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After yearsof speculation,satellitesof asteroidshavenow beenshown definitively to exist.
Asteroidsatellitesareimportantin at leasttwo ways: (1) they area naturallaboratoryin
whichto studycollisions,aubiquitousandcritically importantprocessin theformationand
evolution of theasteroidsandin shapingmuchof thesolarsystem,and(2) their presence
allows to us to determinethedensityof theprimary asteroid,somethingwhich otherwise
(except for certain large asteroidsthat may have measurablegravitational influenceon,
e.g., Mars) would requirea spacecraftflyby, orbital mission,or samplereturn. Satellites
or binarieshave now beendetectedin a varietyof dynamicalpopulations,includingnear-
Earth,Main Belt, outerMain-Belt, Trojan, andtrans-Neptunian.Detectionof thesenew
systemshasbeenthe resultof improved observationaltechniques,including adaptive op-
tics on largetelescopes,radar, directimaging,advancedlightcurveanalysis,andspacecraft
imaging. Systematicsanddifferencesamongthe observed systemsgive cluesto the for-
mationmechanisms.We describeseveralprocessesthatmay result in binary systems,all
of which involve collisionsof onetypeor another, eitherphysicalor gravitational. Several
mechanismswill likely berequiredto explain theobservations.

1



1 INTRODUCTION

1.1 Overview

Discovery andstudyof small satellitesof asteroidsor doubleasteroidscanyield valuableinfor-
mationabouttheintrinsicpropertiesof asteroidsthemselvesandabouttheirhistoryandevolution.
Determinationof theorbitsof thesemoonscanprovideprecisedeterminationof thetotal (primary
+ secondary)massof thesystem.In thecaseof a smallsecondary, thetotal massis dominatedby
theprimary. For a binarywith determinablesize-ratioof components(e.g. doubleasteroids),an
assumptionof similar densitiescanyield the individual masses.If theactualsizesof theprimary
or the pair arealsoknown, thenreliableestimatesof the primary’s bulk density, a fundamental
property, canbemade.This revealsmuchaboutthecompositionandstructureof theprimaryand
will allow usto makecomparisonsbetween,for example,asteroidtaxonomictypesandour inven-
tory of meteorites.In general,uncertaintiesin the asteroidsizewill dominatethe uncertaintyin
density.

Similaritiesanddifferencesamongthedetectedsystemsarerevealingimportantcluesaboutthe
possibleformationmechanisms.Systematicsarealreadybeingseenamongthemain-beltbinaries
— many of themareC-likeandseveralarealsofamily members.Thereareseveraltheoriesseeking
to explain theorigin of thesebinarysystems,all of theminvolving disruptionof theparentobject,
eitherby physical collisions,or gravitationally during a closepassto a planet. It is likely that
severalof themechanismswill berequiredto explain theobservations.

The presenceof a satelliteprovidesa real-life laboratoryto study the outcomeof collisions
andgravitational interactions.The currentpopulationprobablyreflectsa steadystateprocessof
creationanddestruction.Thenatureandprevalenceof thesesystemswill thereforehelpusunder-
standthecollisionalenvironmentin which they formed,andhave furtherimplicationsfor therole
of collisionsin shapingour solarsystem.They will alsoprovide cluesto the dynamicalhistory
andevolutionof theasteroids.

A decadeago,binary asteroidsweremostly a theoreticalcuriosity, despitesporadicuncon-
firmedsatellitedetections.In 1993,theGalileo spacecraftmadethefirst undeniabledetectionof
an asteroidmoon,with the discovery of Dactyl, a small moonof Ida. Sincethat time, andpar-
ticularly in the last year, the numberof known binarieshasrisendramatically. In the mid-late
1990s,the tell-tale lightcurvesof severalnear-Earthasteroids(NEAs) revealeda high likelihood
of beingdouble.Previously odd-shapedandlobatenear-Earthasteroids,observedby radar, have
givenwayto signaturesrevealingthatat leastfiveNEAsarebinarysystems.Indicationsfrom these
lightcurve andradarobservationsarethat amongthe NEAs, the binary frequency may be about
16%(seeSections2.4& 2.5).

Among the main-beltasteroids,we now know of 8 confirmedbinary systems,althoughtheir
overall frequency is likely to be low, perhapsa few percent(seeSection2.2.6). Thesedetections
have largely comeaboutbecauseof significantadvancesin adaptive opticssystemson largetele-
scopes,which cannow reducetheblurring of theEarth’s atmosphereto competewith thespatial
resolutionof space-basedimaging(which itself, via HST, is now contributing valuableobserva-
tions). SearchesamongtheTrojansandTrans-NeptunianObjects(TNOs)have shown thatother
dynamicalpopulationsalsoharborbinaries.

Now that we have reliable techniquesfor detection,we have beenrewardedwith many ex-
amplesof systemsfor study. This hasin turn spurrednew theoreticalthinking and numerical
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simulations,thetechniquesfor whichhavealsoimprovedsubstantiallyin recentyears.

1.2 History and Inventory of Binary Asteroids

Searchesfor satellitescanbe tracedbackto William Herschelin 1802,soonafter the discovery
of the first asteroid,(1)Ceres.The first suspicionof a satellitegoesbackto Andre (1901),who
speculatedthat the

�
-Lyrae-like lightcurve of Eroscould resultfrom aneclipsingbinarysystem.

Of course,we now know definitively thatthis interpretationis wrong(Merline et al. 2001c),Eros
beingoneof thefew asteroidsvisiteddirectly by aspacecraft(cf. Cheng,this volume).

In thelate1970s,therewasa flurry of reportsof asteroidsatellites,inferredfrom indirectevi-
dence,suchasanomalouslightcurvesor spurioussecondaryblink-outsduringoccultationsof stars
by asteroids.VanFlandernet al. (1979)in AsteroidsI givesa completesummaryof theevidence
asof thattime. To some,theevidencewashighly suggestive thatsatelliteswerecommon.To date,
however, noneof thosesuspectedbinarieshasbeenshown to bereal,despiteratherintensivestudy
with moderntechniques.

In the1980s,additionallinesof evidencewerepursued,includingasteroidswith slow rotation,
or fast rotation,and the existenceof doubletcraterson, e.g., the Moon or Earth. Cellino et al.
(1985)studied10asteroidsthatshowedanomalouslightcurves,which they comparedwith predic-
tions from modelsof equilibrium binariesof varyingmassratiosby Leoneet al. (1984). Model
separationsandmagnitudedifferencesfor theseputative binariesweregiven;mostof thesecould
have beendetectedusingby modernobservations,but nonehave beenconfirmedasseparatedbi-
naries(althoughOstroet al. (2000a),Merline et al. (2000b),andTanga et al. (2001)have shown
(216)Kleopatrato bea contactbinary). In thesamedecade,radaremergedasa techniquecapable
of studyinga small numberof (generallynearby)asteroids.In addition,speckleinterferometry
wasusedto searchfor close-inbinaries,andtheadventof CCD technologyallowedmoresensi-
tive anddetailedsearches.Studiesby Gehrels,Drummond,& Levenson(1987),who searched11
main-beltasteroidsusingdirect CCD-imagingandby Gradie& Flynn (1988),who searched17
main-beltasteroids,usingaCCD/coronagraphictechnique,did notproduceany detections.By the
endof thedecade,thepreviousoptimismabouttheprevalenceof satelliteshadretreatedto claims
rangingfrom thembeingessentiallynonexistent(Gehrels,Drummond,& Levenson1987)to being
rare(Weidenschillinget al. 1989).Weidenschillinget al. (1989)givesa summaryof thestatusof
theobservationsandtheoryasof thetimeof AsteroidsII .

Thetideturned,however, in 1993,whentheGalileospacecraft,enrouteto its orbital tourof the
Jupitersystem,flew past(243)Ida, andserendipitouslyimageda small (1.4-kmdiameterDactyl)
moonorbiting this 31-kmdiameter, S-typeasteroid.This discovery spurrednew observationsand
theoreticalthinking on theformationandprevalenceof asteroidsatellites.Roberts,McAlister, &
Hartkopf (1995)performeda searchof 57 asteroids,in multiple observingsessions,usingspeckle
interferometry. No companionswerefoundin this survey. A searchby Storrset al. (1999a)of 10
asteroidsusingHSTalsorevealednobinaries.Numericalsimulationsperformedby Durda(1996)
andDoressoundiramet al. (1997)showed that the formationof small satellitesmay be a fairly
commonoutcomeof catastrophiccollisions.Bottke& Melosh(1996a,b)suggestedthatasizeable
fraction ( ����� %) of Earth-crossingasteroidsmayhave satellites,basedon their simulationsand
the occurrenceof doubletcraterson the EarthandVenus. Varioustheoreticalstudieswereper-
formedof thethedynamicsandstability of orbitsaboutirregularly-shapedasteroids(Chauvineau
& Mignard 1990; Hamilton & Burns1991; Chauvineau,Farinella,& Mignard 1993; Scheeres
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1994).
After thefirst imagingof anasteroidmoonby Galileo, several reportsof binariesamongthe

near-Earthasteroidpopulation,basedonlightcurveshapes,weremadeby Pravecetal. andMottola
et al. , including1994AW � (Pravec& Hahn1997),1991VH (Pravec,Wolf, & Šarounová 1998),
3671Dionysus(Mottolaetal. 1997,IAUC 6680), and1996FG� (Pravec,Šarounová,& Wolf 1998,
IAUC 7074). While thesesystemsare likely to be real, they have not beenconfirmedby direct
imagingor radartechniques.

It wasnotuntil 1998thatthefirst definitiveandverifiableevidencefor anasteroidsatellitewas
acquiredfrom Earth,when215-km(45)Eugeniawasfound to have a small moon(13-km Petit
Prince)by directimagingassistedby adaptiveoptics(AO) (Merlineetal. 1999b,c).Thisdiscovery
was the first result from a dedicatedsurvey with the capability to searchfor faint companions
( �
	��
� mag)ascloseasafew tenthsof anarcsecondfrom theprimary. Thissurvey detectedtwo
moreasteroidbinariesin 2000— (762)Pulcova (Merline et al. 2000a)and(90)Antiope(Merline
et al. 2000a,2000b).While themoonof Pulcova is small,Antiopeis truly a doubleasteroid,with
componentsof nearlythesamesize.

After thesedetections,thefirst two near-Earthasteroidbinariesto bedefinitively detectedby
radarwereannounced:2000DP����� (Ostroet al. 2000b,IAUC 7496; Margot et al. 2000,IAUC
bf 7503)and2000UG ��� (Nolanet al. 2000,IAUC 7518). In themeantimeandsince,Pravecet al.
continuedto addto therapidlygrowing list of suspectedbinaryNEAs from lightcurves.

