebackgroundstarsintheasteroidimagesfわrphotometric

calibration,becausetheobservationswereperformedasapartofaSupnme-Cam

testrun.Forthemagnituderangeofthedetectedasteroids(V～19-24mag),

theonlyavailablestarcatalogwasUSNO-A2.Moreover,thiscatalogglVeSβ-

andR-magnitudesonly,whereasourobservationsweremadewithV-band.

Becauseofthisbandmismatch,weassumed,asaninevitablecompromise,an

average(VIR)forthebackgroundstars,whoseaveragevaluewasderived

frompopulationsofstarswithknownspectraltypes.Namely,weadoptedan

averagedvalue(V-R)～+0.37,whichwascalculatedfromthecolorfrequency

distributionfわrphotometricstandardstarsobseⅣedoverthewholesky(Landolt,

1983,Memilliod皮Memilliod,1994).Byapplyingthiscolorco汀eCtion,we

supposethattheobservedV-magforeachasteroidcanbetiedtotheR-magof

USNO-A2catalogatleastapproximately.Inthisway,themagnitudesorthe

detectedasteroidswerefoundtorangefrom18.8through23.8inV-band(see

Table3-1).ItisinferredthatthusobtainedV-magnitudesoftheasteroidscan

bearanerror(qc)of～0.27,whichisthestandarddeviationof(VIR)sfor

variousspectraltypesfromtheabovemean(VIR).Inaddition,theUSNO-A2

Catalognotifiesusthateachcatalogstarhasamagnitudeerror(6m)ofO.250n

theaverage.

Next,wemakeestimationofabsolutemagnitudes(H)Orequivalentlythe

sizesfortheobservedasteroids.InordertocalculateH-magofanasteroid,we

needtoknowitsdistances,sinceH-magandtheapparentV-magareconnected

bytherelation(EphemeridesorMinorPlanetsf♭r2001):

H=V- 510g(A ･r)-p(a)-8V, (3.1)

whereA andrstandforthegeocentricandheliocentricdistances(inAU)

respectively,p (a)isthephasefunction( a:phaseangle,namely

Earth-asteroid-Sunangle),and8Visthelightvariation.
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TocalculaterorA,wemustknowthesemi-majoraxis(a)andeccentricity

(e)ofeachasteroid.However,itissurelyimpossibletoobtainefromsucha

shorttimearcasinthisobservation.As mentionedinChapter2,theacanbe

estimatedwithanerrorof～0.1AUfromtheapparentdailymotions,ifasteroids

arenearopposition(NakamuraandYoshida2001).Italsomentionedtherethat

theslopeoftheCSDcanbedeteminedwithane汀OrOf0.1orsothrough

extensivemodelcalculationsundertheassumptionofe=0(orr=a)forallthe

asteroids.Hence,theassumptlOnOr〟=αWasalsotakeninthiswork.Practically,
wehypothesizedhereasifallthedetectedasteroidswerelocatedinthemiddleor

themain-belt(～2.7AU).Thisisbecause,forourobservations(410 Off

Opposition),theco汀elationbetweenthedailymotionandαwasnotsogoodas

nearopposition.Howthisseemlnglycrudeassumpt10nPlacedhereontheaof

theobservedasteroidsaffectstheresultingCSDwillbediscussedlater.

3.1.3Results

Table3-1summarizesthemeasureddailymotions,V-magnitudesand

H-magnitudesofthe27asteroids.InconversionofV-magtoH-maguslngthe

Equation(3.1),weadoptedthephasefunction(with a=140 forthe

obseⅣationdate)co汀eSpOndingtothephotometricslopeparameterG=0.15,

whichisthewidelyusedvaluefわrthem亘iorityorasteroids(Ephemeridesor

MinorPlanetsfわr2001).From these〟-magnitudes,onecancalculatethe

comSpOndingdiametersbyassumlnganapprOpnatealbedo.Befわredoingthis,

however,letusestimatetheoverallerror(6)containedintheH-magnitude.

The♂consistsofseveralcomponente汀OrSdiscussedinthepreviousSection

3.1.2andothercomponents,andthee汀Orbreakdownwillbeexpressedbythe

equation:

2_ 2
♂ 一 打02+ Jc2+ Jm2+ Jv･
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Table3-1

Summaryofasteroidsdetectedinthisobservation.

Asteroid chip
number No.

Apparent Absolute
Apparentmotion magnitude magnitude

(arcmin/day) (∩ag) (mag)

1

2

3

4

5

6

7

8

9

10

日

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

2 5.93 23.13 18.86

2 9.21 21.40 17.13

3

3

3

3

3

3

(7.0)

7.03

3.15

3.66

4.51

6.55

(23.5) (19.2)

22.96 18.69

20.84 16.57

19.02 14.75

22.64 18.37

23.19 18.92

4

4

4

4

5.38

3.38

(5.5)

(6.8)

22.24 17.97

21.98 17.71

22.75 18.48

(24.0) (19,7)

5

5

5

5

5

4.86

7.18

6.10

6.04

1.29

19.30 15.03

23.06 18.79

22.27 18.00

19.76 15.49

21.08 16.81

7.08 23.80 19.53

7

7

7

23.37 19,10

19.38 15.ll

20.74 16.47

8

8

8

8

8

8

6.ll

4.64

5.55

(6.2)

(3.6)

6.75

23.69 19.42

18.77 14.50

21.91 17.64

21.98 17.71

18.95 14.68

20.72 16.45

Note.Thevaluesinparenthesesarelow-accuracydata.
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whereq0istheerrorcausedbytheassumptlOnSthata=2.7AUande=0for

alltheobservedasteroids.Wefoundout6.-0.63byanorbitalsimulationas

mentionedinSection2.2fわranensembleoftheMBAswithrealisticrangesofα

ande.Asforthelightvariationerror(qv)Causedbytherotationofasteroids,

nothingcanbeknownfわrourasteroidssincetheobseⅣationtimewasonly10

minutes.Therefore,Weinferreditbyregardingasqvamodevalueforthe

distributionofthepeak-to-bottomlightvariationamplitudeofasteroids(吉田,

1999,EphemeridesofMinorPlanetsfわr1998).Theresulting♂,is0.25.

Sinceothererrorslikeqcand6mhavealreadybeenestimatedinSection

3.I.2,wecanobtaintheafromEquation(3.1)as(0.632+0.272+0.252+

0.252)1′2=0.77.Itisnotedthat仇evalueisfわrasingleasteroid.Irthereare〟

asteroidsinaH-binofFigure3-2,theerrorforthisbinshouldbe6/rn.

Figure3-2Showsthedifferential(white-boxhistogram)andcumulative

(blackandwhitedots)H-magdistributions,drawnbasedonTable311.Thetwo

asteroidswhosemeasuredmagnitudesarefairlyuncertainbecauseofpartial

overlapplngWithstarsintheasteroidofTable311areomittedinFigure3-2.The

errorbarattachedtoeachdotisa/√nfortheaboveq=0.77.Thediameter

(D)scaleintheupperabscissawascalculatedfromthelowerH-magscalefor

theaveragedalbedoofC-andS-typeasteroids,thatis,uslnganempirical

formulalogD=3.6510.2H.Onecanseefromtheformulathatthefaintest

asteroidinTable31lcorrespondstothediameterofabout550m.

Next,WewillexaminetheslopeofthecumulativesizedistributioninFigure

3-2.Nearthelimltlngmagnitude,itispossiblethatsomefractionofveryfaint

asteroidsescapedvisualdetection.Tbtakeintoaccountthispossibledetection

failure,astraightlineslopewasfittedbyaleast-squaresmethodonlyforthe

asteroidsindicatedbyfilled(black)dots,whichareatleast1.5magnitude

brighterthanthedetectablemagnitude.Theslopeofthefittedlinewasthen

fわundtobe1.0.

Althoughtheleast-squaresfittingerrorfortheslopewascalculatedtobe0.1,

thisvalueshouldbetakenasaformalerrorratherthanapracticalone,sincethe
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H-magerrorattachedtoeachdatapolntinFigure312isaslargeas0.40-0.77as

aresultfromtheassumptionthatallasteroidshavea=2.7(AU).Hence,in

ordertoestimatetherealisticerroroftheslope,weproducedinacomputera

hundredsetsorsyntheticdatapolntSbygeneratlngrandomvaluesthatobeya

GaussiandistributionwiththestandarddeviationofJ/√n,andwiththema

hundredslopeswerecalculated.Themeandeviationoftheseslopesfrom1.0was

about0.3.Weconsider,therefore,thisvalueasarealisticerrorforourobserved

slope.ThentheslopeofCSDforMBAsfromthisobservationis1.0±0.3.

ThedashedlineinFigure3-2representstheslope(～I.75)estimatedfrom

thePalomar-Leiden(VanHoutenetal.,1970)andSpacewatch(Jedickeand

Metcalfe1998)surveys,whichcoveredthesizerangeofD>afewkilometers.

As thislineisintendedtoonlyshowtheirslopesforcomparison,thezeropointis

arbitrary.OnecanseefromFigure3-2thatourslopeforthesizerangeof611

km ismuchgentlerthanthePalomar-LeidenandSpacewatchslope.This

suggeststhat,foraspecifiedsizerange,theskynumberdensityofsub-kmMBAs

isfairlymoredepletedthanthatextrapolatedfromtheslopeofthepastsurveys.
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101

Diameter(km)
100

15 20

Absolutemagnitude(mag)

Figure3-2 Thedifferential(white-boxhistogram)andcumulative(blackand

whitedots)H-magdistributionsforourobservedasteroids.

Thediameter(logarithmic)scaleintheupperabscissaiscalculatedfromanempirical

relation:logD=3･65I0･2H･Thesolidlineisleast-squares-fittedtotheblack-dotpolntS･As

fortheerrorbars,seetext.Thedashedlineisdrawnonlytorepresenttheslopeforthepast

systematicsuⅣeys(thePalomar-LeidenandSpacewatch).
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3.2Sub-kmMain-beltAsteroidsSurvey(SMBAS)

3.2.1DescriptionofSMBAS

Toconfirm theresultsofthepreliminarysurveymentionedinSection3.1,the

secondobservationswerecamiedoutonFebruary21and24,2001bythesame

instmmentsasinthepreliminaryobseⅣation.ThissuⅣeylSOurmainsuⅣey:

Sub-kmMain-beltAsteroidsSuⅣey(SUBAS).Bythistime,theSuprime-Cam

hasbeenimproved,thenumberofCCDchipsincreasedfromeighttoten,anda

fieldofviewcouldcovertheskyareaof34'x27'.ThetenCCDchipsare

arrangedasinFigure3-3.Thelower-leftCCDdidnotworkinourobservations.

SoweachallyusednineCCDchips.

AlargenumberofMBAsstayneartheecliptlCplaneandeachasteroidis

brightestnearoppositionbecauseortheshortdistancebetweentheearthandthe

asteroid.Forthesereasons,Wepolntedthetelescopetonearoppositionwithan

elongationangle(Sun-Earth--objectangle)of～1800neartheeclipticplane.We

selectedsevenobservationalfieldsshowninTable3-2onFeb.21.Figure3-4

showsourobservationalfieldsincludingtheecliptic,Whichtheyarenearthe

baseoftheforefeetofthelionintheLeonisconstellation.Weobservedthesame

sevenfieldsalsoonFeb･24･Thetotalsurveyskyareaisabout3･26deg2･The

R-bandfilterwasusedwith7minexposure.TheseelngSizewas～0.811.0

arcseconFeb.21and～0.7-0.9arcseconFeb.24.Weperformedtwo

obseⅣationalmodes:1)WideField(WF)suⅣeymodeand2)DeepField

(DF)surveymode.InWFsurvey,weselectedfiveobservationalfieldsshown in

Table3-2andinFigure3-4.Wetookthreeimagesofthesamefieldwithatime

intervalofabout55min.InDFsurvey,twofieldsshowninTable312andin

Figure3-4werealsoselected,andelevenimagesofthesamefieldweretaken

everyllmininsuccessionincludingthereadouttimeofabout4min.Wealso

observedsixphotometricstandardstars(seeTable3-3).Thesizeofanimage

fileisabout160MB.Sothetotalfilesizethatweobtainedis23518.44MB.
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Table3-2

Thecentercoordinates(J2000.0)oftheobservationalfields.

WFSuⅣeyl

WFSuⅣey2

WFSuⅣey3

WFSuⅣey4

WFSuⅣey5

DFSuⅣeyl

DFSuⅣey2

RA.10:18:00

RA.10:20:00

RA.10:21:25

RA.10:20:50

RA.10:22:50

RA.10:22:00

RA.10:23:05

DEC.+10:23:00

DEC.+10:21:00

DEC.+09:52:00

DEC.+09:23:00

DEC.+09:23:00

DEC.+10:21:01

DEC.+10:50:00

Table3-3

Photometricstandardstars(Landolt).

Name RA. DEC. Vmag V-R

SA97224

RU152B

PGO918+029A

PG1528+062A

SA104338

PG1047+003B

5:58:44

7:29:56

9:21:35

15:30:49

12:42:31

10:50:09

-00:05:13

-02:05:39

+02:46:20

+06:01:24

-00:38:32

-00:02:00

14.085 0.553

15.019 0.29

14.49 0.325

15.553 0.433

16.059 0.348

14.751 0.391

3.2.2Datareduction

Obtainedimagesweredividedintothethreekindsofframesasfollows:bias

frames,sky-flatframesandobjectframes.A frameincludesnineCCD-chip

imagestaken during oneexposure.Ⅰmagereductionwasca汀iedouton a

CCD-by一ccDbasisinastandardmethoduslngNOAOIRAF,whichwemention

inthenextsection.
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3.2.2(a)Procedureofthestandardimagereduction

Hereisthestep-by-stepreductionprocedure:

1.Theaveragevalueoftheoverscanreg10nforeachCCDwasfirstsubtracted

fromeachCCDimage.

2.TheoverscanreglOnWastrimmedandthentheimagewhichconsistsonlyof

theeffectiveareawasmade.Theinformationoftheareahadbeenwrittenin

theimage'sheader.

Thefirstandsecondoperationscanbeperformedatthesametimebyuslng

IRAF-noao-imred-biasICOlbias(seeFigure3-5).

3.Inordertoco汀eCttwo-dimensionalbiaspattemofeachCCD,thebiasimage

wassubtractedfrom eachCCD image.Thebiasimagewasmadeby

averaglngtworawbiasframeswhichwaretakeneverynight.

Thisoperationiseffectivetoreducethedeviations(6 )ofthesky.

4.InordertoflattenanydifferenceinpixelsensitivityWithinaCCD,anat-field

calibrationmustbedone.Forthatpurpose,Wetookseveralimagesofthe

twilightskywiththefleld-centeroffsetslightlyfromeachother.Then,a

medianflat-fieldimagewasconstructedfromthem,bywhicheachCCD

imagewasdivided.
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ThisenablesustoeasilyidentifymovlngObjectsasatimesequence.For

example,intheWFsurvey,asforwhitemovlngObjects,wecansurelyconfirm

thatthewhitedotco汀eSpOndstotheimagetakenatthesecondexposure.Itmay

alsohelpusjudgewhetheroneelongatedobjectiseitheramovlngObjectora

galaxy.Becauseallgalaxiesarealwaysseenasblackimages,wecanconfidently

regardallwhiteimagesasmovlngObjects.Thistechniqueisalsousefulto

confirm thatamovlngObjectisthesameoneevenontheneighboringCCD

chips.

3.2.2(C)NuITLberofdetectedmovingobjects

Wecheckedbyacarefuleye-inspectionallofthemagnirledimagesthat

finishedtheoperationsmentionedinSection3.2.2(a)and(b),andthenwe
detected1,194movingobjects(seeTable3-4).Then,afterremovingthesame

movlngObjectsthatstrodeoverneighboringCCDs,weeventuallydetected1,1II

movlngObjects.
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Table3-4

Summ aryofthenum bersofdetectedmovmgobjects.

Date:21FebnlarⅥ2001

Fわ一d UT 舶汀n■■■ 臥 DEC EhdLd rtJITlb+r01 2 I I 6 7 一 ○Th l
WF飢ryv 1 k42:137カ7;鵡一虞l鯛 1.7041J32●1,19510:lA00■10iEadO.01 a16●I 7 I●13 7 73
VrFSLIN●yZ 4153:187舶A*7*7 1JB221.王}1.1○丁10i20dO+10i21瓜 的 1○ 13○I13 4 15 5 7 〇一
WF如rvqa 7カ●:幻7:糾AdBk83 1JPB1JZ61JOO 10i21:26ぺ鰍dL2A 17 ll 7 7 I 12 ○ I ll ○ 帥

WFStJ叫 4 7:18128k10h3kOk64:-.!A.l二一 1.4731｣一111m一1.04410in的 棚蜘 33 9 Ia I ●I● 1○ I71
肝 Suryv6 7虚畑All:5-k21鯛 1Jl171.1的1鷹 1駄王と帥 ぺ簸川 札04 1■I7I●●1○ 12●83

De叩!』∩一一1 k57iZ11伽αは710:1●虞2low10:一氏141駄馳1●llmiMll:ltnH卿11棚11虚1345 1JL221,○171.01一1｣○1●1.○171JOZllm1.瓜■1償1月畔1_〟詮10iZZdO十10iZ1コ01.15 1○I3 I 暮一I I I 58

D●phrvvZ 12虞馳繊1日1;糾12:a1Zdi4m13dW13:1&141鮎一丁:181353W13:4kZ914dXt341一:ll:濃 ー11111111.ー韓.1-〟一加1.234.283A1J)+.4償1JB3一1●_71710i2adS+1相 場瓜油●1● 1ー 丁●7 ●1○ ●75
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Fl●u l汀 AJrn～ 臥 咲:瓜 Dd rtL鵬 ●r0ー2 I I 5 7 8 ●Th l
SLq 1 8戯 96791カ18:1鮎独 1.7621.三拝1.14710:1-m +1な22:6-99 一一1● 6 ll 一一 10 7 ll 的
SuryTr2 494*17532m82793 .t陣●.307.1251020dXl+1Q21:00.34■1○II 7 I10 I ll 77
S岬 3 一■7y嶋7343:ll89B:18 .Bq7.2eI.106 1091:26■臓 62:00.30 12●1ー○16 一〇 8●10 92
SLq 4 ●54517別;174州 側 .906.228.OM 1仕脚 +隙23:阻○11-■○I5 1○ ll ○ 8 84
BLJq 6 7カわら●●鎖 :22●伽 .446.1一丁.07410m ●職23:00.39 ● 12 7 I 7I10 12 16 83

Dq如叩 1 I:11朝○淵ー糊●鵬 鯛一朗:130m:180:18930m 劇OdO43○jB1981桝 1h521朋1月1AL221h171h141h141A1●1h191A261.034 1脚 +10:21:tKL獣l1● 15 7 ll 1● 1S 23 12 17 12●

■70

3.2.3Photometry

3.2.3(a)Measurementofbrightness

WecarriedoutaperturephotometriCmeasurementsfordetectedmovlng

objectsandtheotherobjects(starsorgalaxies)listedintheUSNO-A2

catalogueonthesameimage,byusingIRAF-apphot(seeFigure3-8).Next

weaddedthefollowlngCOrreCtionstothemeasuredbrightnessofthemovlng
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3.2.3(b)CorrectionofsensitivityamongnineCCDchips

InamosaicCCDcamera,eachCCDhasaslightlydifferentsensitivltyWhen

comparedwithitsneighbors.Inordertoflattentherelativeresponseforeach

CCDtotheincomlngradiation,weneedtoperfbm thefbllowlngCalibrations:

1.Wemeasurethemeanvalueofaskybackgroundarea(e.g.,lox10pixel2)

wherethereisnostarintheobjectframe.Wecomparetheaverageslgnal

valuesofseveralmeasuredareasfわroneCCDwiththoseinotherCCDs(see

thesecondcolumnintable3-5).

2.Practically,WecalibratethesensitivityofeachCCDwithrespecttothe

No.2-CCD,forwhichimagesofthestandardstarsweretaken(seethethird

columnintable3-5).

3.ThedifferenceofsensitivityforeachCCDwastranslatedintothedifferenceof

magn血de(Seethefbur血columnintable3-5).

4.AfterconsideringthedifferenceofmagnitudeforeachCCD,Wecangetthe

correctedmagnitudesofmovlngObjects.

3.2.3(C)Correctionofairmass

WeobservedseveralLandoltstandardstarsatsomedifferentairmassesand

thenmeasuredtheirbrightnessusingtheIRAF-apphot (Landolt,1992,see

Table3-3).Figure3-9Showsanexampleofextinctionfor24February

observations･Fromthisfigure,wegotacorrectionof2.8726mag,toconvertthe

obseⅣedmagnitudestoatmosphere-lessmagn血des.

Weaddedthisco汀eCtiontothemagnitudeobtainedinSection3.2.3(ち).In

thisway,brightnessforallmovlngObjectswascorrected.Asmentionedin
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Section3.2.3(a),sinceeachobjecthasalightvariation,Wemustmeasurethe

brightnessofeachobjectforeveryexposure.Wefoundthattheaverage

ampl血deofthelightvariationisabout0.25magThisvalueisabouttentimes

largerthanthemeasuringphotometricerror(about0.03mag)ofeachobject.

Therefore,thiserrorof～0.25magmayaffecttheabsolutemagnitudeforeach

objectnearlybythesameamount,especiallyforasteroidsintheWFsurvey

whereonlythreeexposuresweremade.

Tbble3-5

ThedifferenceofsensitivitybetweenCCDs

Chip AVerageValueofsky Thedifferenceof Thedifferenceof on-uniformity

No. background sensitivity magnimde ithin仙eCCD(%)

0 11144.47 1.309691 0.293 0.96

1 12670.8 1.489065 0.432 0.38

2 8509,233 1 0.000 0.27

3 8216.5 0.965598 -0.038 0.30

4 8861.9 1.041445 0.044 0.14

5 10471.87 1.230647 0.225 0.29

7 12970.4 1.524274 0.458 0.40

8 10712.7 1.25895 0.250 0.30

9 11111.93 1.305868 0.290 0.57

※ NotethatthereisnochipforNo.6.Itisseenthatthenon-uniformitywithinaCCDisnot

largerthan1%.
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3.5003.000 y=-0,0869x+2.87265
2.5002.000h○～≡-=:1.5001.0000.5000.000 ー▼
0 0.5 1 1.5 2 2.5 3 3

Figure3-9

Theextinctioncurve.

ThehorizontalaxisshowstheaimassoftheobseⅣedstandardstars,andtheverticalaxis

showstherelativemagnitudeoftheobservedstandardstarsforthemagnitudeentriesinthe

Landoltcatalogue.Forthedataonthisgraph,wefittedastraightline(y= -0.0869x+

2.8726)toallthedatapointsbyaleastsquaresmethod.

●
3.2.4Measurementsofpositionsandvelocitiesofmovlng

objects

ToestimatethedailymotionsofthedetectedmovlngObjects,wepickedup

from eachCCD about10starsthathaveentryintheUSNO-A2catalogue

( httl)://tdc-www.harvard.edu/software/cataloES/ua2.html ). Positional

measurementsofthosestarswereagammadewithIRAF-apphot.Theposition

foreachmovlngObjectwasalsomeasuredrelativetothecatalogstarsforall

CCD lmages.Theapparentvelocity fortheobjectwascalculatedfrom its

positionsco汀eSpOndingtoallor也eexposuretimes.
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3.2.5Calculationofeclipticcomponentsofobjects'motions

Inordertoestimatethesemi-majoraxis(a)andinclination(I)oftheorbit

foreachsub-kmMBAbyuslngOurmethoddescribedinChapter2,Wemust

calculatetheecliptlCCOmPOnentSOfthemovlngVelocityforeachmovlngObject.

SoweobtainedtheirecliptlCCOmpOnentSaSfわllows.

1.IfthefieldofviewofaCCDissmallenough(<lo),Wecanassumethatthe

celestialsphereprojectedontheCCDisapproximatelyplane,becauseanerror

betweenthesphereandtheplaneisnegligible.Forexample,anasteroidnear

thecenterofthemain-beltmovesabout0.6'perhour.Thedifferenceinthe

hourlymovementsoftheasteroidseenonthecelestialsphereandontheplane

isonly0.005".ThisvalueismuchsmallerthanthepixelsizeofSupnme-Cam

(0.2").

2.WedeterminedthedirectionsofthenorthpoleandtheequatorontheCCD

imagebyusingtheposition(rightascension(α),declination(8))ofstarsof

theUSNO-A2catalog.Weusedthepositions(αI,81)and(α2,82)oftwo

knownstars,andcalculatedthescalefactor(f)thatrelatestheunitofthe

standardcoordinatetothe(Ⅹ,y)pixelunitortheCCDimage.The′isthe

numberofpixelscorrespondingto 1(82-81)2+(α2-αl)2cos28tl′2,
where8- (82+8.)/2.Wecantranslatethe(α,8 )oftheobjecttothe

eclipticlongitude(A)andlatitude(〟)usingEquations(3.3)-(3.5).

cosβcosA=cos∂cosα (3.3)

cosPsinl=sin8sine+cos8sinacose (3.4)

sinβ=sinScosE-COS8sinαsinE, (3.5)

whereEistheobliquityoftheeclipticfortheobservationalday,and
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E-230 26'21".448-230 .4392911 (J2000) (3.6)

3･Whenthepositionsoftwostarsinthestandardcoordinatesystemare(EI,7I)

and(i2,ワ2),andthepositionsofthetwostarsinthepixelcoordinatesystem

are(x1,y1)and(x2,y2),therelationbetweenthestandardcoordinate(E,

7)andthepixelcoordinate(Ⅹ,y)isrepresentedasfollows･

△Ⅹ/f=A△ E+B△ ヮ (3･7)

△y/f =C△E+D△ ヮ (3･8),

where△E=(E2- El),△ヮ=(ヮ2- ワ1),△Ⅹ=x2~ Ⅹ1,and△y=

y2- yI.TheA,B,CandDareconstants.Wecandeteminetheseconstants

fromthepositionsoftwostarsasshowninFigure3-10.

4･BymeasunngthepositionoftwoknOwnstarsinthexypixelcoordinate,we

obtainedAx(=x2- Xl)andAy(=y21yl).

y

I

｣

i
i
i
i

i
!

α1=10:22:53.378,♂1=+ll:00:52.56

Ⅹ1=1791.04,yl=3247.56

3:06.943,♂2=+10:53:06.90

5,y2=924.39

Figure3-10

ExampleorthepositionsofUSNO-A2starsonaCCDchip･
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5.Wecalculatedthepositions(AI,PI),(A2,P2)oftwostarsintheecliptic

coordinatefromthepositions(a I,81),(α2,82)oftheUSNO-A2catalog

usingEquations(3･3)-(3･6)･Next,weobtainedthe△Eand△ヮ

usingthefollowingEquations(3.9),(3.10)(Mueller1969).

Af =

A々 =

cosβlSin (̂ 1- ^2)

sin β.sin β 2+COSβlCOSβ2COS(A.lA2)

sin βlCOSβ 2 - COSβlSin β 2COS(Al- ^2)

sin ♂.sin β 2+COS♂,COSβ 2COS(Ar A2)

(3.9)

(3.10)

6.0ntheotherhand,sincetherelationbetweenthex'y'Coordinateandthe

ecliptlCcoordinateisshowninFigure3-ll,wecanwritetherelationas

fbllows.

Ⅹ'=EcosO+ヮsine
y'=ヮCOSOIEsinO

xニーⅩ'

y=y'

Therefわre,

△∈ニー△Ⅹcosβ-△ysinβ

A7--Axsine+Aycose

Finallyweobtainedβ-21.4450.

(3.ll)

(3.12)

(3.13)

(3.14).

(3.15)

(3.16).

TherefbrewecancalculatetheecliptlCCOmpOnentSOfmovlngVelocltyfわr

individualmovingobjectsfrom Equation(3.17)and(3.18),afterthe

measurementsofits(△X,Ay).
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△∈ニー△Xcos(21.4450)-△ysin(21.4450) (3.17)

△ヮ--△ⅩSin(21.4450)+△ycos(21･4450) (3.18)

AEandA?correspondtoAandP inBowell'Sequations,respectively･

Now wecancalculatetheaandIofeachmovlngObjectuslngBowell'S

equations(2.1)-(2.4)fromEquations(3･17),(3.18)anditspositionmeasured

inthexyplXelcoordinate.