Startingin 2001,binarydiscoveriesreally surged.In February, Brown & Margot (2001,IAUC
7588), alsousingadaptive opticstechnology, discovereda moonof (87)Sylvia,a Cybeleasteroid
beyond the Main Belt. Soonafterwards,Storrset al. (2001, IAUC 7599) reporteda moon of
(107)Camilla,alsoaCybele,usingHubbleSpaceTelescope.Threeadditionalradarbinarieswere
announced— 1999KW � (Benneret al. 2001a,IAUC 7632) and1998ST��� (Benneret al. 2001b,
IAUC 7730) and2002BM ��� (Nolanetal. 2002,IAUC 7824). In addition,Veillet etal. (2002;2001,
IAUC 7610) reportedthefirst binaryamongTrans-NeptunianObjects(asidefrom Pluto/Charon),
1998WW ��� , obtainedby directCCD imagingwithoutAO. Six moreTNO doubleswerereported:
2001QT����� , Eliot et al. (2001, IAUC 7733); 2001QW����� , Kavelaarset al. (2001, IAUC 7749);
1999TC��� , Trujillo & Brown (2002, IAUC 7787); 1998SM ����� , Brown & Trujillo (2002, IAUC
7807); 1997CQ��� , Noll et al. (2002a,IAUC 7824); and 2000CF����� , Noll et al. (2002b, IAUC
7857). A smallmoonwasco-discoveredaround(22)Kalliope by Margot & Brown (2001),IAUC
7703) andMerline et al. (2001a,IAUC 7703), which is the first M-type asteroidknown to have
a companion.Later, the first binary Trojan asteroid,(617)Patroclus,was found (Merline et al.
2001b,IAUC 7741); this asteroid,like Antiope, hascomponentsof nearlyequalsize. Merline
et al. (2002, IAUC 7827) thendetecteda widely-spacedbinary in the Main Belt, (3749)Balam,
which appearsto be themostloosely-boundsystemknown. (The list of asteroidsatellitesin this
chapteris completethrough2002May).

1.3 Observational Challenges

Direct imagingof possiblesatellitesof asteroidshasbeenhamperedby lack of adequateangular
resolutionto distinguishobjectsseparatedby fractionsof an arcsecondandby lack of sufficient
dynamicrangeof detectorsto resolve differencesin brightnessof many magnitudes.The basic
observationalproblem,detectionof a faint objectin thepresenceof a muchbrighterone,is com-
mon to many areasof astronomy, suchasbinary andmultiple starsystemsor circumstellarand
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proto-stellardisks.
At theinnerlimit, thesmallestseparationsbetweentheprimaryasteroidandthecompanionare

determinedby orbital instabilities(a few radii of theprimary),andat the far extremeby theHill
stability limit (a few hundredradii of theprimaryfor theMain Belt). For a 50km diametermain-
beltasteroid(sayat2.5AU), observedatopposition,theangularseparationatwhichwemightfind
a satellitespanstherangeof about0.05arcsecto severalarcsec.If thesatellitehasa diameterof
2km, the brightnessdifferenceis 7 magnitudes.Using conventionaltelescopes,the overlapping
point spreadfunctionsof theseobjects,of widely-disparatebrightness,make satellitedetectionin
thenearfield extraordinarilychallenging.TheFWHM of theuncorrectedpoint spreadfunctionof
a largeground-basedtelescope,underaverageseeingconditionsof 1arcsec,correspondsto nearly
25primaryradii in theaboveexample.Indeed,boththeoryandmostexamplesof observedbinaries
suggestthatmoonsaremorelikely to befoundcloserto theprimary.

The traditional techniqueshave beendeepimagingusingmultiple shortexposuresto search
thenearfield andtheuseof “coronagraphic”camerasfor the far field. With modern,low-noise,
high-dynamic-rangedetectorsandwith theadventof adaptive opticstechnology, a ground-based
searchfor andstudyof, asteroidsatelliteshasbeenrealized.

Radaris a powerful techniquefor nearbyobjectsbecausethe returnsignal is proportionalto
the inverse4th power of thedistance.This haslimited studyto eithervery large asteroidsat the
inneredgeof theMain Belt or to NEAs. Radarhasshown tremendouspromiseandupgradesto
the telescopesandelectronicsareenhancingthe rangeandcapabilities. Observationsof NEAs,
however, have drawbacksbecausetheobjectsaresmallandopportunitiesto observe themmaybe
spacedmany yearsapart.Therefore,it is difficult to make repeator differentobservations.

Lightcurveobservationsgenerallyrequiretheobservedsystemtobenon-synchronous,i.e.,having
the primary’s rotationratebe different thanthe orbital rate. In addition,either the systemmust
be eclipsingor the secondarymust have an elongatedshape. Sucha systemwill show a two-
componentlightcurve. To be well resolved, both contributions shouldhave an amplitudeof at
leasta few hundredthsof a magnitude.Therequirementsgenerallyrestrictefficient observations
to close-inbinary systemswith the secondary’s diameterat least � �� that of the primary. This
techniqueworksbestalsoon NEAs,wherethesesmallbinariesappearto have a long tidal evolu-
tion timescaleandthereforecanremainnon-synchronousfor a long time after formation. These
closebinariesalsolendthemselvesto having a high probabilityof eclipseat any giventime. This
techniquesuffers from the sameproblemswith NEAs mentionedabove — repeatobservations
over a wide rangeof viewing geometriesarenot possiblequickly. Thus,in many casestheremay
beambiguitiesin interpretationof thelightcurve signatures.

Direct imaginghasbeenshown to bepossiblefor TNOsbecauseof thosedetectedsofar have
wide separationsandlargesecondary/primarysizeratios. Soalthoughtheseobjectsarefar away
( � ��� AU), loosely-boundbinariescanbeseparatedwith conventional(non-AO) imagingunder
idealconditions.HSTsearchesfor main-beltbinarieshave largely beenunsuccessful,notbecause
of limitations to the instrumentation,but becauseof the lack of telescopetime allocated. HST
searchesfor TNO binariesarenow underwayandareshowing promisingresults.
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2 OBSERVATIONAL TECHNIQUES AND DISCOVERIES

2.1 Searches during Spacecraft Encounters

Oneof the mosteffective waysof performinga searchfor satellitesof asteroidsis by a flyby or
orbital tourwith aspacecraft,althoughthis is prohibitively expensive for morethana few objects.
Nonetheless,this methodproducedthefirst definitive evidencethatasteroidmoonscanexist and
alsoallows searchesto muchsmallersizesthanis possiblefrom Earth.

Therearea varietyof problemsencounteredwhensearchingfor satellitesfrom imagestaken
during spacecraftencounters.A major one is that the imagesare taken from a rapidly moving
platform. This makesquick visual inspectiondifficult, becauseonemustproject the imageto a
commonreferencepoint. If the moonis resolved,asin the caseof Dactyl, the problemis more
manageable.But it is possiblethat moonswould be small, appearingaspoint-like objects,and
would competefor recognitionwith stars,cosmicray hits, anddetectordefects.The strategy is
normallyto takeaseriesof many pictures,in which thedetectordefectsareknown andthecosmic
raysmaybeeliminatedby lackof persistence.Starsmaybeeliminatedby identificationusingstar
catalogs,or by commonmotion. Evenwith thesetechniques,however, cosmicray hits in a series
of imagesmayconspireto clusterin a patternthat is consistentwith thespacecraftmotionandan
objectin aplausiblepositionin 3-D spacerelativeto theasteroid.Correlationsamongall identified
point-sourcecandidatesonaseriesof imagesmustbeexamined.

2.1.1 Discovery of Dactyl

Thefirst imageof anasteroidmoonwasspottedby Ann Harchof theGalileo ImagingTeamon
February17, 1994,during theplaybackof imagesfrom Galileo’s encounterwith S-type243 Ida
on August29, 1993. Becauseof the loss,early in the mission,of Galileo’s high gain antenna,
somedatafrom theIdaencounterwasreturnedmonthsafterwards.Thefirst imageswerereturned
as“jailbars”, thin stripsof a few linesof dataseparatedby gaps.This techniquealloweda quick
look of thecontentsof theimages,to determinewhich linescontainedIda data.Fortuitously, one
of theselines passedthroughthe satellite,asshown in Figure1. The presenceof the moonwas
laterconfirmedby theinfraredspectrometerexperimentandwasannouncedby Belton& Carlson
(1994,IAUC 5948). It wasinitially dubbed1993(243)1,thefirst satelliteof asteroid(243) to be
discoveredin 1993,andlatergiventhepermanentnameDactyl,aftertheDactyli, whowereeither
childrenor protectorsof Ida.

Duringtheflyby of Ida,47 imagesof Dactylwereobtained(Chapmanetal. 1995;Beltonetal.
1995;Belton et al. 1996). However, becausetherewasno opportunityfor feedbackto guidean
imagingsequence,thesepictureswereall serendipitous.The spacecrafttrajectorywasnearlyin
theplaneof thesatellitemotion,andhencelittle relative motionwasobserved,resultingin poorly
determinedorbitalparameters.Follow-upobservationswith HST(Beltonetal. 1995;Beltonetal.
1996)failed to find the satellite,which wasnot surprisinggiven its separation.But if the object
wereonahyperbolicor highly elliptical orbit, therewassomechanceof findingit with HST. These
additionalobservationsdid allow limits to beseton thedensityof Ida.

Additionally, resolvedpicturesof Dactyl’ssurfacehavegivenustheopportunityfor geological
interpretation,anda glimpseinto the possibleorigin andhistory of an asteroidmoon. The pair
is shown in Fig. 2, with a smaller-scaleimageof Dactyl in Fig. 3. Chapmanet al. 1996and
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Veverkaet al. 1996bindicatethat the cratersize-frequency distribution on both Ida andDactyl
exhibit equilibrium-saturation(seealsoChapman,this volume). Thus,we canestimateonly the
minimumagesfor bothobjects;the relative agesof the two, from craterdataalone,is uncertain.
Giventheobservedimpactorsize-distribution,saturationat thelargestcraterson Ida,of sizeabout
10km would beexpectedafterabout2 Gyr (Chapmanet al. 1996),settingroughly theminimum
ageof Ida. ThelargestcratersonDactyl,however, arelessthan0.4km in size,andwouldsaturate
in about30 Myr. Impactsthat would createlarger craterson Dactyl would insteadbreakup the
object. Themeantime betweenimpactsthatwould destroy Dactyl wasestimatedby Davis et al.
(1996)to be,dependingonmodelassumptions,betweenabout3 Myr and240Myr, thesameorder
asthe saturationcrateringage. If Dactyl wasformed2 Gyr agowith Ida, via disruptive capture
(Section3.3), perhapsduring the Koronis-family breakup(Binzel 1988),thenit is very unlikely
that it would still exist intact,given its shortlifetime againstcollisionalbreakup.Conceivably, it
mayhave formedfrom theejectaof amorerecent,largecrateringevent(Section3.2). Eitherway,
it musthave beendisruptedandreaccretedseveral timessinceits initial formation,becauseit is
unlikely to have formedonly in the last 30 Myr. Additional geologicaldatasupportsthe ideaof
this satelliteasa reaccumulatedrubblepile. It it roughlyspherical,with no obviousevidenceof
coherentmonolithicstructure.It displaysa softenedappearance,andlikely hasa surfaceregolith
(Veverkaet al. 1996b).

Thespectrumof Dactyl (from Galileo imagerdata,0.4–1.0 m) is similar to thatof Ida (Vev-
erkaet al. 1996a),but with someimportantdifferences.Both objectsshow S-typespectraand
havesimilaralbedos.Dactyl,however, showssomewhatlessreddeningthanIda,possiblyindicat-
ing lessspaceweathering,which is alsoconsistentwith a youngersurfaceage,asexpectedfrom
themostrecentdisruption/reaccretionepisode(Chapman1996).

2.1.2 Other Searches

Extensivesearchesweremadefor additionalsatellitesof Ida in theGalileodatasetsandnocandi-
dateswerefoundthatwerenot consistentwith singleor multiple cosmicray events(Beltonet al.
1995;Beltonet al. 1996).Thesearchesweremadeat spacecraft-to-asteroidrangesof 200000km
(satellite-detectionsizelimit � !#"#" m), of 10000km (sizelimit � �$" m), andof 2400km (en-
counter)with sizelimit �%�&" m diameter.

Cursorysearchesfor satellitesweremadeduring the Galileo flyby of S-type(951)Gasprain
1991,with no detectionsof objectslarger than27m out to about10 Gaspraradii (Belton et al.
1992).

The NEARspacecraftmadea fast flyby of C-type, inner main-beltasteroid(253)Mathilde
in 1997en route to its orbital encounterwith (433)Eros. A well-plannedimagingsequenceto
searchfor satelliteswas performedand a thoroughsearchmade(Merline et al. 1998; Veverka
et al. 1999a).Over 200 imagesweretakenspecificallyto searchfor satellites.No unambiguous
evidencefor satelliteslarger than40m diameterwasfoundwithin thesearchablevolume,which
wasestimatedto beabout4%of theHill sphere.Theportion,however, of theHill spheresearched
was an importantone, inside roughly 20 radii of Mathilde (almostall of the known main-belt
binariesshow separationswell below 20 primaryradii). Fromapproachimages,which wereless
sensitive due to lighting geometry, no satelliteslarger than10km were found in the entireHill
sphere.

TheNEARspacecraftcontinuedon to anunplannedflyby of (433)Eros,anS-typenear-Earth
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asteroid,in December1998(cf. Cheng,this volume).Thefirst critical burn of themainrocket for
the rendezvousabortedprematurely, which led to executionof a contingency imagingsequence.
This includedasearchfor satellitesdown to sizeabout50m in theentireHill sphere(Merlineetal.
1999a;Veverkaet al. 1999b). About oneyearlater, after engineershaddiagnosedthe problems
andbroughtthespacecraftslowly backto Eros,theorbital tour of Erosbegan. During approach
to orbit insertion,another, moredetailedandthoroughsearchfor satelliteswasmade.Here,both
manualandautomatedsearcheswereperformed(Merline et al. 2001c,Veverkaet al. 2000).This
wasthefirst systematicsearchfor satellitesof theentireHill sphereof anasteroiddown to small
sizes.Thesearchfoundno objectsat a diameter20m (95%confidence),andat 10m (with 70%
confidence).

2.2 Adaptive Optics on Large Ground-Based Telescopes

Given theobservationalchallengesjust discussedandthenumberof failedattemptsto detectas-
teroidsatellites,it wasclearthata new approachwasneeded.In 1996,Merline andcollaborators
beganto applya relatively new technologyin hopesof achieving high contrast,high spatialreso-
lution imagingon a largenumberof targets,from ground-basedtelescopes.This new technique,
calledadaptive optics(AO), ultimatelyled to thefirst Earth-basedimagesof satellites.

2.2.1 Method and Capabilities

This techniqueminimizesthe distortion in an astronomicalimageby sensingandcorrecting,in
real-time,aberrationsdueto theEarth’satmosphere,usuallyby meansof adeformablemirror. This
new technologycanresultin diffraction-limitedimagingwith thelargestground-basedtelescopes.
Comparedwith conventionaldirect-imagingtechniques,thereis a dramaticimprovementin the
ability to detectasteroidcompanions.Adaptiveoptics(1) decreasesthelight contribution from the
primaryasteroidat thepositionof thesatelliteon theplaneof thesky and(2) increasesthesignal
from the secondaryat that position,enhancingthe ability to detect,or set limits on the sizesof,
satellites. In addition,becauseIR-imagingcamerasareused,no charge bleeding(asfor CCDs)
occursin anover-exposureof theprimary. Thiseffectively givesnear-field coronagraphicimaging
capability, allowing deepexposuresfor faint companions.

In adaptive opticssystems,thelight from thetelescopeis post-processedby a separateoptical
unit thatresidesbeyondthetelescopefocalplane.A re-collimatedbeamimpingesonadeformable
mirror (DM), whichhasmany actuatorsthatcanbeadjustedrapidly to “correct” thebeambackto
its undistorted“shape”.Light from theDM is thendivided,with part(typically near-IR) of it going
to thesciencecamera,andpart(typically visible) goingto a wavefrontsensor, which analyzesthe
deformationof thewavefrontandprovidescorrectionsignalsto theDM, forminga closedloop.

Two typesof systemsarein use.OneusesaShack-Hartmann(SH)wavefrontsensor, basically
an ' - ( arrayof many lensletsin a collimatedbeam.Eachof theselensletsallows sensingof the
beamdeviation in a differentpartof thepupil. Theothermethodis curvature-wavefront sensing
(CS) (Roddier1988) in which the wavefront sensoris divided in a radial/sectoralfashion. The
illuminationpatternof thebeamis thensampledrapidlyatpositionsoneithersideof afocalplane;
the differencesin illumination are relatedto the local wavefront curvature. While the Shack-
Hartmannsystemsare more common,the curvaturesystemscan work with fewer elements,at
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fasterspeeds,andcanwork onfainterobjects.CSsystemstradethehigher-ordercorrectionsof an
SHsystemfor faster(kHz) sampleandcorrectionspeeds.

Therearemany AO systemseitherin useor underdevelopment.Amongthosethathave been
usedfor planetaryapplicationsaresystemsat StarfireOptical Range(U.S. Air Force),Mt. Wil-
son100”, University of Hawaii (on 88”, UKIRT, andCFHT), Canada-France-Hawaii Telescope
(CFHT), Keck,ESO/Adonis,Lick, Palomar, andGeminiNorth. Only threeof thesesystems,all
locatedonMaunaKea,Hawaii, haveresultedin discoveriesof asteroidsatellites.The3.6mCFHT
usesa 19-elementCS systemcalled PUEO (Roddier, Northcott, & Graves 1991; Rigaut et al.
1998).It canreacha limiting magnitudeof aboutV=14.5with a resolutionof about0.11arcsecat
H-band.The10mKeckusesa 349-elementSH system(Wizinowich et al. 2000),allowing com-
pensationto aboutV=13 with a resolutionof 0.04arcsecat H-band.The8.1mGemini telescope,
with the Hokupa’a36-elementCS system(Graveset al. 1998)of the University of Hawaii can
reachaboutV=17.5,with resolutionof about0.05arcsecatH-band.

The AO systemsmusthave a referencepoint-sourceto computethe atmosphericturbulence.
The systemsmay eitherusenaturalguidestar (NGS) or an artificially-generatedstar (LGS), in
which a laseris usedto producea point-sourcein the upperatmosphere.Laser-guide systems
have largely beentestedandusedwithin military applications;althoughthereareplansfor LGS
systemsat many astronomicalfacilities, the progresshasbeenslow andof limited usethusfar.
Therefore,NGS systemsdominateAO systems.For astronomical(fixed-source)applications,a
nearbybrighterstarmaybeused,providedit is within the isoplanaticpatch,which maybeabout
20 arcsecat 2 m. But for planetaryobjects,e.g., main-beltasteroids,their fastmotionprohibits
useof nearbyobjects,andonemustrely on the objectitself asthe reference.This presentstwo
limitations, one is that extendedobjectswill tend to degradethe quality of the compensation,
althoughasteroidsarenotextendedenoughto beof concern.Next, thequalityof theAO correction
dependsuponthebrightnessof thereferenceobject,sothereis a limit to how faintanasteroidcan
beobserved.

Mostof theAO systemsoperatein thenearIR, usingHgCdTeIR (1–2.5 m) arraydetectorsas
thesciencecamera.Althoughtheultimatesignal-to-noiseof thesciencedatais a functionof the
brightnessin theselectedIR band,it is thevisible light thatis usedby thewavefrontsensor, sothe
qualityof theAO compensationis dependentupontheV magnitude.

The correctwavelengthbandfor observationsis adjusteddependingon conditionsand the
telescope.With IR AO observations,thereis alwaysa tradeoff betweencompetingeffects— the
shorterthe wavelength,the narrower the PSFfor a given telescope.But at shorterwavelengths,
thenumberof cellsin thetelescopebeamthatneedto becontinuouslycorrectedgrowsbeyondthe
capacityof theAO system— morecellsrequiremoreAO actuatorsfor compensation.But systems
with a largenumberof actuatorsmeansprohibitively high cost,sothereis a limit. Of course,the
larger the telescope,themorenumberof cells to compensate.Therefore,the10-mKeckusually
performsbestat K ) -band(2.1  m) andthe3.6m CFHT at H-band(1.6  m). Thus,theStrehlratio
(the ratio of peakbrightnessof acquiredimageto the peakbrightnessof a perfectlydiffraction-
limited pointsource)increasesat longerwavelengths,while theinstrumentalwidth alsoincreases.
Undergoodconditionsonehopesto achieve about50%Strehl. On exceptionallygoodnights,it
maybepossibleto useJ-band(1.2  m) for a narrower PSF.

Thefutureholdsgreatpromisefor AO, asmoretelescopesadoptthis technology. In addition,
theadventof quality LGS systemsandtheopportunityfor systemsemploying many moreactua-
tors,ascostsdeclineandcomputerspeedsincrease,meansthepossibilityof visible-light systems
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andacorrespondinglynarrowerdiffractionlimit.
UsingAO, becausethe result is a pictureof thesystemon theplaneof the sky, we canhope

to achieve thesameinformation(andmore)abouta systemascanbeobtainedfrom visualbinary
stars,only on a substantiallyshortertime scale.Basically, all 7 dynamicorbital elementsrequired
to describethemotionarederivable. Thesearetheelementsdescribingmotionalongtheorbital
ellipse: the semi-majoraxis, the eccentricity, andan indicationof orbital phase,suchastime of
periapsepassageor trueanomaly;plus theelementsdescribingtheorientationin 3-D space:e.g.
the inclination, the longitudeof the ascendingnode,and the argumentof periapse;in addition,
becausethesystemmassis unknown (unlike Sun-orbitingobjects)we alsorequiredetermination
of the orbital period. From a limited spanof observations,saya singleorbit or seriesof a few
orbits, thereremainsa 2-fold ambiguity in the orbital pole position (determinationof the pole
directionis equivalent to determinationof the two elementsinclination andnode). But this can
beresolvedby observingat a differentviewing geometryat somelatertime. Theperiodandorbit
size(assuminga circular orbit) arereadily obtainable,which immediatelyyields an estimateof
the system(primary + secondary)mass,by Kepler’s Third Law. If the secondaryis small or if
we canindependentlydeterminethesizeratio (andthenmake anassumptionthattheprimaryand
secondaryareof thesamedensity)thentheprimarymasscanbeestimated.If theprimaryasteroid
sizeis known, thenwe candeterminethe primary’s density. Of course,densityis clearlyoneof
themostfundamentalparametersonehopesto know aboutany body, andgivesdirect insight into
thecompositionandstructure.Becausemostof theorbitsaresmall in angularterms(andpixels
on a detector),the errorsin measurementof positionstranslateinto sizeableuncertaintiesin all
of theorbital elements.However, theperiodcanbevery accuratelydetermined,andtheultimate
uncertaintiesin densityaredominatedby uncertaintiesin thesizeof theasteroid.