ワ y'y'

>ど.....

A .........i -

Ⅹ'一■ IワIL..A......△Ⅹ, ヽ β

｢■ A-ど B

Figure3111

Therelationbetweenthe(Ⅹ',y')pixelcoordinateandthe(E,7)ecliptic

coordinate.
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3.2.60bservationalbiascorrections

SMBASwasconductedinaverysmallskyareaonlynearoppositionandnear

theecnptlC.ForsuchobseⅣationalconditions,Wemustconsidersome

obserbationalbiases.Observationalbiasesofasteroidswerealreadyinvestlgated

byseveralresearchers(e.g.,Bendixeta1.,1992,Jedicke,1996,Jedike&

Metcalfe,1998,Tancredi,1998).Generally,twokindsofbiasesexist:1)the

absolutebiasand2)therelativebias.Theabsolutebiascorrectionisnecessaryto

estimatetheH-distributionofasteroidswhichareinspecificorbitalregionand

arebrighterthanalimltlngmagnitude,Therelativebiasconcemsonlyarelative

numberofasteroidsnormalizedwiththeasteroidnumberinaspecifiedorbital

region.Any observationalbiasesmustbeadjusted correctly to match

obseⅣationalconditionsoreachsuⅣey

Nakamura皮Yoshida(2001)andYoshida(1999)havealreadyestimated

observationalbiasesforasmallareanearoppositionandneartheecliptic(see

Figure3-12,3-13).TheycalculatedtherelativebiasesasfunctionsofaandI

thataremajorbias-affectedcomponentsfortheobservationalfieldofview(5o

X 40 ),centeredatoppositionandneartheecliptic.Figure3-12showsthe

relativebiasasafunctionofa.Therelativebiasisdefinedhereasthenumber

ratiobetweennear-eclipticasteroidswithr～6AUandthosewithr=a(AU).
Threerelativebiascurvesarecalculatedforcircular,near-circular,andelliptlC

orbits.Figure3-13showstherelativebiasasafunctionofI.Therelativebiasis

definedheretobethenumberratiobetweennear-eclipticasteroids(I～0)and

thosewithI.Threerelativebiascurvesarecalculatedfortheinner-(2.3AU),

middle-(2.7AU),andouteトMBAs (3.1AU ).Inthispaper,Weapplied

thebiascorrectionsshowninFigure3-12and3-13toSMBAS,andcorrectedthe

a-distributionandI-distributionforMBAsobtainedfromSMBAS.
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Figure3-12

Therelativebiasasafunctionofa.

Therelativebiasisthenumberratiobetweennear-eclipticasteroidswithr～6AUandthose

with〟=〟(AU).TherelativebiascuⅣesarecalcu一atedf♭rcircular,neaトCircularand

elliptlCOrbits･
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Figure3-13

TherelativebiasasafunctionofI.

Therelativebiasisthenumberratiobetweennear-eclipticasteroids(I～0)andthosewithI.

ThreerelativebiascuⅣesarecalcu一atedf♭rtheinner-,middle-,andouteトMBAs.
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3.2.7Results

3.2.7(a)Oyervieworresults

Wedetected1,111movingobjectsdown toR=26.5magintheskyareaof

3･26deg2nearoppositionandtheecliptic･FollowlngthemethodsinCapter2and

3,wecalculatedtheaandIfromthemeasuredpositionandbrightnessforeach

detectedobjectuslngBowell'sequations.TheasofmovingObjectsestimated

from theirdailymotionsrangedfrom 0.2to45AU.Sincewearemainly

interestedinthestructureofthemain-belt,weintendedtopickuponlyMBAs.

Here,wedefinedthemain-beltzoneasa=213.5AUaccordingtothepast
surveys,andweregardedallthemovlngObjectswhichfellinbetween2and3.5

AUasMBAs.ThenthedetectedMBAswere861asteroidsintotal.Fromthis,

wefoundthattheskynumberdensityofMBAs is264perdeg2downtoR=26･5

magnearoppositionandneartheecliptic.Moreover,usmgmethodsmentionedin

Section2.3.1,wefoundthattheH'srangeforMBAs fiomSMBASis13.2<H

(mag)<23.0,andthenalsofoundthattheD'srangeforthemis0.1<D(km)

<10.Ofcourse,WeappliedthesystematiccorrectionsshowninTable2-1and

2-20rSection2.2totheαandJcalculatedofeachMBA.

Figure3-14(a)showsthea-distributionof861MBAs detectedinthe

SMBAS,Thegreen,yellow,andgrayboxesindicate,respectively,the

a-distributionof861MBAs from SMBAS,thatofMBAscorrectedbythe

relativebiascalculatedfわrelliptlCOrbits,and也atofMBAsco汀eCtedbythe

relativebiascalculatedforcircularorbitsinFigure3-12.

Figure3-14(b)showsthea-distributionof85,150knownMBAs

(ftT)://如.lowell.edu/pub/elgb/astorb.html).Inthea-distributionoftheexisting

MBAs,itiswellbown血atthediminutionofasteroidsnear2.1,2.5and2.9AU

isrenectedbytheexistenceoftheKirkwoodgaps.Inordertofairlycomparethe

resultofknown MBAswiththatfortheMBAsofourSMBAS,wedrewFigure

3-14(b)byintentionallydegradingtheresolutionforthea.Itisinterestingto
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notethat,fortheMBAsdiscoveredwithSMBAS,onecanseethesametrendin

thea-distribution(depressionneara=2.5AU)asthatoftheknownMBAs.

Thismightimplythat,evenforsub-kmMBAs,the3:1Kirkwoodgapstillgives

strongdymamicaleffects.

Tocomparewitha-distribution(Figure3114(d))ofMBAswith3<D

(km)<22ObtainedfromtheSpacewatchsurvey,Werewrotetheverticalaxisof

Figtlre3-14(a)bythelogarithmscaleandthendrewFigure3114(C).From

Figure3-14(C)and3114(d),onecanseethatbothofthea-distributions

resembleeachother.Thissuggeststhatthereisnoclearthesizedependencein

thea-distributionofMBAs forthesizeranglngfromafewhundredmtoafew

10km.However,wecannotsurelyunderstandthedetailstmcturenearthe

Kirkwoodgapsbecauseofatheroughresolutionofabout0.IAUinSMBAS.
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Figure3-15(a)showstheI-distributionofMBAsdetectedinSMBAS.The

greenandgrayboxesindicaterespectivelytheI-distributionof861MBAs from

SMBASandthatofMBAscorrectedbytherelativebiascalculatedfわr

middle-beltasteroidsinFigure3-13.0ntheotherhand,Figure3-15(b)shows

theI-distributionofknownMBAs.ThoughtheI-distributionofknownMBAs

Steeplydecreasesalongwiththeincreaseof∫,thatoftherelative-bias-co汀eCted

MBAsisseentobecomparativelyuniform overtheI-rangeshowninFigure

3-15(a),exceptthelackofasteroidsnearI～120.Itisnotclearnowwhether

thelackisrealoranartifactcausedbystatisticsofsmallsamplenumber.

TocomparewiththeI-distribution(Figure3-15(d))ofMBAs withD

(km)>5ObtainedfromthePLS,wechangedFigure3115(a)intoFigure3115

(C).FromFigure3115(C)and3-15(d),onecanseethatbothofthe

I-distributions resembleconsiderably.Moreover,to comparewith the

I-distribution(Figure3-15(f))forthreeregionsofthemain-beltobtained

fromtheSpacewatchsurvey,wedividedthemain-beltintothreeregions(inner;

2.0<α<2.6,middle;2.6<α<3.0,outer;3.0<α<3.5),andplotted

I-distributionsforeachregion(seefigure3-15(d)).BoththeI-distributions
shown inFigure3115(e)and3-15(f)alsoresembleeachother.Thesemay

meanthatthereisnotanysizedependenceintheI-distributionofMBAswhich

aredowntoafewhundredmeters.
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TheI-distributionforeachreg10nforMBAs detectedintheSpacewatchsurvey.
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Figure3-16showstheH-distributionofMBAsdetectedinSMBASandthe

knownMBAs.ⅠnapreviousSection,Wesaidthat〃一magoreachasteroidinthe

SMIiASresultcanhaveameane汀OrOf-0.25mag.However,notethatthe

magnitudeerrorinthehistogram ofFigure3-16isgenerallymuchbetter,

becausethestatisticalH-errorinaH-binisimprovedbytheamountofAH/rn
(△〃:themeanlightvariatione汀Orfわrasingleasteroid,n:datanumberina

〟-bin),unlessthedatanumberistoosmall.

FromFigure3116,weseethatthepeakoftheH-distributionforknownMBAs

isabout15mag(co汀eSpOndingtoabout4.5kmindiameter),whereasthepeak

fortheMBAs obtainedwithSMBASisabout20mag(correspondingtoabout

450mindiameter).Therefわre,OnecanunderstandthatourSMBAScould

observethesizeregionofMBAs roughlybyoneolderofmagnitudesmallerthan

thatofknownasteroids.Thus,weexpectthatourobseⅣationaldataonsub一km

faintasteroidswillgiveanew insightintothecollisionalevolutioninthe

main-beltinvariousrespects.ThispolntisdiscussedmoreinCapter4.
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3.2.7(b)Sizedistributioninthewholemain-belt

WhenwediscusstheCSDorsub-kmMBAs,Wemustbeawareofthattowhat

magnitudeisthestatisticsinquestionreliable.Thisisbecausesomefractionof

asteroidsisalwayslostbychancenearthedetectablelimltlngmagnitude,

whatevermeasuringapproach(automatic/visual)wemaytake.

InSection3.2,2,wehavementionedthatourblack-and-whiteimage
overlapplngmethoddegradestheskyS/良tosomeextent.Thedegreeof

deteriorationwasabout26 forthreeexposuresand36 forllexposures,

where6representsthestandarddeviationofthesky-backgroundnuctuation

foraslngleexposureimage.Statisticsteachesusthataslgnallevelhigherthan2

-36CanSurelybedetected.Hence,Wecanalsosaythatthedetectionof

black-and-whitetrailedasteroidswhichweperformedinSection3.2.2isleast

affectedbyaccidentaldetectionloss,tothelimltlngmagnitudeofoverlapped

images.

Nevertheless,foramodestestimate,wedefinedhere,asacriticalmagnitude

forcompleteness,themagnitudebelowwhich90% ofdetectedMBAs is

included(roughlyco汀eSpOndingtotheleveloftwomagn血desbrighterthanthe

faintestmagnitude,H～23inFigure3-17).Fromthisdefinition,wefoundthat

thecriticalmagnitudeisabout20.9foralloftheMBAs detectedinSMBAS.

Moreexactly,thiscriticallimitingmagnitudedependsupontheheliocentric

distance,andthiswillbediscussedinthenextSection.

Figure3-17showsthedifferential(white-boxhistogram)andcumulative

(blackdots)H-magnitudedistributionsfor861MBAs detectedfrom our

SMBAS.Thesolidlinewasdrawntocomparewiththeslope(b～1.75)ofthe

CSDfromPLSandtheSpacewatchsurvey.ItseemsthattheslopeoftheCSDfor

asteroidsbrighterthanH～16isalittlemoresteepthan1.75,andthatof

asteroidsfortheH-range～18to20.9ismuchmoregentle.As theSpacewatch

(Jedicke&Mefcalfe,1998)andSDSS(Ivezicetal.,2001)ascertained(See

Capter1),wecouldalsoconfirm thattheslopeoftheCSDofsmallMBAs is
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shallowerthan previousestimatesand cannotberepresentedbyaslngle

power-law.

15 20

Absolutemagnitude(mag)

Figure3-17

TheH-distributionofMBAsdetectedwithSMBASinthewholemain-belt.

Thewhite-boxhistogramisthedifferentialH-distributionandtheH-distributionwithblack

dotsstandsfortheCSD.Thesc･lidlinewasdrawntocomparewiththeslope(b～1.75)of

theCSDfromPLSandtheSpacewatchsurvey.
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3.2.7(C)Sizedistributioninthreeregionsofthemain-belt

Inthissection,wepartitionedthemain-beltintotheinner,middleandouter

reg10nSdefinedby2.0<a<2.6,2.6<a<3.0,and3.0<a<3.5AU,respectively.

ThisdivisionisconfbmabletotheprevioussuⅣeys:YMS,PLSandthe

SpacewatchsuⅣey.Sincethelimitofthedetectablemagn血debecomesbrighter

alongwiththeincreaseofasteroid'sheliocentricdistance,itisimportanttotake

suchaneffectintoaccountwhenweexaminetheCSDofMBAsforeachreg10n

ofthemain-belt.

TheH-distributionforeachreglOnOfthemain-beltisshowninFigure3-18.

OnecanseethatthepeakoftheH-distributionfromtheinnerregiontOOuter

reg10nShiftstotheleft,i.e.,tothebrighterH-mag.Hereagain,JustaSdoneinthe

previoussection,weadopted90%limitofthedetectedMBAsineachreglOnaSa

criticalmagnitudeforcompleteness.Theresultingcriticalmagnitudesarefound

tobeabout21.1,20.7,and19.7forthethreeregions(seeTable3-6).

Table3-6

a-,I-,andH-rangesofSMBASasteroidsforthreeregionsandcriticallimiting

magnitudes.

Inner-belt Middle-be1t Outer-belt

2.0<〃<2.6 2.6<α<3.0 3.0<α<3.5

0.3<I<27.1 03<I<28.8 0.3<I<36.3

13.2<〃 <23.0 14.1<〝<22.8 14.0<〃<21.4

Criticalmag. 21.1 20.7 19.7
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ThesizedistributionsforeachregioninthebeltareshowninFigure3-19.It

seemsthat,forasteroidswithH>～15,theslopeoftheCSDfortheouterreg10n

(reddots)isgentlerthanthatf♭rtheinnerregion(bluedots).However,when

seenmoreindetail,theslopeoftheCSDchangescontinuouslywiththe〟-range

foranyofthethreereg10nS.So,Wecalculatedthelocalslopevaluesasafunction

ofH,andthendrewtheminFigure3-20.InFigure3-20,theblue,black,andred

curvesinthefigureshowthechangesintheCSDslopeofMBAs fortheinner,

middleandoutermain-belt,respectively.Forasteroidswith〟>～17.5,itisseen

thattheslopesortheCSDsbecomesgentlerinorderofthei-eト,middle-,and

outer-belt.Ontheotherhand,forasteroidswithH<17.5,theslopeissteepestin

themiddle-belt,thoughitispossiblethatthistrendmaybeanartifactofsmall

samplestatistics.