2.2.2 (45) Eugenia

Thefirst binarysystemdiscovery usingAO wasaccomplishedon 1998Nov 1 whena smallcom-
panionof (45)Eugeniawasdiscoveredat theCFHT by Merlineet al. (1999b,1999c).Thesystem
wastrackedfor 10 daysandagain occasionallyin following monthsandyears.It wasthefirst AO
systemfor which the 2-fold degeneracy in the orbit pole hadbeenresolved. Further, becauseof
the largebrightnessdifference(about7 mag),it remainsoneof themoredifficult AO-binariesto
observe. Figure4 shows the discovery imageof this object,provisionally namedS/1998(45)1,
andwaslatergiventhepermanentnamePetitPrince,in honorof theprinceimperialof France,the
only child of NapoleonIII andhiswife EmpressEugenie(namesakeof Eugenia).(Thenameitself
is derived from the popularchildren’s book Le Petit Princeby A. Saint-Exupery, whosecentral
characterwasanasteroid-dwellingLittle Prince.)Theintentionwasto keepandsolidify thetradi-
tion of namingasteroidmoonsafter thechildrenor otherderivative of theparentasteroid.Figure
5 shows 5 epochsof theorbit at thetime of discovery. Figure6 exhibits thetremendouspower of
modernAO techniquesto bothresolve theasteroidandclearlyseparatea closecompanion.

Thesatelliteappearsto beroughlyin theasteroid’sequatorialplane,andit is in aprogradeorbit
(samesenseastheprimaryspin)(Merline et al. 1999c).A progradeorbit is preferredfor a satel-
lite formedfrom impact-generatedorbital debris(Weidenschillinget al. 1989,Durda& Geissler
1996). A retrogradeorbit, however, is morestableagainstperturbingeffectsof the non-uniform
gravitationalfield of anoblateprimary(Chauvineau,Farinella,& Mignard1993;Scheeres1994).
An orbit with anoppositesenseto the asteroid’s orbital motion aroundthe Sun(asit is for Petit

10



Prince— Eugenia’s spin is retrograde)is morestableagainsttheeffectsof solartides(Hamilton
& Burns1991). Mechanismsfor captureof suchejectainto quasi-stableorbits is reviewed by
Scheereset al. (this volume).

Theorbitalperiodwasdeterminedto beabout4.7daysfor thesatelliteof thisFC-typeasteroid
and yields a densityestimateof about1.2gcm* � (Merline et al. 1999c). This result followed
soonafter thesurprisingannouncementthat thedensityto C-typeMathildewasonly 1.3gcm* � ,
asdeterminedby spacecraftflyby (Veverkaet al. 1999a). Sucha densityrequiresa significant
amountof macroporosityto be consistentwith the expectedmeteoriteanalogfor theseobjects,
namelycarbonaceouschondrites(Britt & Consolmagno2000).Therefore,it is possiblethatthese
asteroidsareloosely-packedrubblepiles.

2.2.3 (90) Antiope and (617) Patroclus

Thefirst truedoubleasteroid,(90)Antiope,wasdiscoveredin 2000Aug by Merlineetal. (2000a).
This main-beltC-typewasfound to have two nearlyequal-sizedcomponentsof diameterabout
85km, ratherthanasingleobjectof size120km, aswaspreviouslyassumed.Theorbitalperiodof
thepair wasfoundto beabout16.5hours,consistentwith thepreviously observedlightcurve pe-
riod. Interestinglyenough,a lightcurve by Hansenet al. (1997)showeda classiceclipsing-binary
shape(althoughthey did not make this interpretation),which would be expectedto result from
equal-sizedcomponents,with theorbit viewededge-on.Thederiveddensityfor thecomponents
of (90), assumingthey areof thesamesizeanddensity, is about1.3gcm* � , again similar to pre-
viousmeasurementsof low-albedoasteroids.Figure7 shows thecomponentsof Antiopeasthey
orbit thecommoncenter-of-mass.Anotherdouble,(617)Patroclus,wasdiscoveredin 2001Sepby
Merlineetal. (2001b).Again, it is primitiveP-type,andis thefirst Trojanto beshown definitively
to bebinary. Few datawereacquiredbut it appearsthatthis objectalsowill show a low density.

2.2.4 (762) Pulcova, (87) Sylvia, and (22) Kalliope

Smallsatelliteswerealsofoundaroundtwo morelarge,low-albedoasteroids:F-type(762)Pulcova
(Merlineetal. 2000b),atCFHT, andP-type(87)Sylvia (Brown & Margot 2001),atKeck.Sylvia,
a Cybele,is thefirst binaryfoundin theouterMain-Belt. In Aug/Sep2001,a smallcompanionto
(22)Kalliope wasco-discoveredby Margot & Brown (2001)andMerline et al. (2001a).This is
thefirst M-type asteroidknown to have a companionandgivesthefirst hopeof gettinga density
estimatefor thesecontroversialobjects,whichhavetraditionallybeenthoughttobemetallic. Initial
estimatesput the densitybetweennearabout2.3gcm* � . This valueis even lower, althoughnot
significantly, thanthe valuespreviously derived for S-types(around2.5gcm* � ). If so, it clearly
indicatesthat at leastKalliope is not predominantlyof a solid metallic composition. It would
alsobe difficult to imaginean extremelyporousrubble-pileof metallic composition,becauseit
would imply a macroporosityof morethanabout60%. We maybefacedwith thedifficult taskof
explaininghow bodieswith metallicspectraandradarreflectivities have rock-like densities.

2.2.5 (3749) Balam

Among the main-beltbinaries,this object standsout as an oddity. Discoveredat Gemini Ob-
servatory in 2002by Merline et al. (IAUC 7827), this binary is the most loosely-boundsystem
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known, even moreso than the TNO binaries. The secondaryappearsto orbit at least100 (pri-
mary)radii from theprimary, which itself is rathersmall (about7km diameter).This is probably
the first systemknown that wasformedby “disruptive capture”,discussedin Section3.3. Early
modelsof Durda(1996)andDoressoundirametal. (1997),aswell asthemoresophisticatedmod-
elscurrentlybeingperformedby Durdaet al. , indicatethatsuchsystems(small primaries,with
a widely-separatedsecondary)arecommonlyformed in catastrophiccollisionsand that a large
numberof shouldbefoundin theMain Belt.

2.2.6 Systematics

While thereappearsto bea rashof newly discoveredbinaries,it turnsout that the prevalenceof
(large)main-beltmoonsis likely to below, probablyapproximately2%(Merlineetal. 2001d).The
largestsurvey to date,of Merlineetal. , hassampledover300main-beltasteroids,with 5 examples
of relatively largesatellites(few tensof km in diameter).Theoverall frequency, includingsmall,
close-inmoonssuchasDactyl (which arecurrentlyunobservablefrom Earth)will undoubtedly
raisethis, but it is unknown how much. Very small satelliteswill have a limited lifetime against
collisions,althoughit is possiblethey mayreaccrete.Thesingleknown binaryamongtheTrojans,
from asampleof about6,hintsthatthebinaryfrequency maybehigherin thatpopulation,although
it is notedthat thecollision speedsarecomparableto theMain Belt andthecollision frequencies
areonly higherby abouta factorof two (Davis et al. , this volume).

For thosesatellitesthat are found, it would be useful to establishany systematicsthat may
provide cluesasto theorigin mechanismfor themoons.For example,it hasbeensuggestedthat
eitherslow (from tidal spin-down dueto asatellite)or fast(from aglancingcollision,whichmight
form satellites)rotationmight becorrelatedwith thepresenceof satellites.Family membershave
beensuggestedaslikely candidatesfor satellites,becauseco-orbitingpairsmayhavebeencreated
in the family-formingevent. The likelihoodof moonsmayevenbe linked to the taxonomictype
or to theshapeof theasteroid.

Mostof theobservedbinariesin theMain Belt,outer-belt,or Trojanregionareof primitivetype
(C, F, P). Are satellitestruly moreprevalentaroundtheseobjects,or is theresomeobservational
selectioneffect? Clearly, thoseasteroidshighestin priority for observation are the apparently
brighterobjects.Amongtheobjectsin Merline et al. ’s target lists, theS-like andC-like asteroids
areaboutequalin number. (This maymeanthatthefrequency of binariesis morelike 4% among
the primitive asteroids.)But this is not wherethe biasends.To be of equalbrightness,a C-like
asteroidmustbemuchlargerthananS-like,andthereforewill have a largerHill sphere.As such,
onecanimagedeeperinto thegravitationalwell of aC-likeobjectthananS-likeobjectof thesame
apparentbrightness,on average.Giventhatmostof theobservedcompanionsresidewithin about
12 primaryradii, thecompanionsof C-like objectswill bemoreeasilyfound. Nonetheless,if the
frequency of companionswerealso4%for theS-likeasteroids,someshouldstill havebeenfound.
This raisesthequestionasto whetherit is moredifficult to make satellitesaroundS-types,which
may be predominantlyfractured-in-placechards,ratherthanrubblepiles (Britt & Consolmagno
2001).If this is true,andbecausemany of theouter-beltandTrojanasteroidsareof primitive type,
wemayfind ultimatelyahigherbinaryfrequency amongthosepopulations.

Tables1 and2 summarizethe propertiesof known binarysystemsdiscoveredusingadaptive
opticsor directimagingtechniques.
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Table1: Binary asteroids discovered by adaptive optics or direct imaging techniques.

Object Type Tax. Family Asteroid Primary Primary Discovery Method
Class + (AU) Rotation Diam Date

(Tholen) Period(h) (km)

(243)Ida MB S Koronis 2.86 4.63 31 1993Aug29 SC
(45)Eugenia MB FC Eugenia 2.72 5.70 215 1998Nov 01 AO
(762)Pulcova MB F 3.16 5.84 137 2000Feb22 AO
(90)Antiope MB C Themis 3.16 16.50* 85+85 2000Aug10 AO
(87)Sylvia OB P 3.49 5.18 261 2001Feb18 AO
(107)Camilla OB C 3.48 4.84 223 2001Mar01 HST
(22)Kalliope MB M 2.91 4.15 181 2001Aug29 AO
(3749)Balam MB 2.24 7 2002Feb08 AO
(617)Patroclus L5-TROJ P 5.23 95+105 2001Sep22 AO
1998WW ,�- TNO 44.95 150** 2000Dec22 DI
2001QT.�/�0 TNO 44.80 5801 2001Oct11 DI
2001QW,�.�. TNO 44.22 2002 2001Aug24 DI
1999TC,43 TNO 39.53 7401 2001Dec08 HST
1998SM -53�6 TNO 47.82 7.98 4501 2001Dec22 HST
1997CQ.�/ TNO 45.34 3001 2001Nov 17 HST
2000CF-57�6 TNO 44.20 1701 2002Jan12 HST

Notes for Tables 1 and 2: *assumingsynchronousrotation; **assuming, for both components,albedo 8 5.4%
anddensity 8 1gcm9 , (Veillet et al. 2002); 1 valuesprovided by A.W. Harris (priv. comm.),assumingalbedo4%;
2 assumingalbedo4% (Kavelaarset al. 2001); 1:1 this periodis reasonable,despitethe largeobservedseparation,be-
causeof a high eccentricity(A.W. Harris,priv. comm.);MB = Main Belt; OB = outerbelt; TROJ = JupiterTrojan;
TNO = Trans-NeptunianObject;SC= spacecraftencounter;AO = AdaptiveOptics;HST= HSTdirectimaging;DI =
Directground-basedimaging.
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Table2: Properties of secondaries and derived properties of primaries.