Forthemainpurposeorthispaper,WeespeciallyfわcusontheCSDslopesor

sub-kmMBAs(<1kmindiameter).AssumingameanalbedofわrknownC-

andS-typeMBAs,thebrightnessofanasteroidwithlkmindiameterisfoundto

beH～18,3mag.SoonecanunderstandthattheH-magrangeswheretheslopes

ortheCSDsshouldbecalculatedare18.3to21.1,18.3to20.7,and18.3to19.7

forrespectivemain-beltregions(seeTable316).

AnyobseⅣedslopesoftheCSDsmustbeco汀eCtedusingtheresultsshownin

Figure2-6,sincethesizedistributionsherewereobtainedwithBowell'S

equations(SeeSection2.3.2).Therefわre,wecalculatedtheco汀eCtedvaluesor

slopesbasedonFigure2-6.Theresultingmeanslopescovenngtheabove

H-rangesareI.06±0.ll,0.87±0.ll,and0.87±0.12fortheinner-,middle-,and

outer-reglOnS,respectively.
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Chapter4

Discussion

Inthischapter,wediscusstheCSDofsub-kmMBAsobtainedfromour

observations.WesuggestseveralcausesforthedifferenceoftheCSDbetween

sub-kmMBAs andlargeMBAsinthissection.Thedifferenceoftheslopes

betweeninner-beltandouter-beltwasalsodiscussedfromtheviewpointofthe

taxonomic-type(ormaterial)distributionofMBAs.Ⅰnaddition,wealso

examinedsomecharacteristicsseeninthespatialdistributionofsub-kn MBAs.

4.1Sizedistributionofsub-kmMBAs

WefoundthattheCSD slopeforsub-km MBAs isabout1.0from our

preliminarysurveymentionedinSection3.1(Yoshidaetal.,2001a)andalso

fromourSMBASinSection3.2.Obviously,theseslopesareshallowerthanthat

(1.75)formulti-kmasteroidsestimatedwithYMS,PLS,andtheSpacewatch

surveys.Ontheotherhand,SDSS(Ivezicetal.,2001)foundthattheslopeis

1.3f♭rasteroidssmallerthan5kmindiameter.Intheirpaperpublishedjust

recently,Ivezicetallconcludedthatthenumberofsmallerasteroidsextrapolated

fTrompreviousstudieswhichcoulddetectonlyasteroidswiththesizeof5kmor

largerwasanoverestimate.Namely,ltSeemsthatsmallasteroidswerenotas

plentifulashadbeenexpectedfromobservationsoflargerones.

OuranalysisofSMBASshowsthatourresultisconsistentwiththatofSDSS,
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andourCSDslopesareshallowerthanthatobtainedinSDSS.Thisimpliesthat

thenumberorsub一kmMBAsdetectablesub-kmMBAsonlyinSMBASismuch

moredepletedcomparedwiththepredictionbyIvezicetal.(2001).

Giventhatourobtainedslopesaretrue,letusconsiderphysicalimplicationsof

ourfinding.Aspossiblecausesofthedepletionofsmallasteroidsinthe

main-belt,researchershavesofarproposedsomephysicalprocessesasfollows:

(1)Smallasteroidsmaybecomeapartoflargeasteroidsthathavethestructure

ofstTmgthless"rubble-piles".

Possibleexistenceofrubble-pileasteroidswhichconsistorre-accumulated

impact fiagments was theoretically predicted for the firsttime by

Weidenschilling(1981).Infact,theasteroid(253)Mathildeobservedbythe

NEARspacecraft(Veverkaetal.,1999),and(216)Kleopatraobservedbyradar

(Ostroetal.,2000)havebeenregardedashavingtherubblepilestructure,

becauseoftheirobseⅣedlowbulkdensity.

Recentcollisionaltheoriesandexperimentssuggestthattheimpactenergy

neededtodisperseanasteroidisgreaterthanthattothoroughlyshatterit,for

asteroidslargerthanafewkmtosub-kminsize.Thismeansthatitisdifficultto

dispersecollisionalfiagmentsforasteroidsofsuchsizes.Ifthisisthecase,itis

likelythatalargenumberofknownMABsobservedsofarshouldhavethe

mbblepilestmcture.

(2)SmallasteroidswouldhavebeenthrownintotheKirkwoodgapsbythe

Yarkovsb;eHectandthentheywouldhavebeenremovedfromthemain-belt(e.g.

Farinella&Vokrouhlic毎,1999).

AccordingtocalculationsbyFarinella& Vokrouhlicky(1999),the

semi-majoraxesOftheasteroidswith1-10kminmeanradiusCanbemovedby

afewhundredthsAUbytheYarkovskyeffectduringtheircollosionallifetime
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(10-1000millionyears).Especially,thesemi一m亘ioraxesofsmallasteroids

with10-100minmeanradiuswillchangemoreeffectively.Sincethissize

reg10nspansaPartOfthesizereglOnObservedwithourSMBAS,theYarkovsky

effectcanbeanothercandidatefordepletionofsmallMBAs.

(3)Smallasteroidswouldhavebeenthrownoutofthemain-beltwithhighspeeds

acquiredinacollisionbeyondtheescapevelocity.

Seemlngly,thisisthesimplestprocesstoremoveasteroidsfromtheasteroid

belt.However,sincemanycollisionaltheoriesandtheexperimentssofarhave

indicatedthatitisdifrlCultthatthereleasevelocityoffragmentsinacollisionfar

exceedstheesc叩eVelocityoftheparentbody,itisunlikelythatimpacted

asteroidscanbeejected舟omtheasteroidbeltonlywiththevelocityacquiredin

acollision.Infact,itisgenerallybelievedthatNEAshavebeenremovedfrom

themain-belt,notbythedirectimpacts,butbythesubsequentstrongchaotic

perturbationsintheKirkwoodgapsinwhichtheywerethrowninaRerimpacts.

PresentlywecannotsayfromonlyourSMBASwhichprocessamongthe

abovethreecandidatesismoreplausible･Forthispurpose,moreobservationsof

NEAs arenecessary.IfsmallasteroidshavebeenremovedselectivelyfTromthe

parentpopulation,theirnumberwoulddecreaseintheparentpopulationandthe

CSDof仇eremovedpopulationshouldreproducetheorlglnalCSDortheparent

population.Inotherwords,theCSDofNEAsisexpectedtobethesameasthe

CSDoflargeMBAs･Actually,theCSDofNEAs (～I.6)intherangeofD-

500m～5kmseemstoresembletothatoflargeMBAs(1.75),ratherthanthat

ofsub一kmMBAs(～1.0)(SeeSection1.3).However,Wemustrememberthat

sinceallorNEAshavenotyetbeendiscovered,theCSDofNEAsmaychange

aftermorediscoveriesofNEAs.

HerewesummarizeallofthesizedistributionsofMBAsknownsofar,

includingourinvestigation:
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1)TheclassicalCSDslopeis2.5foraself-similarcollisioncascadesystemin

equilibrium(Dohnanyi,1969).FromavailableobseⅣationaldata,onthe

otherhand,theCSDslopesofHirayamafamilieswhichhavebeenbelieved

tobecollisionalproductsare3.6-4.2(Klacka,1992).

2)TheobservedCSDslopeforlargeasteroidswith30km<D<300kmis～

2.4 (YMS:Kuiperetal.,1958).

3)TheCSDslopeforasteroidswithD>5kmis1.75(PLS:VanHoutenetal.,

1970,theSpacewatch:Jedicke&Metcalfe,1998).

4)TheCSDslopeforasteroidswith1km<D<5kmis～1.3(SDSS:Ivezic

etal.,2001).

5)TheCSDslopeforasteroidswith～500m<D<lkn is～1.0(thiswork,

andYoshidaetal.,2001).

6)TheCSDslopefbrNEAswi仙～500m<β<5kmis-1.6,

(httT)://cfa-W .harvard.edu/iaunists/Unusual.html).

From也eCSDsinseveralsizereglOnSaSlistedabove,itseemsthatsmaller

asteroidsaremoredepletedinthemain-beltreg10n.Asmentionedbefore,from

onlytheobseⅣationsonthesizedistributionofMBAs,however,onecamot

surely judge which isthe main cause ofthis depletion among the

above一mentionedphysicalprocesses.Possibly,allprocesseshadoccurredorare

stilloccurrlng,andasaresultthepresentdistributionoftheMBAswascreated.

Thepredominateprocesswillbetterbedeteminedbasedonthelocationand

sizeofparentbodiesinthemain-belt,thematerialproperty(forexample,

strength,thermalconductivity,etc)andtherelativevelocityandfTrequencyof

collisions.Inanycase,wewouldsaythatourinvestigationoftheCSDf♭r
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sub-kmMBAs (namelyNEA-sizedasteroids)playsaveryimportantrolein

estimatlngthesupplyrateofNEAsandtheformationrateofrubblepiles

asteroids.

Next,wediscuss仙eCSDsorsub-kmMBAsinvestlgatedfわrthreereglOnSOr

themain-belt.As wehavealreadyseeninSection3.2.7(C),itisnotclear
whetherthedifferenceoftheslopesbetweenthemiddle-andtheouter-beltsis

realornot(seealsoTable411).However,itisfairlycertainthatthereisa

differenceoftheslopesbetweentheimmer-beltandotherregions;theslopeofthe

immer-beltissteep(～1.1),whilethatoftheouter-beltisshallow(～0.9).Even

theslopeintheimmer-beltoftheSMBASdataismuchshallowerthan thatof

largerMBAs.However,wemustrememberherethattransformationfromthe

brightness(〟-mag)ofasteroidsto也esizeconsiderablydependson仙eiralbedo.

Forwell-observedMBAs,weknowthatS-typeasteroidswithahigh albedoare

abundantintheimmermain-beltandC-typeasteroidswith alowalbedoare

dominantintheouterregionofthemain-belt.Figure4-1(a)and(b)showthe

distributionsoftheS-type andC-typeasteroidsinthewholemain-belt

(httD://I)dssbn.astro.um d･edu)･Onecan seefiomthesefiguresthatthenum ber

ratiooftheS-typeandC-type asteroidsvarieswiththeheliocentricdistance.

NotethatthesizeofaC-typeasteroidisabouttwicelargerthanthatofaS-type

asteroidforthesameabsolutemagnitude,becauseofthedifferenceinalbedo.Xu

etal.(1995)showed,intheSmallMain-beltAsteroidSpectroscopicSurvey

(SMASS),thatthemajorityofthesmallmain-beltasteroids(D<20km)are

C-andS-typeasteroids,andtheirdistributionsaresimilartotheoneoflarge

asteroids.Thus,assumingthatthetrendshowninFigure4-I(a)and(b)Can

alsobeappliedto仙esub-kmMBAsdetectedhSMBAS,weattemptedhere

againtore-estimatetheCSDslopesforthethreemain-beltregionsbytakingthe

albedoeffectsintoaccount.Namely,weassumedthattheinner-beltconsistsof

asteroidswiththealbedoofS-typeasteroids,themiddle-beltwithameanalbedo

betweenS-type asteroidsandC-typeasteroids,andtheouter-beltwiththealbedo

ofC-typeasteroids.
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Table4-ITheHrangesandthemeanslopesoftheCSDineachreg10nOfthe

main-belt.

Inner-belt Middle-belt Outer-belt

2.0<α<2.6 2.6<α<3.0 3.0<α<3.5

18.3<〃<21.1 18.3くだ<20.7 18.3<〃<19.7

meanslope1 1.06±0.11 0.87±0.11 0.87±0.12

17.5<〃<21.1 18.3<〃<20.7 19.0<〃<19.7

meanslope2 1.19±0.11 0.87±0.11 0.83±0.14

Note:meanslope1;themeanslopeoftheCSDf♭rasteroidsorthe〟-range(<1kmin

diameter)estimatedbasedontheassumptionthatanyasteroidshavethemeanalbedoof

welllknownMBAs,meanslope2;themeanslopeoftheCSDforasteroidsoftheH-range(<I

kmindiameter)estimatedinconsideringtheratiooftheS-typeandC-typeasteroidsinthe

main-belt.

Sowefわundthattheresulting〟一magrangesfわrasteroidssmallerthanlkmin

diameter(SeeSection3.2.7)arerespectively17.5to21.1,18.3to20.7,and19.0

to19.7fortheinner-,themiddle-,andtheouter-beltregions.ForeachHrangeof

eachreglOnOfthemain-belt,WeobtainedagaintheslopeoftheCSD,andthen

wecalculatedthecorrectionvaluesofslopesbasedonFigure2-6.Theresulting

slopes(wecallthemmeanslope2)were1.19±0.ll,0.87±0.ll,and0.83±

0.14ineachreglOn,respectively.TheseresultswerelistedinTbble4-1.Thatis,

the"meanslope1"andthe"meanslope2"representtheslopesobtainedin

Section3.2.7(C)andthenewslopes,respectively.Fromcomparisonofthetwo

meanslopesinTable4-1,unlesstheS/Cnumberratioforsub-kmMBAs is

unacceptablydifferentfromthatforlargerMBAs,itseemsthattheslopeofCSD

forsub-kmMBAs inanypartofthemain-beltiscertainlyshallowerthanthatfor

largeknownMBAs･

Kresak(1977)mentionedthattheresultsofPLScontradictedthedifference
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betweentheCSDorasteroidsintheinnerreglOnOfthebeltandthatintheouter

partofthebelt,whichhadbeenfoundfrompreviousobservations.However,we

agalnProposethisdifferenceinthesizereg10nOfsub-kmMBAs.Namely,asfor

theslopeoftheCSDofsub-kmMBAs,itiscomparativelysteep(b=1.2)inthe

innermain-belt,andshallow(b=0.8)intheoutermain-belt.Fromthis,Wemay
inferthatsomemechanismtoremovealargenumberofsmallasteroidshad

existedormbblepilesasteroidshavebeenproducedintheouterbeltratherthan

intheinnerbelt.