Object Orbit Orbit Orbit orbit moon size Primary Primary mass
+ period size sense diam ratio mass Density ratio

(km) (d) +<;>=@? (km) AB?&;CAED FHG�I -53 gcm9 , J ;CK
kg

(243)Ida 108 1.54 7.0 prograde 1.4 22 4.2 2.6L 0.5 11000
(45)Eugenia 1190 4.69 11.1 prograde 13 17 610 1.2L 0.4 4900
(762)Pulcova 810 4.0 11.6 20 7 260 1.8L 0.8 340
(90)Antiope 170 0.69 4.0 85 1.0 41 1.3L 0.4 1.0
(87)Sylvia 1370 3.66 10.5 13 20 1500 1.6L 0.3 7900
(107)Camilla 8 1000 8 9 9 25 18000
(22)Kalliope 1060 3.60 11.7 prograde 19 10 730 2.3L 0.4 870
(3749)Balam 8 350 8 100 8 100 1.5 4.6 95
(617)Patroclus 610 3.41 11.6 95 1.1 87 1.3L 0.5 1.3
1998WW ,�- 22300 574 300** 120** 1.2 170 1.7
2001QT.�/�0 8NMOIPIQIQI 691 1.4 2.6
2001QW,�.�. 8RG�SOIPIQIQI 8 15001�1 13002 200** 1.0 1.0
1999TC,43 8NTOIQIQI 221 2.8 21
1998SM -53�6 8NUOIQIQI 271 2.4 14
1997CQ.�/ 8NVQMOIQI 351 8 1? 8 1?
2000CF-57�6 8NMQSWIQIQI 2701 1.6 3.9

2.3 Discovery by Direct Ground-Based Imaging

Despitethe difficulty of directly resolvinga binary asteroidsystemfrom the groundwithout the
assistanceof adaptiveoptics,detectionshavebeenrecentlyachieved.By directimagingwith CCDs
on large telescopes,underconditionsof exceptionalseeing,it hasbeenpossibleto resolve TNO
binaries. Toth (1999)discussedsomeof the issuesregardingdetectabilityof theseobjects. The
first of these,1998WW �C� , wasdiscoveredby Veillet et al. (2001,IAUC 7610) in 2000December
at CFHT. Follow up observationsof 1998WW �C� from ground-basedtelescopesandHST, aswell
asarchival searchesof previous datasets,indicatethat the systemhasa sizeratio of about1.2,
with aneccentric( �
"WXY! ) orbit, a semi-majoraxisnear22,000km, anda periodof about570days
(Veillet et al. 2002).

Soonafterwards,two moreTNO binariesweredetectedin the sameway: 2001QT����� (Eliot
etal. 2001,IAUC 7733), showing aseparationof 0.6arcsecat timeof discoveryandasizeratioof
about1.7; and2001QW����� (Kavelaarset al. 2001,IAUC 7749) with a sizeratio of about1.0and
a wide separationof 4 arcsecwhendiscovered.Four additionalTNO systemsweresubsequently
discoveredusingHST (discussedin Section2.6). All of thesesystems,exceptone,areclassical
KuiperBelt objects,residingat about45AU. Onesystem,1999TC��� , is aPlutinoat about40AU.

For theseobjects,AO cannotbe useddirectly becausethey aretoo faint, so direct imaging,
eitherfrom theground,or in ongoingcampaignson theHST, arelikely to be themostattractive
techniques.Becausethey move slowly pastfield stars,it is possibleto useAO to imagethese
objectsduringappulseswith brighterstars.This techniquemayimprove theoverall sensitivity to
faintercompanions.
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Thesizeof theHill sphereof anobjectis directly proportionalto its distanceZ from theSun,
but theangularsizeof a satelliteorbit, asseenfrom Earthis inverselyproportionalto thedistance
from the observer, � , which is approximatelyZ . So if satellitesresideat the samefraction of
their Hill spherefrom the primary, thereshouldbe no advantageof direct imagingin observing
outersolarsystemobjectscomparedwith similar-sizedobjectsin theMain Belt. Apparently, the
mainreasonsthatthesesystemsarebeingfoundwith directimaging,while thosein theMain Belt
arenot, is that thesecondary/primarysizeratiosarehigh, makingthesecondaryeasierto detect,
while at the sametime, the satellitesare more loosely bound. Further, the TNO primariesare
ratherlarge,furtherassistingdetectionbecauseof thecorrespondinglylargerHill sphere.Possibly,
similar systemsarerarein theMain Belt, andtheTNO binariesareformedby adifferentprocess.

2.4 Radar discovery and characterization of binary NEAs

Theradarinstrumentsat GoldstoneandAreciborecentlyprovidedthefirst confirmeddiscoveries
of binary asteroidsin the near-Earth population(Margot et al. 2002a,b). In the 18-monthpe-
riod precedingthis writing, five near-Earthobjectshave beenunambiguouslyidentifiedasbinary
systems:2000DP����� (Ostroet al. 2000b;Margot et al. 2000); 2000UG ��� (Nolan et al. 2000);
1999KW � (Benneret al. 2001a);1998ST��� (Benneret al. 2001b);and2002BM ��� (Nolanet al.
2002). Previousattemptsto detectasteroidsatelliteswith radardatebackto thesearchfor a syn-
chronousmoonaroundPallas(Showalter et al. 1982). Ostro(priv. comm.) recallsthat concrete
anticipationfor theradardiscovery of binarysystemsarosewith theimagingandshapemodeling
of thestronglybifurcatedNEA (4769)Castalia(Ostroet al. 1990;Hudson& Ostro1994). Ostro
et al. (this volume)providea thoroughdescriptionof radarobservationsof asteroids.

In continuous-wave (CW) datasets,in which echoesresultingfrom a monochromatictrans-
missionarespectrallyanalyzed,thediagnosticsignatureis thatof a narrowbandspike superposed
on a broadbandcomponent.Thewide-bandwidthechois distinctive of a rapidly rotatingprimary
object,i.e., with spinperiodsof ordera few hours.Thenarrowbandfeature,which doesnot move
at the rateassociatedwith the rotationof the primary, representspower scatteredfrom a smaller
and/orslowly spinningsecondary. As time goesby, thenarrowbandechooscillatesbetweenneg-
ative andpositive frequencies,representingthe variationsin Dopplershift of a moonrevolving
aboutthesystem’s centerof mass(COM). Thetimescaleassociatedwith this motionin thesmall
sampleof objectsstudiedsofar is on theorderof aday.

In delay-Dopplerimages,in whichechopower is discriminatedasafunctionof rangefrom the
observer andline-of-sightvelocity, thesignaturesof two distinctcomponentsareeasilyobserved.
Both theprimaryandsecondaryaretypically resolvedin rangeandDoppler, andtheirevolution in
delay-Dopplerspaceis consistentwith thebehavior of anorbiting binarypair. Exampledatasets
areshown in Figure8.

The observablesthat can be measuredfrom radar imagesare as follows: (1) visible range
extents,whichconstrainthesizesof eachcomponent,(2) Dopplerbandwidths,whichconstrainthe
spin periodsof both theprimary andsecondary, (3) rangeandDopplerseparationsasa function
of time,whichcharacterizethesystem’s totalmassandorbitalparameters,(4) reflex motionof the
primaryabouttheCOM, which constrainsthemassratio of thesystem.Althoughthelocationof
theCOM is initially uncertain,theprocessof ephemerisrefinementquickly leadsto averyprecise
knowledgeof its positionin eachimageframe.

Thebulk of thedataanalysissofarhasconcentratedonusingtherangeandDopplerseparations
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to fit for thesystem’s totalmassandorbitalparameters.Themodelassumesthattheorbitalmotion
of the secondarytakes placein a planewith an orientationthat remainsfixed in inertial space
during the time of the observations. Suchmassestimates,coupledwith a detailedknowledge
of the componentvolumesfrom shapemodelingtechniques(Hudson1993),canleadto precise
asteroiddensitymeasurements.The densityvaluespresentedhererely on size estimatesfrom
visualinspectionof theraw radarimagesandontheverifiableassumptionthatmostof thesystem’s
massbelongsto theprimaryobject.

Thecurrentbest-fitorbital parametersalongwith the formal errorsof the fit arepresentedin
Table3. All solutionshavechi-squaredvalues[ 1. Thebest-fitmassanddensityestimatesarealso
shown.

Table3: Binary asteroids detected by radar.

Object + \ ]W^�_4` a J -Wb J .�c =@? =dD +<;>=@? e
[m] [days] [10/ kg] [m] [m] [g cm9 , ]

2000DP-57�0 2622 L 54 0.010 L 0.005 1.755 L 0.002 460 L 50 400 L 80 150 6.6 1.7 L 1.1
2000UG -4- 337 L 13 0.09 L 0.04 0.770 L 0.003 5.1 L 0.5 115 L 30 50 2.9 0.8 L 0.6
1999KW f 2566 L 24 g 0.03 0.758 L 0.001 2330L 230 600 L 120 hiM>IQI 4.3 2.6 L 1.6
1998ST.40 4000–5000 250–300 hjVOI 13–20
2002BM .�3 hjS 300 50

Orbital parametersfor radar-observedbinaryNEAs, includingsemi-majoraxisin meters,eccentricity, orbital period
in days,andinferredtotalmass.Sizeanddensityestimatesof theprimaryarealsolisted.

Thebinarysystemsobservedwith radarsofar sharesimilar characteristics.Theprimarycom-
ponentsall appearroughly spheroidalandhave spin periodsnearthe breakuplimit. The secon-
darieshave diametersof order �� the diameterof the primary, andtheir orbital andspin periods
areconsistentwith spin-lock. All five radar-observed NEA binarieshave satellitesorbiting at a
distanceof a few primary radii. Their orbital period is on the orderof a day. Becausethe spin
periodsof theprimaryaretypically a few hours,thesystemsobservedto datecannotbemutually
synchronous.Thespinperiodsof thesecondariesareindicativeof spin-lockconfigurations,which
is consistentwith calculationsof tidal despinningtimescales(Margot et al. , 2002b).

For 2000DP����� and1999KW � , onecannotrejectthehypothesisthattheorbit is circular, but for
2000UG ��� thathypothesiscanberejectedatbetterthanthe1%level. Theability to determinethe
orientationof theorbital plane,usingradar, dependscritically on theplane-of-sky coverage.For
2000DP����� , whichhadasky motionof �k�l"nm duringtheradarobservations,theorientationof the
orbital planecanbeconstrainedto within a 28 m cone. In thecaseof 2000UG ��� and1999KW � ,
with � o#"nm and � �#�&"nm of sky motion respectively, pole solutionsareexpectedto be better
constrained.

Reflex motionof theprimary is clearlyobservedin theradardatasets,providing theexciting
prospectof measuringthe densitiesof NEA satellites. Improved orbital fits will incorporatethe
residualmotion of the primary with respectto the COM andwill include the massratio of the
systemasanadditionalparameter.

Theproportionof binaryobjectsamongradar-observedNEAs largerthan200m is about16%
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(Margotetal. 2002b).This largeproportionrequirestheformationof binariesto befrequentcom-
paredto the � 10Myr dynamicallifetime of NEAs. Radarobservationsshow that binary NEAs
have spheroidalprimariesspinningnearthebreakuppoint for strengthlessbodies,suggestingthat
the binariesformedby spin-upandfission,probablyasa resultof tidal disruptionduring close
planetaryencounters(Section3.1).