However,accordingtothelatesttaxonomicdistributionofasteroidswithD>

lkmobtainedfromSDSS(Ivezic,2001),thereareanoverwhelmingmajorityof

S-typeasteroidsintheinnerbeltandtheabundanceratioorC-andS-type

asteroidsreversesnear3.2AU.Itisalsopossiblethatwemaybeabletoconsider

thatthedifferenceoftheCSDbetweentheinner-beltasteroidsandtheouter-belt

asteroidsisaresultofthedifferenceinthedistributionsbetweenS-andC-type

asteroids.Forlargerasteroids,Anders(1965)hadsuggestedthatthefrequency

ofcollisionsisdifferentbetweentheinner-beltandtheouter-belt:intheinner

belt,impactfrequencylSOnlyafewtimesthroughoutitshistory,whilehighly

fragmentedintheouter-beltduetothegreaterproximltytOJupiter.However,for

sub-kmasteroids,itseemsthatthedegreeofthefragmentationismoreimportant

ratherthanthefrequencyofcollisions.WeknowthatC-typeasteroidsandS-type

asteroidsarelikecarbonaceouschondritesandsilicaterocks,respectively.Since

itislikelythataC-typeasteroidismorefragilethanaS-typeasteroidfroma

vleWPOlntOfmaterialstrength,Wecaninferthatthedifferenceoftheslopesof

theCSDintheindividualreglOnSOrthemain-beltonglnateSinthematerial

strengthoftheasteroid.Furthe-ore,byrecentspaceprobeinvestlgations,we

knowthatthedensitiesof(243)Ida(S-typeasteroid)and(253)Mathilda

(C-typeasteroid)are～2.6g/cm3and～1.3g/cm3,,espectively.Itislikelythat

thedifferentoutcomeswouldoccurincollisionsofbodieswhichhavethe

differentmaterialanddensity.

Figure4-2showstheCSDsofthewell-knownthreefamilies.As faraswe
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4.2Spatialdistributionofsub-kmMBAs

Finally,Weshortlydiscussthespatialdistributionorsub-km MBAs.The

spatialdistributionobtainedfromSMBAScontainstheerror～0.1AUinthea

andtheerrorof20(forhigh inclination～60)intheIforeachasteroid.Since

theerrorofthesemi-majoraxisislargerthanthewidthoftheKirkwoodgaps,it

isnaturalthatonecannotseegapsinFigure3-21.Insteadofit,onecanseein

Figure3-21asmallnumberofasteroidswithhighinclinationinthe

neighborhoodofthedistinctKirkwoodgapsat2.5,2.8,and3.0AU.

Generally,Onceanasteroidgetstrappedintoagap,ltWillundergoachaotic

orbitaltransition,ltSeccentricitygrowsunexpectedlytoaveryhighvalue,and

finallyltisdeliveredfTromthemain-belttothenear-EarthreglOnOrtheother

reglOnSinthesolarsystem.Insomecaseswhereamean-motionresonanceis

coupledwithasecularresonanceortheKozairesonace,itisshownthatthe

inclinationalsopumpsuptoahighlevel(MorbidelliandMoons1995).Soitis

possiblethatthehigh-inclinationasteroidsneartheKirkwoodgapsinFigure

3-21mightbecorrespondtosuchchaoticasteroids.

ItisalsosaidthattheYarkovskyeffectormutualcollisionswillplayan

importantpartinthisdeliveryprocess.BoththeYarkovskyeffectandcollisions

areconsideredtobemoreeffectiveforsub-kmMBAsthanforseveral-kmMBAs.

Farinella&Vokrouhlicky(1999)CitedasapieceofevidencefortheYarkovsky

effectsthesizedependenceoftheasteroiddistributionthatNakamura(1994)

found"smallerasteroidsmoreabundantlyexistclosertothecentersofthegaps".

IntheFigure3-21,asteroidsnearthegaps(at2.5,2.8,and3.0AU)maybein

theprocessofdeliveryoutsidethemain-belt.Thesemightindicatethatthe

spatialdistributionorthesmaller-sizedasteroidsiswider-distributedthanthator

larger-sizeasteroids.

102



Chapter5

Conclusionsandfutureprospect

5.1Summaryandconclusions

Wecamiedoutforthefirsttimeasystematicsurveyobservationofsub-km

MBAsuslngthe8.2m Subam telescopetoinvestlgatetheirsizeandspatial

distributions.

Wefoundthefollowlngresults:

(1)Wedetected1,IllmovingobjectsdowntoR=26.5magintheskyareaof
3･26deg2nearoppositionandtheecliptic･Then,weidenti丘ed861MBAsby

estimatlngtheaofeachmovingObjectbyuslngBowell'Sequations.Therefore,

theskynumberdensityofMBAs is264perdeg2down toR=26･5magnear
oppositionandtheecliptic.

(2)TheslopeofthecumulativesizedistributionforsmallMBAs rangingfrom

afewkn tosub-kmseemstobefairlyshallower(～0.8-1.2,dependingupon

locationsinthemain-belt)thanthatforlargeMBAs (～1.8)obtainedfrom

thepastasteroidsuⅣeys.Thismeansthatthenumberofsub-kmMBAsis

muchmoredepletedthanaresultextrapolatedfromthesizedistributionfor

largeasteroids.

(3)TheCSDslopeortheinnersub-kmMBAsissomesteeperthanthatorthe
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outersub-kmMBAs.Thismayreflectthedifferenceofthespatialdistribution

betweenS-andC-typeasteroids.

(4)Thespatialdistributionofsub-kmMBAsresemblesthatofknOwnMBAsor

thatobtainedfrompastasteroidsurveys.However,ifinvestigatedmoredetail,

theI-distributionofsub-kmMBAs suggeststhatalargenumberofsmall

asteroidswithhighinclinationmayexistcomparedwiththatoflargerMBAs.

Fromtheseresults,weconcludethatoverallsizeandspatialdistributionsof

verysmallasteroidsarefairlydifferentfromthoseforlargeasteroids.However,

onepossibleweakpolntOrOurSuⅣeydescribedinthispapermightbesmallness

ofthesuⅣeyarea,onlycovenngabout-3･3deg2･Inthisrespect,weplanto

widenthesurveyareainnearfutureobservations,inordertomakeour

conclusionsmorereliable.

5.2Futureprospect

FirstwemustclarifyandwellinterpretthedifferenceoftheslopesoftheCSD

intheindividualreglOnSOrthemain-belt.Forthepurpose,itisnecessaryto

investigateeachsizedistributionfわrC-typeandS-typeasteroids.Theirtypescan

bejudgedfrom(BIV)or(V-R)colorobservations.Weperformedsuch

obseⅣationsonOctober20,2001.Datareductionsarenowprogresslng.As

abovementioned,sincethereissomeco汀eSpOndencebetweentheasteroid

materialandtaxonomictypes,suchasurveyobservationwillalsoallowusto

arguesomecorrelationofthecollisionalprocess,orbitalevolutionandmaterial

distributionofMBAs.

Furthermore,forasteroidsdetectedintheDFsurveyofSMBAS,wehadthe

dataoflightcuⅣes,coverlngOnlyabouttwohours.Althoughwedidn'texamine

themyetindetailinthispaper,wefわundthatsomeasteroidshavethelarge
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lightcurveamplitudes,ashighasabout2mag.Thisfindingmayberelatedtoa

reportedexcessoffastrotatorsseenamongsmallasteroids,whichareregarded

asmonolith-likeratherthanmbble-piles(e.g.,Ha汀is皮Burus,1979,Donnison

皮 Wiper,1999).Accordingtothem,itislikelythattheangularmomentum

distributedintothesub-kmfragmentsinacollisionisrelativelylargerthanthat

glVenintotheseveral-kmfragments.Thustherateofthefastrotatorsisexpected

tobecomehighamongsub-kmasteroids.IfthesizereglOnWherefastrotators

occurisdeteminedbyobseⅣations,theboundaryreglOnOfthestrengthreglme

andthegravltyreglmeinimpactfragmentationofasteroidsmayalsobe

established.SinceSMBAScoulddiscoveraboutonehundredasteroidswithin

slngleobservationalfieldatatime,wewillbeabletoobtainlightcurvesof

severalhundredsasteroidsfromone-nightobservationswiththesamestrategyas

inSMBAS.Itisenoughamountofsamplefわrthesubsequentstatisticalanalysts.

Wehopethatthoseobservationswillbeputintopracticeinnearfuture.
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Abstract

AlthoughtheoryandexperimentspolnttOtheimportanceofsub一km-sized

bodiesinthecollisionalhistoryoftheasteroidbelt,itisdifficulttoestimatethe

globaldistributionsofthesub-kmasteroidsfromtraditionalapproachessuchas

orbitdeteminationorindividualasteroids.Therefわrehere,weproposeinsteada

statisticalmethodtodeducethespatialandsizedistributionorsub-kmmainbelt

asteroids(MBAs),onlyfromtheirapparentmotionvectorsonthesky.

ByusingtheBowell'sscheme,weestimatestatisticallysemi-majoraxis(a)and

inclination(I)ofeachasteroidfromitsapparentmotionvector.Theestimated

errorofaandIdeterminedbyourmethodareabout0.lAUandabout0.8degree

(neartheeclipticplane),respectively.Whentheestimatedaisadoptedasthe

heliocentricdistance,theonglnalsizedistributionsgeneratedbysimulationsare

wellreproduced.Theslope(b)ofcumulativesizedistributionreproducedhas

errorofabout0.I.Ifthereisadifferenceinblargerthan0.1forthesize

distributionofsub-kmMBAsandforkm-sizedMBAs,thenitwillbedetectable

inourproposedSUBARUsub-kn MBAs survey.
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Keywo71ds:faintmainbeltasteroid,sizedistribution

1.Introduction

ThecollisionplaysaveryImportantPartintheorlglnandtheevolutionofthe

MBAs,andthesizedistributionscausedbythemutualcollisionsreflectadirect

result.ThesizedistributionoftheMBAsdowntolkmindiameterhasbeen

determinedfromthePalomar-Leidensurvey(PLS:vanHoutenetal.1970),and

theSpacewatchsurvey(JedickeandMetcalfe1998).Ontheotherhand,sub-km

asteroidshaveneverbeenobservedsystematicallybecauseoftheirfaintness,

Theobservationofthesub-km asteroidsisespeciallyImportantfrom the

followlngtwoVleWPOlntS.

1)Theoryandlaboratoryexperimentssuggestthatthestructureofasteroids

changesfromrubble-piletomonolithinthesub-kmsizeregion(e.g.Melosh&

Ryan1997).

2)Itispredictedthatthereisnoregolithonthesurfaceofsmallasteroids

(D<1km)duetothetheirlowgravity.

Withthebackgroundinmind,Wehaveplanedtodeducetheglobalsize,space

andtaxonomictypedistributionsofsub-kmasteroidswhichanybodyhavenever

known,withtheSUBARUtelescope+Suprime-cam(wide-fieldmosaiccamera).

Asteroidswith150-300mindiameteraredetectedatthecenterofmainbelt

(a=2.7AU)byusingtheSuprime-cam.Weestimatethatthenumberofdetectable

asteroidis2,00014,000forthreenights.Thenumberofthissampleisenoughfor

thesubsequentstatisticalinterpretation

Ourapproachisunlqueinthatweestimatethespatialdistributionofsub一km

MBAsstatistically,ratherthandetermineorbitsofindividualasteroids.

Traditionally,orbit'sdeterminationhasbeendone,basedonafewfollow-up

obseⅣations.Butitispracticallyimpossibletofわllow-uptheasteroidsdetected

bySUBARUwithother8-10mlargetelescopes.Soweintroducedamethodto

estimatestatisticallyaandIofeachasteroidfromitsmotionvectoronthesky

withoutfわllow-upobseⅣations(Nakamura1997,Yoshida1999masterthesis).
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Inthispaper,ourgoalistoestimatequantitativelythesizedistributionor

asteroids,uslngtheabovel0btainedaandI.

2.Procedureforestimationofsizedistribution

FigureIrepresentsacorrelationdiagrambetweenaanddailymotiononthe

skyfわrexistlngasteroids,obseⅣedinanear-oppositionwindow.Similarly,

Figure2standsforacorrelationbetweenIandthe positionangleofthesky

motionvectorforthesameasteroids.Fromthesefigures,itisunderstoodthat

approximateaandIforeachasteroidscanbeobtainedfromonlyapparent

motionvectors,withoutmakingexactorbitdetermination.However,for

quantitativeanalysis,Weneedamoremathematicalprocedure.

In1990,Bowelletal.proposedamethodtoderiveapproximateaandIfrom

theskymotionvector.Theyshowedthatiftheeccentricity(e)ofanasteroid's

orbitiszero,itssemi-majoraxis(a')andinclination(I)oftheasteroidare

representedbythenextequationsfrom theapparentmotionvectorofthe

asteroid:

a･-去(Y-2kl±湖
Y=12+β2

岡tanJ-≡

1+.L
〟●-1

K-r2-4kly-4k2p2,

inwhichAisthecomponentinlongitudeofmotionvector,P isthelatitude

componentandkisGaussconstant.Notethattheseequationsarevahdonlyfor

neaトOppOSition and near-ecliptlC ObseⅣations.Wecallthese "Bowell'S

equations"inthispaper.
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WhatismostimportantinapplyingBowell'sequationsisthattheaverageda'

Overmanyasteroidshasnosystematicdeviationfromthetruea;asseenin

Figure3,eacha'canbeconsiderablydifferentfromthecorrespondingtruea.To

checktherequlrement,WemadesomeMonteCarlosimulationsinacomputerby

generatinghypotheticalaandIfromsomemodelpopulationofasteroids.And

wecalculatetheskymotionvectorfromtheaandIwithatwo-bodyephemeris

generator.Thenweestimatea'fromBowell'Sequationsbasedon AandP
ofanasteroidobtainedfromthismodelobservation.

ItisfoundthattheaverageddifferencebetweenthegeneratedainMonte

Carlosimulationsandthea'fromBowell'Sequationbasedonthemotionvector

isnearlyequaltoorlessthan0.lAUoverthemainbelt(2.1-3.3AU)(SeeFig.3

andTable1).Therefわre,wecanregardtheaveragedα'approximatelyequalto

theaverageoftheonglnala,Withoutappreciablesystematicdeviation.Sincewe

willbeabletodetectmanynewasteroidsinSUBARUsuⅣey,theaveraglng

procedurementionedaboveisfeasibleinpractice.