Additional improvementsareexpectedfrom shapereconstructiontechniques(Hudson1993),
in which a seriesof delay-Dopplerimagesareinvertedin a least-squaressenseto provide a shape
model. Apart from possiblyyielding clueson formationmechanisms,shapemodelswill signif-
icantly decreasethe uncertaintiesassociatedwith size/volume estimates,and this will result in
considerablylower error barson the initial densitymeasurementspresentedhere. Given images
with sufficientsignal-to-noiseratioandorientationcoverage,it mayalsobepossibleto infer shape
andspininformationfor thesatellites,andto derivesolidconclusionsregardingpossiblespin-orbit
resonances.

The techniquesfor extracting informationaboutbinary systemsfrom the radardataarestill
very much underactive development. At this early stage,it appearsthat one weaknessof the
radarmethodlies in its inability to unambiguouslyconstrainthe orientationof the orbital plane,
particularlywhensky motion is limited. This is an intrinsic limitation of rangeandline-of-sight
velocity measurementsobtainedwithout angularleverage. Observationsover a rangeof aspect
anglescanovercomethis ambiguity. Thedetectionof occultationsin theradardataor of occulta-
tionsor eclipsesfrom lightcurve observationscanalsoplacetight constraintson theinclinationof
theorbit. In general,a combinationof radarandlightcurve observationswill yield thebestorbital
determinations.The radardatamay in turn help the interpretationof lightcurve profilesby dis-
tinguishingoccultationsfrom eclipsesandprimary from secondaryevents. Interestingsynergies
arethereforeexpectedfrom thecombinationof theradarandlightcurve techniques.Becauseradar
shadows arecastin muchthesameway astheir opticalcounterparts,radaroccultationsof binary
systemswill beobservedsooneror later, in which casetheorientationof theorbital planewould
be very tightly constrained.Radar+VLBA techniques(D.B. Campbell,priv. comm.) may also
provideplane-of-sky imagesof close-approachingbinarysystems.

Radarobservationsof binaryasteroidsconstituteanemergingfield thatholdsgreatpromisefor
the future. The informationthat canbe gatheredfrom radardatasetsincludesdensitymeasure-
mentsandorbitalcharacteristics.Combinedwith highresolutionimagingandshapemodels,these
mayprovide powerful constraintson the formationmechanismsof binaryNEAs. Thecharacter-
istics of eccentricityandspin dampingmay alsoprovide insightful cluesaboutasteroidinternal
structure.

2.5 Binary Asteroids Detected by Lightcurves

Seriousattemptsto revealbinarityof someasteroidsfrom their lightcurvefeaturesdatebackto the
1970s(cf. Cellino et al. 1985).A review of theadvantagesanddisadvantagesof variousmethods
of extractingsuchinformationfrom asteroidlightcurvesis givenby Weidenschillingetal. (1989).
Recentadvancesin methodsfor interpretationof lightcurvescanbe found in Kaasalainenet al.
(this volume). While mosttechniqueshave not led to a successfuldetectionof a binaryasteroid
so far, oneof them,mentionedin the endof SectionIV.B of Weidenschillinget al. , hasbeen
successfulrecently— detectionsof non-synchronoussatellites.

Pravec(1995)analyzedatwo-periodlightcurveof thenear-Earthasteroid1994AW � , measured
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by Mottola et al. (1995)andPravecet al. (1995),andinterpretedthecomplex lightcurve asbeing
dueto occultation/eclipseeventsin a binaryasteroidsystemcombinedwith a fastrotationof the
primary. The resultswere publishedalso in Pravec & Hahn (1997), who presentedthe binary
hypothesisasthelikely explanationof the1994AW � lightcurve,but alsoconsideredthepossibility
that it might be an asteroidin a complex rotationstate. In the light of morerecentresults(see
below), thebinarity of 1994AW � is quite likely andwe considerit to be thefirst binaryasteroid
detectedby thelightcurve technique.SeeTable4 for estimatedparametersof this binarysystem.

Thesecondbinaryasteroidfoundfrom lightcurveobservationsis 1991VH (Pravecetal. 1998).
Their extensive photometricobservationsshow that the asteroid’s lightcurve is doubly-periodic,
thatits long-periodcomponentshowsoccultation-like features,andthey interpretthedataasbeing
evidencethat1991VH is anasynchronousbinarysystem,similar to 1994AW � . Thesameor simi-
lar observational/analysistechniqueshavebeenusedto revealbinarity in severalothercases,which
areshown Table4. Thegeneraltechniquehasbeenvalidatedby theradardetectionof thebinarity
of 2000DP����� , for which Pravecet al. (2000b)(andPravecet al. 2002c,in preparation)observed
a two-periodlightcurve of thesamekind asin thepreviouscasesandestimatedparametersof the
binarysystemthatarein agreementwith resultsfrom theradarobservations.

This lightcurve techniquefor detectingbinarieshasbeendescribedin the above mentioned
papersaswell asin morerecentworks by Pravec et al. (2000a)andMottola & Lahulla (2000).
Briefly, it is basedon detectingbrightnessattenuationscausedby mutualoccultationsor eclipses
betweencomponentsof thebinarysystemthataresuperposedontheshortperiodrotationallightcurve
of theprimary. An exampleis shown in Figure9. Theprinciplesof thetechniqueintroduceseveral
selectioneffects.Thetechniquecanrevealtheexistenceof largesatellitesaroundasynchronously
rotatingprimariesonly underfavorablegeometricconditions. Anotherbias is that detectionof
closebinary systemsis favored,becauseobservationsandtheir interpretationareeasierfor sys-
temswith shorterorbital periods.Satellitessmallerthanabout20% of the primary diameterare
difficult or impossibleto detectunambiguouslyfrom lightcurve observationsbecausethey pro-
duceonly smallbrightnessattenuationsduringoccultationsor eclipses,lessthanabout0.04mag.
This may be difficult to separatefrom othereffects,like an evolution of the primary’s rotational
lightcurve in changingobservationalgeometricconditions.Theasynchronousrotationof thepri-
maryallowsoneto resolvetheoccultation/eclipseevents,whichoccurwith aperioddifferentfrom
therotationperiodof theprimary, andthereforerule out their possibleconnectionwith any pecu-
liar shapefeatureof the primary. Occultationsor eclipsescanbe observed only whenthe Earth
or theSun,respectively, lie closeenoughto themutualorbital planeof thebinarysystem.These
selectioneffectsmeanthat theremaybea biastowardbinarysystemswith certainfavorablepa-
rametersin thesampleof known or suspectedbinaryasteroidspresentedin Table4. Nevertheless,
at leastsomeof thesimilaritiesof thecharacteristicsof thebinaryasteroidscannotbeexplained
by selectioneffectsaloneandmustbereal.

Thesimilaritiesof the13 NEA binaryasteroids,known or suspectedfrom lightcurve or radar
observations,are:

p They aresmallobjectswith primarydiameters0.7–4.0km. Thelower limit maybedueto a
biasagainstdetectionof smallbinarysystems,becausefainterasteroidsarenormallymore
difficult to observe. Theremay exist an upperlimit but it is difficult to estimatefrom the
smallsample.

p They all are inner planet-crossers.Most of themapproachthe orbits of EarthandVenus.
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This featuremaybedue,at leastpartly, to aselectioneffect,askm-sizedasteroidsaremuch
easierto observein near-Earthspacethanin theMain Belt. Anotherpossibleselectioneffect
is thatmoreobservationsarebeingmade,in general,of near-Earthobjects.

p All of the primariesare fast rotators(periods2.3–3.6h), not far below the critical stabil-
ity spin rate,with low amplitudes(0.1–0.2mag),suggestingnearlyspheroidalshapes(see
Pravecetal. , thisvolume).

p The secondary-to-primarydiameterratios are almostall in the range0.2–0.6. While the
lower limit maybe just a resultof theselectioneffect mentionedabove, it appearsthatbi-
narieswith nearlyequal-sizedcomponentsarerareamongkm-sizedNEAs. Theprobability
thattherearetwelveobjectswith thediameterratiosin therange0.2–0.6andonein 0.6–1.0,
for auniformdistribution of thediameterratios,is lessthan0.2%.

p Semi-majoraxesestimatesare in the range3.4–6.6primary radii. While the upperlimit
maybedueto theselectioneffectmentionedabove,thelower limit (correspondingto orbital
periods � �q� h) mayberealandit suggeststhatvery closebinarysystemsarenot present
(perhapsdueto their instabilities).

p Eccentricitiesarepoorlyconstrainedbut appearto below, lessthan0.1.

Pravecet al. (1999)accountedfor thebiasdueto theselectioneffect relatedto thegeometric
observingconditionsandestimated,on the basisof the first threeknown binary NEAs, that the
fraction of binariesamongNEAs is rs�<� % with an uncertaintyof a factor2. This is consistent
with theestimatesfrom radardatathatabout16%of NEAs arebinary(Margot et al. 2002b),and
the estimates(about15%) of Bottke & Melosh(1996a,b)from modelsof binary productionby
tidal disruption(seeSection3.1). Basedon thesestudies,we adopt16%asour working estimate
of theNEA binary fraction. We notethatabout30%of km-sizedasteroidsarefastrotatorswith
periods tu� h, andalsothatbinaryNEAs have fast-rotatingprimaries.Therefore,it maybe that
roughlyhalf of thefast-rotatingNEAsarebinary(Pravec& Harris2000)andthatbinaryasteroids
arecommonamongfast-rotatingobjectsonEarth-approachingorbits.

2.6 Hubble Space Telescope (HST) Companion Searches

Oneof themajorprojectsthatZellneretal. (1989)expectedto beaddressedby HSTwasthesearch
for asteroidcompanions.Theabsenceof atmosphericeffectson HST imagesallows diffraction-
limited operationoveravery largefield of view. Thesphericalaberrationof theprimarymirror did
not stoptheexecutionof anearlyattemptto survey theasteroidbelt (program4521)aswell asan
“amateur”programthattargetedasteroidsthoughtto havecompanions,primarily from occultation
observations(program4764). No companionswerefoundbut carefulrestorationof thedatawas
necessaryto minimize the effects of the aberration. While aberrationdid not limit the spatial
resolutionof theimages(themiddle �� of theprimarywasgroundcorrectly)theadditional“skirt”
of scatteredlight did limit thedynamicrangeoverwhichacompanioncouldbedetected.