NextwewilldiscusstheestimationofsizedistributionfわrSUBARUasteroids.

Letsusassumethattheabove-estimatedd'ofanasteroidisequaltoits

heliocentricdistance(R),andthenwecalculatetheabsolutemagnitude(H')of

theasteroidfromthenextequation,

〟--γ-5logir(∫-1)).-- - (1)

inwhichVisapparentmagnitudeand(r-1)isthegeocentricdistanceofthe

asteroid.

Althoughtheassumpt10nadoptedherethattheeforeachasteroidiszeromay

seem tobeunacceptablycmdeone,itisshowninthefbllowlngthatthe

assumptlOnWOrksreasonablywell.Asimilarbutrougherapproachthanourswas

adoptedbyJewittetal.(2000)toestimateofthesizedistributionofseveralten

newTrojanasteroids.

Theasteroidsize(R)iscalculatedfromabsolutemagnitudeusingthefollowing
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relation,

H--2.510g(AR2),･･･-- (2)

whereHisabsolutemagnitudeandAisalbedo.

Oursimulationsproceedalongtheproceduresummarizedinthenextparagraph.

Procedure

1.GeneratelikelyorbitdistributionswithMonteCarlosimulation.The

producedparentpopulationhasvariousa,I,ande.

Theslope(b)ofcumulativesizedistributionofgeneratedpopulationis

takentobeequalto1.75,whichisthevaluefromthePLS.

2.PickupasteroidsintheobseⅣationalwindowassumedfわrobseⅣationsby

SUBARU.

3.Calculateapparentmotionvelocitiesinlongitudeandinlatitude,foreach

asteroid.

4.Estimatea'andr oftheasteroiduslngBowell'Sequationsfrom the

apparentmotionvectoroftheasteroid(Bowelletal.1990).

5.Assumethatr=a',andcalculatetheH'oftheasteroidwithequation(1).

6.Assumeanalbedooftheasteroid,translateH'totheradius (R)ofthe

asteroidwithequation(2).

7.ProducethesizedistributionfromvariousRofasteroidsandgettheslope

(b)ofcumulativesizedistributionbyaleastsquaresmethod.

8.Comparethebgeneratedbysimulationswiththeb'estimatedfroma'.

3.Reproductionoftheoriginalsizedistribution

Nowwedescribethesimulationresults.
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3.1Parentpopulationsofasteroids

ItisessentialthatthesizedistributionslopecalculatedfromBowell'Sorbitsis

independentfromorweaklydependentupontheassumedparentpopulationsof

asteroidsinthesimulations,sincewehavenoinfbmationatallonorbital

distributionfわrthesub一kmMBAsinquestion.Inotherwords,wecannothelp

assumlngthattheorbitaldistributionsfわrsub-kmMBAsaresimilartothosefわr

currentlyknownfaintestMBAs (namely l12km indiameter).Amongthose

distributions,weselectedinTable2threetypicallylikelycombinationsofa,I,

ande-range.Forthoselikelythreekindsofpopulationsgeneratedinthe

simulations,Wecalculatedtheslopesofthecumulativesizedistributionineach

case,followlngtheprocedurementionedbefore.

3.2Results

Fig.4-6showlogⅣvs.〟plotfわreachofthethreecases,where〟isthe

cumulativenumberofasteroidsandHiscalculatedfromequation(1)withr=a'.

ThesolidlinerepresentstheH-slope(a),0.35,correspondingtothebofthe

PLS,1.75.BecausetheHandtheRisconnectedbytheequation(2),wecan

havethefollowlngrelation,b=5a,

ForFig.4-6,OpencirclesshowthecumulativeH-distributiongeneratedbythe

simulationsandfilledcirclesshowthecumulativeH-distributionbasedona'.

Theopencirclesandfilledcirclesarelinearlyfittedbyaleastsquaresmethod,

representatively

Thusobtainedb'foreachcaselistedinTable3,alongwithas.

4.Discussion

AsTable1shows,theestimatederrorofa'determinedbyourmethodisabout

0.lAU.Thise汀Orissmallenoughtograsproughlytheglobalspatialdistribution
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ofsub一kmMBAs.IthasbeenshowninTable30ftheprevioussectionthat,by

applyingthecorrectionAb tothebobtainedfroma'andtheassumptlOnr=a',

Wecanrecovertheorlglnalslopewithe汀OrSlessthan0.1fわreachofthreecases.

Thisthereforemeansthatifthereisadifferenceinblargerthan0.Iforthesize

distributionofsub-kmMBAsandfわrkm-sizedMBAs,ourproposedSUBARU

surveywilleasilydetectsuchadifference.ConsideringthefirstvleWPOlntin

section1,itactuallyseemslikelythatthesizedistributionforsub-kmMBAs is

appreciablydifferentfromthatforlargerones.

5.FuttlreWork

Forlikelydifferentslopesofcumulativesizedistribution,forexample1.5or

2.0,wewillrepeattheformerprocedure,andestimatethecorrectfactorAb.
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Calculationsweremadef♭ranassumedoppositionwindowonSeptember23,1999fわrabout

40,000asteroids(Bowell1998).ThesolidcuⅣeisf♭rcirculareclipticorbits.This

relationshipmeansthatthevalueofacanbeapproximatelydeterminedfromobservational

dailymotionorasteroids.
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Fig2.Jvs.positionangleofmotionco汀elation.

Thesolidlinecorrespondtothecasethatthepositionanglemotionis1800±I･Forother

detailsonconditionsofcalculation,seeFig.1.Basedonthisrelation,itisexpectedthatthe

valueofIcanroughlyinferredfromobservationalpositionangleofasteroids.
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Thehorizontalaxis:thevalueofageneratedinacomputerrun.Theverticalaxis:thevalueof

a'fromBowell'sequation,Table1showserrorinaobtainedfromBowell'sequation･

obSel8sa26±05.eO2士01.IID±10H15.V25.wlrdovJ1775.2 obseI8sa27±06,e02±02.I15±15.H15.V25.wlndくれ〟1775.2
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Fig.4(left)logNvs.HbasedonCaseI Fig.5(middle)logNvs.HbasedonCaseII
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obse18sa27±06.e0175±008,I75±5,H15.V25.Wndow:1775,2

14 16 18

Absolutemagnitude(mag)

Fig.6(right)logNvs･HbasedonCaseIII

Table1ErrorsinaobtainedfromBowell'sorbit

♂ ave(a-∂')
2.1≦∂≦2.5 0.094
2.5く∂≦2.9 0.102
2.9くさ≦3.3 0.113

Table2Adoptedorbitalpopulations

a 2.6±0.5 2.7±0.6

′ 10:±10 15±15
e 0.2±0.1 0.2±0.2

Table3 Theslopesofthesizedistributions

I Ⅱ Ⅲ
Generatedα 0.347 0.361 0.353
BowellーSα' 0.309 0.297 0.292
Generatedb 1.735 1_805 1.765
Bowe"'sb' 1.545 1_485 1.460
Ab=b-b' 0.190 0_320 0.305
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Abstract

Wehaveattemptedtoestimatethesizedistributionofthesub-kmMainBelt

Asteroids(MBAs),usinglargetelescopessuchasSUBARUtelescope,forstudy

ofthecollisionalprocessamongMBAs.Howeverwecannotmaketheprecise

orbitdeterminationbythesuccessivefollow-upobservations,becauseofthe

limitedobseⅣlngtlmeSOflargetelescopes.Soweareinterestedinestimatingthe

orbitalelementsoftheasteroidswiththeshortobservationalarc(e.g.oneday).

Wehaveshownthatthesemimajoraxis(a)andinclination(I)ofMBAs canbe

statisticallyestimatedfromapparentmotionvectorsprojectedonthecelestial
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sphere.Howeveritisimpossibletodetemineachallytheeccentricity(e)ofthe

asteroidwithoutfollow-upobservations,Theuncertaintyoftheeinfluencesthe

estimationoftheaforeachasteroidanditalsoaffectsthesizedistributionof

MBAsthroughtranslatingthebrightnessoftheasteroidintothesize.Soitis

necessarytoevaluatetheerrorofacausedbytheuncertaintyofeandthe

resultinge汀OrOnthesizedistributionorMBAs.

Inthispaperweusedvariousorbitaldistributionsofasteroidsgeneratedbythe

MonteCarlosimulationstoevaluatetheerroroftheaestimatedfromanapparent

motionvectorfわrindividualasteroids.Thesimulationsproducedfわrthreesetsof

orbitaldistributions,ninecasesofsizedistributionsrespectively.Eachcase

includes5000asteroids.Inordertoestimatequantitativelytheerrorofa,We

calculatedthemotionvectorsofasteroidsfromorbitsgeneratedintheabove

simulations,byBowell'sequationswhichassumede=0,andestimatedthea'for
eachasteroid(hereafterweexpressthesemimajoraxiscalculatedbyBowell'S

equations;a').Andthea'oftheasteroidwascomparedwiththetmea.The

differencebetweenthea'andacorrespondstotheerroroftheawhichincludes

theuncertaintyofitse.

Nextinallorbitaldistributions,Weconstmctedthesizedistributionsbasedon

thea'andthearespectively.Thenweobtainedtheco汀eSpOndingtwoslopesof

thecumulativesizedistributionforeachorbitaldistribution.

Finallywefoundthatthedifferencesofthetwoslopeswaslessthan±0.1inall.

Thismeansthatifthereisadifferenceintheobservedcasesslopelargerthan0.I

forsub-kmMBAs andkn -sizedMBAs,thedifferencewillbedetectedbythe

methodmentionedabove.ApreliminaryanalysisofourSub-km MainBelt

AsteroidsSurvey(SMBAS),whichwasperformedonFeb.2land24,2001,

seemstosuggestthatthesizedistributionforsub-km MBAs isappreciably

differentfromthatforlargerones.
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1Introduction

IntheorlglnOfthesolarsystem,thestudyontheorlglnandtheevolutionor

theMBAsisaverylmpOrtantissue.Especially,ltisworthknowlngtheir

collisionalprocesstoestimatetherelativevelocitiesorthematerialstrengthof

MBAs.ThesizedistributionofthecurrentMBAsreflectsdirectresultscaused

bythemuhalcollisionsamongtheMBAs.ThesizedistributionortheMBAs

downtoafewkmindiameterhasbeendeterminedfromthePalomar-Leiden

suⅣey(PLS:vanHoutenetal.1970),andtheSpacewatchsuⅣey(Jedickeand

Metcalfe1998).Ontheotherhand,sub-kmasteroidshaveneverbeenobserved

systematicallyinthepastbecauseoftheirfaintness.

However,theSupnme-cam,whichisawide-fieldmosaicCCD camera,

attachedtotheprlmefわcusofthe8.2mSUBARUtelescope,allowsustodetect

theMBAswithabout150-300mindiameteratthecenterormainbelt(α=

2.7AU).Nowwecanexaminethesizedistributionofsub-kmMBAs which

anybodyhasneverexploredbefore.

EvenirthemotionofanasteroidwasobseⅣedonlyonenight,theorbitcanbe

determinedinpnnciplefrom thethreemeasuredpositionsoftheasteroid.

Howevertheorbitdeteminedwiththismethodcanincludelargee汀OrS.TheIAU

hasadoptedcu汀entlythemlethatiranewasteroidwasobseⅣedmorethanthree

nights,theasteroidisglVenatemporarynumberandafterafew more

obseⅣationsatopposition,itcanbenumbered.Practicallyltisimpossibleto

follow-upthefaintasteroidsdiscoveredbySUBARUonotherdaysorwithother

8110mlargetelescopes,becauseoftherestrictionofthetelescope'sallocated

times,Soitisprobablyimpossibletodeteminethepreciseorbitalelementsfわr

thosefaintasteroids.ButwenoticedthattheapproximateaandIofanMBAcan

bestatisticallyestimatedfromitsmotionvectorwithoutfollow-upobservations

(Nakamura1997,Yoshida1999masterthesis),thankstothespecialgeometryin

near-oppositionobservations.Moreover,theinferredaandIofmanyasteroids

allowustocalculatethestatisticalerrorsoftheiraandI.Fortunatelyltis
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expectedtodetectalargenumberorsub-km MBAsintheSMBASuslng

SUBARUtelescope(YoshidaandNakamura2000).

Thegoalofourpaperistodeterminethedifferencebetweenthesimulatedsize

distributionofMBAsandthatcalculatedfromtheabasedontheapparent

motionvectorofeachasteroid.Thisistoinferthetruesizedistributionofthe

MBAsfromSMBASwiththeshortobservationalarcs.Wearguethedifference

betweenthetrueaandthea'calculatedbyBowell'Sequationsforindividual

asteroids(section2).Insection3weinvestigatetheinfluenceoftheerrorofthe

a'OnthesizedistributionoftheMBAs.Finallywerefertothecorrectvalueson

theslopeofthecumulativesizedistributionforsub-kmMBAs.

2aandIestimatedfrommotionvector

First,bygeneratlngVariousorbitalelementswiththeMonteCarlosimulations,

wemadetheorbitaldistributionsofvariousobjectsinthesolarsystemand

calculatedtheirdailymotionsuslngatwo-bodyephemerisgenerator,underthe

conditionthattheylocateatoppositions.Fig.1representsaco汀elationdiagram

betweenaanddailymotionforvarious objectsinthesolarsystem.Fromthis

figure,itseemsthatwecandistinguishtheaestimatedfromtheirmotionvector

forinnerMBAs fromonesforouterMBAs.However,forquantitativeanalysis,

Weneedamoremathematicalprocedure.

In1990,Bowelletal.proposedamethodtoderiveanapproximateαand∫of

anasteroidfromtheskymotionvector,assumingthatitse=0.Theyshowedthat
aandIoftheasteroidarerepresentedbythefollowlngequationsfromthe

apparentmotionvectoroftheasteroid:
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a-去(r-2kl±湖

(7し1

Y-12+C2

K=〆14kly-4k2β2,

where人isthecomponentinlongitudeormotionvector,βisthelat血de

componentandkisGaussconstant.Notethattheseequationsarevalidonlyfor

near-opposition and neaトeCliptlC ObseⅣations.We callthese "Bowell'S

equations"andexpressthesemimaJOraxiscalculatedbyBowell'sequationsas

"a"todistinguishfromtrueadeterminedbytraditionalorbitdeterminationin

ourpaper.WhatmustbecarefulinapplyingBowell'sequationsisthatthevalue

ofa'arecalculatedase=0.Generally,ltisdifficulttodeterminetheeofan

asteroidwithoutthefollow-upobservations.ItisthesameinourSMBAS

becauseoftheshortobservationalarc.Sowemustassumee=0andestimatethe

afromthemotionvectoronly.However,actuallytheedistributionofMBAs

rangesfrom0to0.4.Thereforethea'ofoneasteroidincludestheuncertaintyof

itse.

InanorbitaldistributionorasteroidsgeneratedbytheMonteCarlosimulation,

wecomparedtheaforeachasteroid,whichwedefinedasthetruea,withthea'

calculatedbyBowell'Sequationsfromthemotionvectoroftheasteroid.As seen

infig.2,individuala'canconsiderablybedifferentfromthecorrespondingtruea.

Howeveronecanseethattheaveragedα′overmanyasteroidshasnosystematic

deviationfromthetruea.WedividedthemainbeltintothreereglOnS,i.e.inner,

middleandouterregionsandexaminedthedifferencebetweenthealanda(see

table1).Itisfoundthattheaverageddifferenceisnearlyequaltoorlessthan

0.lAUoverthemainbelt(2.1-3.3AU).Therefわre,wecanregardthattheerrorof

thea'derivedfromtheuncertaintyofitseisabout0.1AUforeachregion.
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Table1Thedifferencesbetweenthea'andainthreebeltreglOnS.

a aVe(a-∂')
innerbelt2.1≦a≦2.5 0.094
middlebelt2.5くa≦2.9 0,102

3Estimationofsizedistributionbasedonal

Wefoundoutinsection2thattheerrorofthea'estimatedfromtheapparent

motionvectoronlyisabout0.1AU.Wenowexamineinthissectionhowtheα'

erroraffectsthesizedistributioninferredfromourSMBAS.Forthispurpose,we

camiedoutsimulationsbythefollowlngProcedure.

1.GeneratethreelikelyorbitaldistributionswithMonteCarlosimulation(seet

able2).Weproducednineparentpopulationswithdifferentsizedistribution

slopes,eachpopulationwith5000membersorasteroids.Individualasteroids

ofeachparentpopulationhavevariousa,Iandewithintherangedesignated

intable2.Therefore,wemade27Orbitaldistributionsintotal.

2.PickupasteroidsinanobseⅣationalwindowassumedfわrobseⅣationsbyour

SMBAS,foreachdistribution.

3.Calculateapparentmotionvelocitiesinlong血deandinlatitude,witha

two-bodyephemerisgenerator,foreachasteroidpickedup.

4.Calculatea'andI'ofeachasteroidusingBowell'Sequationsfromtheapparent

motionvectoroftheasteroid.

5.Assumethattheheliocentricdistance(r)ofeachasteroidisequaltoitsa',and

calculatetheabsolutemagnitude(H )oftheasteroidbythefollowing
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equatlOn,

H=Vl510g(a'(a'-l)).........(1),

whereVisapparentmagnitudeoftheasteroid.

6.Assumeanalbedooftheasteroid,andtranslatetheHtotheradius(R)ofthe

asteroidwiththefollowingequation,

H cx=-2.5log(AR2)............(2),

whereAisthealbedo.

7.ProducethesizedistributionfromvariousRofasteroidsforeverypopulation

andgettheslope(b')ofthecumulativesizedistributionbyaleastsquares

me仇od.

8.Comparetheslope(b)oftheoriginalcumulativesizedistributiongeneratedin

simulationswiththeb'estimatedfroma'.

Sincewehavenoinfbmationatallonorbitaldistributionfわrthesub一km

MBAS,weassumedthattheorbitaldistributionsfわrsub-kmMBAsaresimilarto

thosefわrcu汀entlyknownMBAs.Amongthosedistributions,weselectedintable

2threetypicallylikelycombinationsofa,I,ande-range.Forthoselikelythree

kindsorthepopulationsgeneratedinthesimulations,Wecalculatedtheslopesof

thecumulativesizedistributionineachcase,followingtheprocedurementioned

befわre.

Nextweinvestlgatedwhetherornottheb'inferredfroma'uslngBowell's

equationscanreproduceproperlytheorlglnalb,incomparisonoftheb'withthe

bforeachpopulation.Weadoptedtheninekindsofb=I.0,1.5,1.6,1.7,1.75,
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1.8,1,9,2.0and2.5,foreachoriginalorbitaldistribution.Fig.4(a)-(C)ShowlogN

vs.Hplotforthethreecases(Ⅰ,Ⅱ andⅢ intable2)withb=I.75whose
valuewasdeteminedbythePLS.〟isthecumulativenumberorasteroidsasa

functionoftheirH.Thesolidlinerepresentstheslope(a)asafunctionofH,

namely0.35.BecauseHandthesize(orR)areconnectedbytheequation(2),

wecanfindimmediatelythefollowingrelation,b=5a.Infig.4(a)-(C),open
circlesshowtheonglnalcumulativeH-distributiongeneratedbythesimulations

andfilledcirclesshowthecumulativeH-distributionderivedfrom Bowell'S

equations.Theopencirclesandfilledcirclesarelinearlyfittedbyaleastsquares

method,respectively.Theobtainedb'sforeachcasearelistedintable3,along

witha'S.DuetotheobservationalbiasthatthefieldobservedbyourSMBASis

verysmallcomparedwiththewholesky,theslopeoftheH-distribution

representedbyopencirclesisdifferentslightlyfromtheoriginalone(a=0.35)

generatedbythesimulation.

ThetmesizedistributionofasteroidsthatwillbedetectedintheSMBASis

regardedasthat(b)expressedbyopencirclesinrlg.4(a)-(C),ontheotherhand,

thesizedistributionthatwewillobtainfrom theanalysisOfSMBASdata

correspondstothedistribution(b')expressedbyfilledcirclesinfig.4(a)-(C),

whichisestimatedfromtheapparentmotionvectorforeachasteroid.Therefore,

weattempttodeterminethecorrectionvaluefortheb'bycalculatingthe

differencebetweenblandb.Whenthecorrectionvalueisappliedtothesize

distributionderivedfroma'S,wewillobtainthetruesizedistributionofMBAs.

Fig.5Showsthecorrectionvaluescalculatedforeachparentorbitaldistribution

withthevariousb'S.ForthedatapointsOnthisgraph,Wedrawastraightline

comlngaSCloseaspossibletoallthedatapolntSinaleast-squaressense.The

errorbarsforeachdatapointcorrespondtothestandarddeviationoftheb'(error

barofx)andb-b'(errorbarofy),bothofwhicharederivedfromthethree

variationsoftheparentorbitaldistributions.Notethatallthecorrectionvalues

arelessthan±0.1inallcases.
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Table2Adoptedorbitalpopulations

I:Itismostsimilartotheorbitaldistributionofcu汀entlyknownMBAs.

Ⅱ:Itisslightlywiderinrangethantheorbitaldistributionofcu汀entlyknownMBAs･

Ⅱ:Itco汀eSpOndstotheFWHMoftheorbitaldistributionf♭rcu汀entlyknownMBAs.

a 26±+0.5 2.7±86
′ 10±10 15±15
e 0.2±al 0.2±82

obseJ8saZ6±O5.eO2±01,IIO±10.H15.V25.W紬 ow1775.2

14 16

Absolutemagnitude(mag)
18

Fig.4(a)log〃vs.〟basedonCaseI.

obsd8sa27±06,eO175±008.I75±5,H15,V25.W仙〟1775,2

14 16 18

Absolutemagnitude(mag)

Fig.4(C)logⅣvs.〟basedonCaseⅢ.

obseI8sa27±06,eO2±02.115±15,H15,V25,wmdow1775.2

14 16

Abso山temagnitude(mag)
18

Fig.4(b)logNvs.HbasedonCaseIl.

Table3Theslopesofthesizedistributions

Ⅰ Ⅱ Ⅲ
加 地由α 0.347 0.361 n353
BcNdl'Sα' 0,3X) 0.297 0.292
Gy冶花山db 1.735 1.肪 1.765
BcMdl'sb' 1.545 1.485 1.4ED
ALFbTb' 0.193 0.32) 0,ま方
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Abstract

Wereportfirstobservationsofsub-kmmainbeltasteroids(MBAs)obtained

withthepnme-focus mosaicCCDcamerafortheSubarutelescope.Wehave

detected27movingobjectsinasingleimageofthesky(fieldofview:27'x

27'),whoselocationwas410 0ffopposition.Fromtheirpositionsandprojected

motionsonthesky,allthedetectedobjectswerefoundtobenewandconsistent

withthecharacteristicofMBAs.TheV-magnitudesofthediscoveredasteroids

rangeapproximatelyfrom 19to24.Undersomesimplebutreasonable

assumptions,Weestimatedthecumulativesizedistributionfわrtheasteroids.This
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isthefirststatisticsforsub-kmMBAs (theminimumdiametercorrespondsto

about0.6km).Itisfわundthattheslopeofthecumulativesizedistributionfわrthe

obseⅣedasteroidsis1.0withane汀OrOfabout0.3.Wenotethatourslopeis

fairlysmallerthanthatobtainedinthepastsurveyobservationsforasteroids

largerthanafewkilometers(～1.75).

Keywords:Asteroids,Sizedistribution,Rubblepiles,Mainbelt

1.Introduction

Sub-kmobjectsinthemainasteroidbelthadneverbeenobservedbeforedue

totheirfaintness,atleastexceptforserendipitousdetections.Therecentadvent

of8-10mglgantictelescopeswiththewidefield-of-viewlikeSubaru,however,

enabledustoaccesssub-kmmainbeltasteroids(MBAs)systematicallyfわrthe

firsttime.Thestudyofsub-kmMBAsisimportantmainlyfromthefollowlng

twoviewpoints:1)themajority(～70%)ofnear-Earthasteroids(NEAs)which

aresupposedtooriginatefromthemainasteroidbeltaresub-km-sized (CBAT:

Central Bureau for Astronomical Telegrams for IAU,

h仕p://cfa-www.harvard.edu/iau/mpc.html),and2)thissizeregionliesnearthe

borderlinesizeseparatlngthetwocatastrophicimpactmechanisms,namely

thoseinthestrengthregimeandthegravityregime(e.g.,MeloshandRyan1997,

Durdaetal.1998).

Thisisareportonthefirstattempttoobtainthesizedistributionofsub-km

MBAsbyastatisticalanalysュsOftheirSubaruimages.Inthefbllowlng,We

describetheimagereduction method,theresulting sizedistribution,a

preliminarycomparisonofitwiththesizedistributionfわrasteroidslargerthana

few kilometersdeducedfrom thepastsurveyobservations,anddiscuss

implicationsfわrourobtainedsizedistribution.
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2.ObservationandDatareduction

Observationsweremadeon2000June12at14h26m(UT)attheprimefocus

ofthe8.2mSubarutelescopeatopMaunaKea,Hawaii.Weusedthewide-field

mosaiccameracalledtheSubamPrime-FocusCamera(Suprime-Cam),which

coversthefieldofviewof27'x27'witheightchips(2048X4096Pixelseach).

SinceourobservationswereperformedasapartofaSupnme-Camtestlngrun,

Wecouldnothelppolntlngthetelescopetotheskywiththeelongationangle

(sun-Earth-objectangle)of13900ffopposition(RA=20h10.OmandDec=-160

45')neartheeclipticplane,toavoidboththemoonandtheMilkyWay.The

exposuretimewas5minwithV-filter.Wetooktwoimagesofthesamefieldin

successionwithatimeintervalof9min,todetectmovlngObjects.Themean

seelngSizesforthetwoimageswere0.8"and0.9"respectively.

Ⅰmagereductionwasca汀iedoutuslngIRAFonachip-by-chipbasis.First,the

overscanreglOnWastrimmed,andthenanaveragedarklevelco汀eSpOndingto

eachchipwassubtracted.Inordertocorrectthedifferenceinpixelsensitivlty,

theflat-fieldcalibrationmustbedone.Forthepurpose,Wetookseveralimages

ofthetwilightskywiththefield-centeroffsetslightlyeachother.Andfromthem

amedianflat-fieldimagewasconstructed,withwhicheachobservedimagewas

divided.Finally,acosmic-rayremovalprocedurewasappliedforeachchip.

Becauseoftheshortexposuretimeandthenot-so-goodseelng,asteroidscould

notbeidentirledinaslngleimage.So,Wesubtractedthesecondimagefromthe

firstone,inanattempttoeasilyrecognlZemovingObjects.Fig.Ishowsapartof

thedifferencedimage,whereonecanseemovlngObjectsaspalrSOfseparated

black-and-whitedots.Bycarefuleye-inspectionofsegmentedandenlarged

images,wecouldeventuallydetect27movlngObjectsintotaloveralltheeight

chips.
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3.Dailymotionandphotometry

ToestimatedailymotionsofthedetectedmovingObjects,wepickedupfrom

eachchipabout10starsthathaveentryintheUSNO-A2catalog

(httT)://tdcIWWW.harvard.edu/software/catalogs/ua2.html).

Positionalmeasurementsof也osestarsweremadewiththeAPPHOTtaskin

IRAF.Theposlt10nforeachmovlngObjectwasalsomeasuredrelativetothe

catalogstarsforboththerlrStimageandthesecondone,andtheapparent

velocityfortheobjectwascalculated.Thecentroidingerrorofeachobjectwas

muchsmallerthan也eseemgsize.

Wemadeasimulationuslngatwo-bodyephemerisgenerator,todeducea

statisticalrelationbetweenthesemi-majoraxis(a)ofasteroidsandtheirapparent

dailymotions.ItwasfoundthatthemotionsofallthedetectedmovingObjects

wereconsistentwiththoseforMBAs,thoughitwasdifrlCulttosurelydistinguish

MBAsfi･omNEAs.

However,considering that the number of discovered yet MBAs

(approximatelyonehundredthousand)isalmostahundredtimeslargerthanthe

totalnumberofothersmallbodiesincludingNEAs(nearlyathousand)

(http://cfa-www.harvard.edu/iaunists/Unusual.html),itisveryunlikelythatour

detectedmovlngObjectsincludeconsiderablenumberofobjectsotherthan

MBAsbychance.Infact,glVenanexpectednumberofnon-MBAobjectsinour

obseⅣations(-27/100=0.27),血ePoissonstatisticsteachesusthatprobabilities

forourresulttoincludeoneortwoofnon-MBAsbychancerespectivelyare0.20

or0.03.Thismeansthat270bjectsdetectedin theseobservationsare

substantiallyallMBAs.WehavealsoconflmedthatthosemovingObjectsareall

newbyreferringtotheasteroiddatabaseoftheCBAT'sMinerPlanetService.