Storrset al. (1999a)publishedthedatafrom thesetwo programs.Their reconstructionof the
HST imagesallowedupperlimits to beput on thepresenceof companionsto asteroids(9)Metis,
(18)Melpomene,(19)Fortuna,(109)Felicitas,(146)Lucina,(216)Kleopatra,(434)Hungaria,(532)
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Table4: Estimated Parameters of Binary NEAs, Detected by Lightcurve

Object AB? AvD�;>AB? +<;>=@? \ ]W^�_4` ]w_�^�x yz_�^�x Taxon. Orb. Ref.1
[km] [h] [h] [mag] Class Type

1994AW - 0.9 0.53 4.6 h{I�| IqV 22.40 2.5193 0.16 PHA [1]
1991VH 1.2 0.40 5.4 0.07 32.69 2.6238 0.11 PHA [2]
(3671) 0.9 }{I�|~MQT 5.2 27.72 2.7053 0.16 EM PHA [3,12,13]
1996FG, 1.4 0.31 3.4 0.05 16.14 3.5942 0.09 C PHA, VC [4,5]
(5407) 4.0 �{I�|~SOI (3.4) ( h{I�| IqV ) (13.52) 2.5488 0.13 (S) MC [4]
1998PG 0.9 �{I�|~SOI (3.4) (14.01) 2.5162 0.13 S Amor [4]
1999HF - 3.5 0.24 4.0 14.02 2.3191 0.13 EMP Aten,VC [6]
2000DP-57�0 0.8 0.38 6.6 0.01 42.2 2.7755 0.22 C PHA [7,8,9]
2000UG -4- 0.23 �{I�|~U 3.6 0.12 18.4 (4.44) 0.10 QR PHA [14,16]
1999KW f 1.2 �{I�|~S 4.2 g{I�| IqS 17.45 2.765 0.13 Q PHA, VC [10,11,14,15]
2001SL/ 1.0 0.31 3.6 16.40 2.4003 0.09 Apollo [17]

Thediameterof theprimary AB? wasestimatedfrom theeffective diameter1.0km givenby Harris& Davies (1999)
for (3671), and from measuredabsolutemagnitudesassumingthe geometricalbedo����I�|~IqU for 1996FG, , and
2000DP-:740 , and ����I�|�G�U for theotherobjects;it wascorrectedfor AED�;>AB?E��I�| � in caseswhereonly a lower limit
on thesecondary-to-primarydiameterratio is available. + is thesemi-majoraxisof themutualorbit, \ is its eccentric-
ity, ]P^�_�` is theorbitalperiod. ]w_�^�x is therotationperiodof theprimary, yz_�^�x is its amplitudecorrectedfor contribution
of the light from thesecondary. Thevaluesin bracketsarederivedusingthe assumptionsdiscussedin Pravecet al.
(2000a). PHA standsfor potentiallyhazardousasteroid,which is an objectapproachingcloserthan0.05AU to the
Earth’sorbit, VC standsfor Venus-crosser, MC standsfor Mars-crosser. Thistablehasbeenupdatedfrom Pravecetal.
(2000a).For uncertaintiesandassumptionsmadewith theestimates,seetheoriginal publications.Notethatsomeof
theseobjectsarein commonwith NEAs observedby radar, in Table3. An updated,combinedradar/lightcurve NEA
tableis maintainedathttp://www.asu.cas.cz/˜aste roi d/ bin neas. htm .
1 References:[1] Pravec& Hahn(1997);[2] Pravec,Wolf, & Šarounová (1998);[3] Mottola et al. (1997);[4] Pravec
et al. (2000a);[5] Mottola & Lahulla (2000); [6] Pravec et al. (2002a);[7] Margot et al. (2002b);[8] Pravec et al.
(2000b);[9] Pravecet al. (2002c),in preparation;[10] Benneret al. (2001a);[11] Pravec& Šarounová (2001);[12]
Harris& Davies(1999);[13] Pravec,Wolf, & Šarounová,1997,unpublished;[14] Margotetal. (2002a);[15] Pravec,
P., Holliday, B., Šarounová,L., Goretti,V., Kusnirak,P., Wolf, M., Hicks,M.D., Krugly, Yu.N.,Masi,G.,& Vanmun-
ster, T. (2002c),in preparation;[16] Pravec,P., Šarounová, L., Kusnirak,P., Hicks, M.D., Scheirich,P., & Wolf, M.
(2002b),in preparation;[17] Pravec,Kusnirak,& Warner(2001).
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Herculina,(624)Hektor, and(674)Rachele.No companionswerefoundto a brightnesslimit that
variedwith distancefrom theprimary, shown in Figure10. Barringthecompanionbeingin con-
junction at the time of observation, Storrset al. rule out companionobjects(suggestedby early
occultationobservations)to asteroids(9)Metis, (18)Melpomene,and(532)Herculina(thebright-
nessandseparationof suggestedcompanionsaredesignatedby thenumbersin Figure10).

No companionswerefoundto theeightasteroidsthatwereimagedby HST with thecorrected
Wide Field PlanetaryCamera2 (WFPC2)instrument,aspartof program6559(Storrset al. 1998,
1999b). FurtherHST imagingobservationsarecurrentlyunderway in program8583,which is
a “snapshot”programdesignedto fill in gapsin the spacecraft’s calendarof observations. The
programtargets50 large,main-beltasteroids(many of themtwice) with theWFPC2in a manner
similar to thatusedto map(4)Vestaby Binzeletal. (1997).Thisprogramresultedin thediscovery
of a companionto (107)Camilla(IAUC 7599), andconfirmingobservationsof thecompanionsto
(87)Sylvia (IAUC 7590) andto (45)Eugenia.Thecompanionsto (45)Eugeniaand(107)Camilla
have the samecolor in the visible rangeas their primaries. In IAUC 7590, Storrset al. report
that the companionto (87)Sylvia appearssignificantlybluer thanits primary. The observations
of (6)Hebein this programshow no companionsbrighterthansevenmagnitudesfainterthanthe
primary, or largerthan8km in diameter.

Anotherprogramto observe main-beltasteroidsis thatof Zappal̀a et al. , which usedtheHST
Fine GuidanceSensor(FGS).The first resultsof this programconfirmedthat (216)Kleopatrais
a contactbinary (Tanga et al. 2002). Two otherprogramsareunderway, both of themtargeting
TNOs,andbothbeganto detectbinariesin early2002.A largeprogramby M. Brown hasdetected
two TNO companions:1999TC��� (Trujillo & Brown 2002,IAUC 7787) and1998SM ����� (Brown
& Trujillo 2002,IAUC 7807). In asecondprogram,two morebinarieshavebeenfound:1997CQ���
(Noll et al. 2002a,IAUC 7824) and2000CF����� (Noll et al. 2002b,IAUC 7857). As in the case
of the otherknown TNO binaries,theseobjectshave a wide separationandhave relatively large
secondaries.

Thestrengthsandweaknessesof HST/WFPC2observationsof asteroidsarediscussedin the
chapteron “Observationsfrom OrbitingPlatforms”by Dottoetal. (thisvolume).Briefly, WFPC2
observationsallow diffractionlimited observationover a largefield of view from thevacuumUV
to beyond1  m wavelength.Thesehigh resolutionimagescanprovide informationon theshape
andmineralogicalvariegation of the primary aswell. Drawbacksinclude the robotic natureof
HST scheduling(ephemeridesgoodto betterthan10 arcsecfor over a yeararenecessaryto find
the asteroid),no sensitivity beyond 1  m (but seethe discussionof WF3, which will operateto
1.8  m, in thechapterby Dotto et al. ), andthedifficulty in gettingtime on HST (no immediate
follow up of detections).HST observationsarecomplementaryto ground-basedAO observations
becausethey cover a largerfield-of-view perexposure,at a shorterwavelength,but cannotcover
thecritical near-IR wavelengthregion.

2.7 Role of Occultations

Describedasa techniqueof searchingfor asteroidsatellitesby VanFlandernet al. (1979)in As-
teroids I, the methodof usingstellaroccultationssuffers from the inability to plan or repeatan
experiment,at leastreliably. Reitsema(1979)hascalledinto questionmany of the early reports
of satellites,indicatingthatthemeasurementsaresusceptibleto spuriousevents.One-timereports
of occultationscanonly serve to alertmorerigoroussearchmethodsof a potentialcandidate.In
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addition,oncean asteroidis known to have a moon,systematicnetworks of observersmay be
placedsoasto attemptto seeaneventfrom themoon,duringanoccultationof theprimary. These
observationscouldgreatlyconstrainourunderstandingof thesizesandpositionsof thesatellites.

It is importantto note,however, thatarchived occultationrecords(D. Dunham,priv. comm.)
haveshown that2 shorteventshavebeenrecordedaccompanying anoccultationof Eugenia(diam-
eter215km). Onewasin 1983(chordequivalent ��� km) andanotherin 1994(chordequivalent
���$" km). Anothershortevent,of chordsize18km, wasrecordedin 1997duringanoccultationof
Sylvia (diameter271km). Thesatellitediameterspredictedfrom AO observationsare13km for
Eugeniaand13km for Sylvia. It is unlikely thatsuchshortchordswould have resultedfrom as-
teroidsof this largesize.Therefore,it is possiblethattheseoccultationsin factdid recordsatellite
events.

3 ORIGIN AND EVOLUTION OF BINARY ASTEROIDS

In Asteroids II , Weidenschillinget al. (1989)gave a discussionof themostpromisingmech-
anismsfor formationof asteroidbinaries.Most of theprogresssincethat time hasbeenobserva-
tional, but theoreticalefforts, especiallynumericalmodeling,have alsomadeadvances.With the
new examplesof actualbinarysystemsto study, therehasrecentlybeena renewedinterestin the-
oriesof formationandin numericalmodelingof binaryorigin. All of the formationmechanisms
discussedby Weidenschillingetal. remainviable.Herewerevisit these,andaddothers.

3.1 NEAs: Tidal Encounters

Asdiscussedin Sections2.4and2.5,asignificantfraction(16%)of NEAsappearto bebinary. This
is muchhigherthantheirapparentabundancein theMain Belt (althoughdetectionis moredifficult
for thelatter),but is consistentwith thefractionof recognizeddoubletcratersin impactson Earth
(Weidenschillinget al. 1989).Apparently, somemechanismfavorsproductionof binariesamong
planet-crossers(unlessit is possibleto get small main-beltbinariesto be ejectedfrom the Belt
intact). A closeplanetaryencountercansubjectanasteroidto tidal stressesandtorquesthatmay
producea binary. Thesameprocess,however, canalsodisruptexisting binarysystems.Because
thelifetime of near-Earthasteroidsis relatively short(a few times �&" � years),andcloseencounters
aremoreprobablethanplanetaryimpacts,this formation/destructionis an equilibrium process.
Bottke & Melosh(1996a,b)first examinedthe effect of planetaryencounterson contactbinaries
(two components),andconcludedthat ����� % of Earth-crossersevolvedinto co-orbitingbinaries.
Richardson,Bottke,& Love (1998)andBottke etal. (1999),modeledthetidal disruptionof ellip-
soidalshapedrubble-pileasteroids(composedof many small,equal-sizedparticles)encountering
theEarth,andfoundthatrotationalspin-upfrequentlycausedthemto undergo massshedding.In
many cases,someof theshedfragmentswent into orbit aroundtheprogenitor, producingbinary
asteroids.Most of thesesatellites,however, weremuchsmallerthantheprimary. Also, theyield
of binarieswaslow; disruptioninto astringof clumps,asfor cometShoemaker-Levy 9, wasmore
probablethanbinaryformation.Theresultsof thesestudiessuggestthat tidal disruptioncanpro-
duceenoughbinariesto accountfor the observed populationof doubletcraterson the terrestrial
planets,providedthatsmallasteroids(lessthanafew km in diameter)arenotfinely dividedgravel
piles,but “coarse”structuresdominatedby a few large chunks.This inferenceis alsoconsistent
with their observedmaximumrotationrates(cf. Paolicchiet al. , this volume).
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3.2 Cratering Ejecta

A crateringevent from a sub-catastrophicimpacton an asteroidproducesejectawith a rangeof
velocities. It is likely, therefore,that someof the ejectawill have sufficient kinetic energy and
angularmomentumto go into orbit aboutthe target body. Exceptin highly obliqueimpacts,the
ejectaleaves the craterwith a moreor lessuniform azimuthaldistribution asseenin the frame
of thetarget’s surface. If the target is rotating,therotationalvelocity of thesurfaceat the impact
pointisaddedto theejectavelocity; therefore,moremasswill attainorbitalvelocityin theprograde
direction(weassumethattheimpactis not largeenoughto makeasignificantchangein thetarget’s
rotationalstate). The problemwith this model is how to placethe ejectainto stableorbits. If
the target is a spherewith a purely radial gravity field, then the ejectaparticleshave elliptical
orbitsthatwould intersectits surfaceafteronerevolution. Collisionsbetweenfragments,andsolar
perturbationsactingon particleswith highly eccentricorbits,might prevent immediatere-impact,
but thesemechanismswould have to act during the first orbit after the impact,andappearto be
inefficient. However, many asteroidsaresignificantlynon-spherical(triaxial) in shapeandusually
rotateabouttheir shortestaxis. This meansthatejectaparticlesexperiencea non-centralgravity
field,whichcansignificantlyaltertheirorbitalparametersonthetimescaleof asingleorbit. Also,a
particlelaunchedfrom a point nearthelongerequatorialaxismayencountera shorteraxisduring
its first few periapsepassages,avoiding impact and prolongingits lifetime. Mutual collisions
amongfragmentsduring thefirst few orbits candamptheir eccentricities,yielding orbits thatno
longerintersecttheprimary’s surface.This materialcouldthenaccreteinto a smallsatellite.