Then,wedescribeherephotometricreductionofourobservations.Againthe

APPHOTinIRAFwasusedtodoaperturephotometricmeasurements.Forsome

reasons,Weneededtofわllowthereductionproceduresmentionedbelow.First,

wecouldnothavechancestoobseⅣephotometricstandardstarsseparatelybut
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insteadhadtousebackgroundstarsintheasteroidimagesfわrphotometric

calibration,becausetheobservationswereperformedasapartofaSupnme-Cam

testrun.Forthemagnituderangeofthedetectedasteroids(V～19--24mag),the

onlyavailablestarcatalogwasUSNO-A2.Moreover,thiscatalogglVeSB-and

良-magn血desonly,whereasourobseⅣationsweremadewithV-band.Because

ofthisbandmismatch,weassumed,asaninevitablecompromise,anaverage

(V-R)forthebackgroundstars,whoseaveragevaluewasderivedfrom

populationsofstarswithknownspectraltypes.Namely,weadoptedanaveraged

value(V-R)～+0.37,whichwascalculatedfromthecolorfrequencydistribution

forphotometricstandardstarsobservedoverthewholesky(Landolt1983,

MemilliodandMemilliod1994)･Byapplyingthiscolorco汀eCtion,wesuppose

thattheobservedV -magforeachasteroidcanbetiedtotheR-magofUSNOIA2

Catalogatleastapproximately.Inthisway,themagnitudesofthedetected

asteroidswerefoundtorangefrom18.8through23.8inV-band(seeTable1).It

isinferredthatthusobtainedV-magnitudesoftheasteroidscanbearanerror(cT

c)of～0.27,whichisthestandarddeviationof(V-R)sforvariousspectraltypes

fromtheabovemean(V-R).Inaddition,theUSNOIA2Catalognotifiesusthat

eachcatalogstarhasamagnitudeerror(Jm)ofO,250ntheaverage.

Next,wemakeestimationofabsolutemagnitudes(H)Orequivalentlythesizes

fortheobservedasteroids.InordertocalculateH-magofanasteroid,weneedto

knowitsdistances,sinceH-magandtheapparentV-magareconnectedbythe

relation:

H=V-510g(A.r)-p(α)-6V, (1)

whereA andrstandforthegeocentricandheliocentricdistances(inAU)

respectively,p(α)isthephasefunction (α :phaseangle,namely

Earth-asteroid-Sunangle),and♂γlightvariation.

TocalculaterorA,wemustknowthesemi-majoraxis(a)andeccentricity

(e)ofeachasteroid.However,itissurelyimpossibletoobtainefromsucha
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shorttimearcasinthisobservation,thoughacanbeestimatedwithanerrorof～

0.1AUfromtheapparentdailymotions,ifasteroidsarenearopposition(Yoshida

andNakamura2000).Theyalsoshowedthroughextensivemodelcalculations

that,undertheassumptionofe=0(or7⊂a)foralltheasteroids,theslopeofthe

cumulativesizedistributioncanbedeterminedwithanerrorof0.Iorso.Hence,

theassumptionOfr=awasalsotakeninthiswork.Practically,Wehypothesized

hereasirallthedetectedasteroidswerelocatedinthemiddleofthemainbelt

(～2.7AU).Thisisbecause,forourobservations(410 0ffopposition),the

correlationbetweenthedailymotionandawasnotsogoodasnearopposition.

HowthisseemlnglycrudeassumptionPlacedhereontheaoftheobserved

asteroidsaffectstheresultingsizedistributionwillbediscussedlater.

4.Results

Table 1summarizesthemeasured daily motions,V-magnitudesand

H-magnitudesofthe27movlngObjects.InconversionofV-magtoH-maguslng

theequation(1),weadoptedthephasefunction(with α=140 forthe

obseⅣationdate)co汀eSpOndingtothephotometricslopeparameterG=0.15,

whichisthewidelyusedvalueforthemajorityofasteroids(Ephemeridesof

MinorPlanetsfわr2001).From theseH-magnitudes,onecancalculatethe

co汀eSpOndingdiametersbyassumlnganapprOprlatealbedo.Befわredoingthis,

however,letusestimatetheoverallerror(o')containedintheH-magnitude.

ThecTconsistsofseveralcomponenterrorsdiscussedintheprevioussection,

andthee汀Orbreakdownwillbeexpressedbytheequation:

o･2=go2+cTc2+gm2+crv2. (2)

whereJoistheerrorcausedbytheassumptionsthata=2.7AUande=Oforall

theobservedasteroids.Wefoundouto'0-0.63byanorbitalsimulationforan

ensembleofthemainbeltasteroidswithrealisticrangesofaande.
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As forthelightvariationerror(o'V),nothingcanbeknownforourasteroids,

sincetheobservationtimewasonly10minutes.Therefore,Weinferreditby

regardingasJvasamodevalueforthedistributionofthepeak-to-bottomlight

variationamplitudeofasteroids(Yoshida1999).TheresultinggvisO･25･

SinceothererrorslikegcandcrmhavealreadybeenestimatedinSection3,

Wecanobtainthecrfrom theequation(1)as(0.632+0.272 +0.252+

0.252)1′2=0.77.1tisnotedthatthevalueisfわrasingleasteroid.Ifthereare〟

asteroidsinaH-binofFig.2,theerrorforthisbinshouldbeJ/√n.

Fig.2Showsthedifferential(shadedhistogram)andcumulative(blackand

whitedots)H-magdistributions,drawnbasedonTable1.Thetwoasteroids

whosemeasuredmagnitudesarefairlyuncertainbecauseofpartialoverlapplng

withstarsareomittedinFig.2.Theerrorbarattachedtoeachdotiso'/(nfor

theabove o =̀0.77.Thediameter(刀)scaleintheupperabscissawascalculated

fromthelowerH-magscalefortheaveragedalbedoofC-andS-typeasteroids,

thatis,uslnganemPlrlCalformulalogD=3.6510.2H.Onecanseefromthe

formulathatthefaintestasteroidinTable1correspondstothediameterofabout

550m.

Next,WewillexaminetheslopeorthecumulativesizedistributioninFig.2.

Nearthelimltlngmagnitude,itispossiblethatsomefractionofveryfaint

asteroidsescapedvisualdetection.Tbtakeintoaccountthispossibledetection

failure,astraightlineslopewasfittedbyaleast-squaresmethodonlyforthe

asteroidsindicatedbyfilled(black)dots,whichare1.5magnitudebrighterthan

thedetectablelimltlngmagnitude.Thescopeofthefittedlinewasthenfoundto

bel.0.

Althoughtheleast-squarese汀Orfわrtheslopewascalculatedtobe0.1,this

valueshouldbetakenasafbmale汀Orratherthanapracticalone,sincethe

H-magerrorattachedtoeachdatapolntinFig.2isaslargeas0.40-0.77.Hence,

inordertoestimatetherealisticerroroftheslope,weproducedinacomputera

hundredsetsofsyntheticdatapolntSbygeneratlngrandomvaluesthatobeya

GaussiandistributionwiththestandarddeviationofcT/rn,andwiththema
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hundredslopeswerecalculated.Themeandeviationoftheseslopesfrom1.0was

about0.3.Weconsider,therefore,thisvalueasarealisticerrorforourobserved

slope.

ThedashedlineinFig.2representstheslope(～1.75)estimatedfromthepast

systematicobseⅣationssuchasthePalomar-Leiden(1970)andSpacewatch

(1998)surveys,whichcoveredthesizerangeofD>afewkilometers.Asthis

lineisintendedtoonlyshowitsslopeforcomparison,thezeropolntisarbitrary.

OnecanseefromFig.2thatourslopeforthesizerangeof6-1kmisgentlerthan

thePalomar-LeidenandSpacewatchslope.Thissuggeststhat,foraspecifiedsize

range,theskynumberdensltyOfsub-kmMBAs isfairlymoredepletedthanthat

extrapolatedfromtheslopeofthepastsurveys.

5.Discussion

Onemayconsidertheslopeor1.0obtainedinthisworktobesomewhat

prematurebecausethisisanoutcomefrom smallnumberstatistics,anda

confirmation observationwithanenlargedsamplenumberisnecessary.

Concemlngthis,WementionthatapreliminaryanalysisofrecentSubaru

observationswithmanymoreasteroidsalsoseemstosupportthedepletionof

sub-kmMBAs.Furthemore,itispolntedoutthatasimilarstatisticalanalysisor

smallJovianTrojanswithasmallsamplenumber(severaltens)byJewittetal.

(2000)gaveameaningfulresult.

Giventheslopeof1.0beingrealfわrsub-km MBAs,letusconsiderits

physicalimplications.Recentcollisionaltheoriesandexperimentsshowthatthe

impactenergyneededtodisperseanasteroidisgreaterthanthattothoroughly

shatterit,forasteroidslargerthansub-kmsize.Thus,asteroidslargerthanthe

sub-kmsizerangeshouldprobablybeconsideredtobestrengthless"mbble

piles"(e.g.,MeloshandRyan1997).Theconsiderablylowbulkdensity(～1.3)of

theasteroidMathildemeasuredbytheNEARspacecraft(Veverkaeta1.,1999)

alsoseemstoevidencetheexistenceofmbble-pileasteroids.
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Iftheabovediscussionisco汀eCt,itisexpectedthatthenumberorsmall

asteroids(say,lessthanlkmindiameter)ismuchsmallerthanthenumberfrom

theclassicalcollisionaltheory(Dohnanyi1969).Ourwork'sresult(Fig.2)is

therefわreconsistentwiththefbmationofmbblepiles.Inotherwords,

consideringcommonoccurrenceofmbblepilesamongtheMBAsshownin

impactsimulations(e.g.,CampoBagatinetal.2001),ourgentleslopeinthesize

distributionfわrsub-kmMBAscouldbeinterpretedassubstantialdepletionof

sub-kmfragmentsinthemainbeltcausedbytheirincorporationintorubblepiles

asbuildingblocks.

WethankTheSupnme-CamteamfわrallowlnguStOuseit,andtheSubam

telescopesupportlngStaffforourobservations.WearealsogratefultoDr.T.Ito

andthestaff oftheAstronomicalDataCenter,NationalAstronomical

Observatory,whoseadviceindatareductionwasveryhelpful.

References

CampoBagatineta1.,2001,Howmanymbblepilesareintheasteroidbelt?,

Icarus,149,198.

Dohnanyl,∫.S.,1969,Collisionalmodelofasteroidsandtheirdebris,∫.

Geophys.Res.74,2531.

Durda,D.D.,Greenberg,氏.,Jedicke,氏.,1998,Collisionalmodelsandscaling

laws:A new interpretationortheshapeorthemain-beltasteroidsize

distribution,Icams135,431.

Jedicke,R.andMetcalfe,T.S"1998,Theorbitalandabsolutemagnitude

distributionsofmainbeltasteroids,Icams131,245.

Jewitt,D.C.,Trajillo,C.A.,Luu,J.X.,2000,Populationandsizedistributionof

smallJovianTrojanasteroids,Astron.J.,120,1140.

Landolt,A.U.,1983,UBVRIphotometricstandardstarsaroundthecelestial

equator,Astron.∫.,88,439.

a･31



Melosh,H.J.andRyan,E.V.,1997,Asteroids:shatteredbutnotdispersed,

Icaurs129,562.

Me-illiod,∫.C.,Memilliod,M.,1994,CatalogueormeanUBVdataonstars

(Spribger-Verlag,NewYork).

VanHouten,C.J.,eta1.,1970,ThePalomar-Leidensurveyoffaintminorplanets,

Astr.Astrophys.Suppl.2,339.

VeverkaJ.,eta1.,1999,NEARencounterwithasteroid253Mathilda:overview,

Icams140,3

Yoshida,F.,1999,MasterThesis(inJapanese),FukuokaUniv.ofEducation.

Yoshida,F.,Nakamura,T.,2000,SUBARUsub-kmmainbeltasteroidsuⅣey

plan-Statisticalestimationorsizedistribution,Proc.of33rdISASLunarand

PlanetarySymp0.,21.

a-32





Diameter(km)
100 10二1

10

15 20

Absolutemagnitude(mag)

Figure2:Thedifferential(white-boxhistogram)andcumulative(blackandwhite

dots)H-magdistributionsforourobservedasteroids.

Thediameter(logarithmic)scaleintheupperabscissaiscalculatedfromanempirical

relation:logD=3.65I0.2H.Thesolidlineisleast-squares-fittedtotheblackdotpolntS･As

fortheerrorbars,seetext,Thedashedlineisdrawnonlytorepresenttheslopeforthepast

systematicsuⅣeys(thePalomaトLeidenandSpacewatch)･
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Table1:Summaryoftheasteroidsdetectedinthisobservation.

Asteroid chip Apparent Absolute

number No. Apparentmotion magnitude magnitude

(arcmin/day) (mag) (mag)

1 2 5.93 23.13 18.86

2 2 9.21 21.40 17.13

3

4

5

6

7

8

9

10

ll

12

13

14

15

16

3 (7.0)

3 7.03

3 3.15

3 3.66

3 4.51

3 6.55

(23.5) (19.2)

22.96 18.69

20.84 16.57

19.02 14.75

22.64 18.37

23.19 18.92

4 5.38

4 3.38

4 (5.5)

4 (6.8)

22.24 17.97

21.98 17.71

22.75 18.48

(24.0) (19.7)

5 4.86

5 7.18

5 6.10

5 6.04

17 5 1.29

19.30 15.03

23.06 18.79

22.27 18.00

19.76 15.49

21.08 16.81

18 6 7.08 23.80 19.53

19 7 7.86

20 7 4.60

21 7 8.05

23.37 19.10

19.38 15.ll

20.74 16.47

8 6.ll

8 4.64

8 5.55

8 (6.2)

8 (3.6)

8 6.75

23.69 19.42

18.77 14.50

21.91 17.64

21.98 17.71

18.95 14.68

20.72 16.45
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