As pointedout by Weidenschillinget al. (1989),ejectavelocitiesmustbe within the limited
rangethatallows materialto go into orbit abouttheprimary, without escapingcompletely. Such
orbits have specificangularmomentumcorrespondingto circularizedorbits within a distanceof
abouttwo radii from theprimary. Unlessthis distanceis outsidethesynchronouspoint,any satel-
lite thataccretedin thismannerwouldbesubjectto tidal decay, andwouldeventuallycollidewith
the primary. The requirementthat the synchronousdistancelies within two radii implies a spin
period of not more than about6 hours. Tidal torquewould then causethe satelliteto migrate
outward;for smallsecondary/primarymassratios,theprimary’s spinwouldnotbeslowedsignifi-
cantly. Thus,satellitesformedby this mechanismwould besmall rubblepiles,in progradeorbits
aboutrapidly rotatingprimaries.In additionto thesecriteria listedby Weidenschillinget al. , we
addtherequirementthattheprimariesbesignificantlynon-spherical.

In apreliminarynumericalstudyto exploretheviability of thismechanismfor producingsmall
satellites,Durda& Geissler(1996)examinedtheaccretionof ejectaparticlesfrom threedifferent
10-km-scalecraterson Ida. In eachcasethey followed the dynamicalevolution of 1000ejecta
particlesfor 100 hoursafter the crateringimpactandsearchedfor “collisions” betweenorbiting
particles,treatingeach“collision” asanaccretionevent. Thatstudyfoundthat temporaryaggre-
gatescontainingabout0.1%of theejecteddebrismassdid indeedform while in flight aroundthe
primary, but noneof theseaggregatesoccupiedstableorbitsandsurvived(althoughthetemporary
aggregateswereprimarily on progradetrajectoriesconcentratedneartheequatorialplaneof Ida,
aspredictedby Weidenschillinget al. 1989).Thefailureof themodelto yield smallsatellitesvia
accretionof ejectedcrateringdebrismaynot beevidencethat this mechanismfails to work or is
incredibly inefficient, but insteadmay fundamentallybe a resultof the approximationsinherent
to themodel(theDactyl-formingimpactmayalsohave beenlarger thanmodeled).Indeed,sev-
eralprocessesthathave subsequentlybeenshown to play importantrolesin placingmaterialinto
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boundorbits (e.g., distortionof the primary’s shape,vaporizationof somefraction of material,
impactangle)werenot includedin the modeling. Instead,the Durda& Geisslermodel,which
hasprovenquitesuccessfulin explainingthedistribution of ejectaon Ida’s surface(Geissleret al.
1996),simulatedtheejectionof craterdebrisfrom variouslocationson Ida by launchingparticles
from a point at a ����m angleto the local surface. Theparticleswereall launchedat thesamein-
stantat the beginning of the simulations,with no momentumtransferto the asteroid. In reality,
excavation flows encompassthe entirecenter-to-rim extent of a crater, the time scalefor crater
excavationon a low-gravity objectcanapproacha significantfractionof theasteroidrotationpe-
riod, andtranslationalandrotationalmomentumis impartedto theprimaryduringtheimpact(e.g.,
Asphauget al. 1996;Love & Ahrens1997). Thus,a combinationof shape/distortioneffectsand
translational/rotationalmotionduringtheexcavationphasemayplayanimportantrole in allowing
particlesto remainin temporaryorbit.

This mechanismwould operatein the environmentof high-velocity impactsin the present
Main Belt. Impactsare also capableof destroying small satellites,which would have shorter
lifetimesagainstdisruptionthantheirprimaries(althoughthey might reaccreteaftersucheventsif
thefragmentsremainin orbit). Thus,weexpectthepopulationof suchbinariesto bein equilibrium
betweenformationanddestructionby impacts.

Of the main-beltasteroidsknown to bebinaries,six of eight (22, 45, 87, 107,243,and762)
have satellitesmuchsmallerthantheir primaries.Assumingequalalbedosanddensitiesfor both
components,themassratio is typically ����" * � . Significantly, all of theprimariesarerapid rota-
tors;thelongestperiodis 5.84hoursfor (762)(Davis 2001).Also, they haveratherlargeamplitude
lightcurves,with maximumobservedamplitudesof at least0.25mag.Thesepropertiesareconsis-
tentwith formationof their satellitesfrom impactejecta.If thedirectionof anorbit relative to the
rotationof theprimaryis foundto beprograde,thiswouldbeastrongindicationof theirorigin by
this mechanism.Thesenseof theorbit is known for threeof thesemain-beltbinaries.Themoons
of (243)Ida (Beltonet al. . 1995,1996),(45)Eugenia(Merline et al. 1999b,c),and(22)Kalliope
orbit in aprogradesense.

3.3 Disruptive Capture

Many asteroidsbelongto dynamicalfamiliesthatrevealthemto befragmentsof largerparentbod-
iesthatweredisruptedby catastrophiccollisions.In suchadisruptiveevent,fragmentsmayendup
in orbit abouteachother, assuggestedby Hartmann(1979).Weidenschillinget al. (1989)pointed
out thatin a radialvelocityfield of fragmentsescapingfrom adisruptedprimary, geometricalcon-
straintsimposedby thefinite sizesof fragmentswould tendto ensurethatthey wouldhaverelative
velocitiesexceedingtheir mutualescapevelocity, andin generalwould not remaingravitationally
bound.

This problemwasexaminedin somedetail by Durda (1996) andby Doressoundiramet al.
(1997),who simulateddisruptionsnumerically, integratingorbitsof fragmentsin thedebrisfield.
They foundthatthefractionof binariesdependedonthemagnitudeof arandomvelocitydispersion
assumedto beimposedon thegeneralexpansion;however, evenwith no dispersionsomebinaries
wereproduced,apparentlyby jostling amongfragments.More pairsof fragmentsin contactwere
producedthanorbiting binaries.The fraction of contactpairsandbinarieswassmall in Durda’s
models(about0.1%),while thefractionof binariesfoundby Doressoundirametal. wasabout1%.
Thelimited rangeof sizesandnumbersof particlesin thesimulationsprobablylimited thebinary
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fraction. Treatinglargernumbersof smallerfragmentswould beexpectedto yield morebinaries
with smallersatellite/primarymassratios.

Theearly, simplenumericalmodelsof thismodeof satelliteformationcontainedsomecritical
limitations, however. Becausethe initial conditionssimulatingthe expansionphasefollowing a
catastrophicimpactweremerelytreatedin asimpleempiricalfashion,aself-consistentdescription
of themass-speeddistributionof fragmentsandthedirectionof fragmentejectionwasnotpossible.
Variationsin thesecollisionoutcomes,andthereforein theefficiency of binarypairformation,with
initial conditions,couldnotbeexaminedin theseinitial studies.Thenext generationof numerical
models(Michel et al. 2001;Durdaet al. 2001)substantiallyimprove uponthe limitationsof the
Durda (1996) and Doressoundiramet al. (1997) modelsby conductingdetailed3-dimensional
smooth-particlehydrodynamics(SPH)modelsof catastrophiccollisionsbetweenasteroids(e.g.,
Benz& Asphaug1995;Asphauget al. 1998),andthenfollowing thesubsequentdynamicsof the
ejectedfragmentsthroughfast,state-of-the-artN-bodysimulations(suchasdescribedin Leinhardt,
Richardson,& Quinn2000).

Oneof themostimportantbenefitsof this schemeover thepreviousnumericalstudiesis that
it includesa rigoroustreatmentof theimpactphysics,sothataccuratefragmentsizedistributions
andvelocity fieldsareestablishedearly in theejectionprocess.Thus,thedependenceof satellite
formationefficiency with respectto variouscollision parameters(e.g., speed,impactparameter,
impactangle)canbestudiedin aself-consistentmanner. Thesenew modelsalsoallow a far faster
N-body integrationschemewith efficient mutualcaptureandcollision detectioncapabilities. A
samplemodelcanbeseenin Figure11.

Threeof theknown main-beltbinaries(45, 90, and243)aremembersof dynamicalfamilies,
sothis mechanismis plausible(however, thefractionof binariesin familiesdoesnot appearto be
greaterthanfor thegeneralpopulation).Thereshouldbeno initial preferencefor rapidrotationof
primariesor progradeorbits,but tidal dissipationcouldcauselossof satellitesof slow rotatorsor
in retrogradeorbits.We wouldexpectnocorrelationwith theprimary’s shape,solightcurvesmay
discriminatebetweencrateringejectaanddisruptivecapture.

3.4 Collisional Fission

An impactmayshatteranasteroidwithout disruptingit. As theprobabilityof anexactly central
collision is zero,it will alsoimpartangularmomentumto the target. If the specificangularmo-
mentumexceedsa thresholdvalue,a weak(shattered)self-gravitating bodycannotremainsingle,
but mustfissioninto a binary, with someof theangularmomentumin orbital motion ratherthan
rotation.Theangularmomentumimpartedis proportionalto the impactvelocity � , while theim-
pactenergy scalesas � � . As discussedby Weidenschillinget al. (1989), it is difficult to impart
enoughangularmomentumwithoutdestroying thetargetat typical impactvelocities( ��� kms* � )
in thepresentBelt (althoughthereis adistributionof velocitiesoverawiderange,but at lower im-
pactprobabilities).If gravitationalbindingdominates,thenfor impactslargeenoughto impartthe
critical angularmomentum,theratioof impactenergy to bindingenergy is of order �<���@�>���5���<���4�����4�O� .
For eventhelargestasteroids,disruptionis morelikely thanrotationalfissionin thepresentcolli-
sionalenvironment.Conditionswerepresumablymorefavorablein theearlieststageof theBelt’s
evolution, beforevelocitieswerepumpedup; however, only largesatelliteswould have beenable
to survive its latercollisionalhistory. No convincingcandidatesystemshaveyetbeenfoundin the
Main Belt.
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Themassesandrelatively largeseparation(about4 radii) of themain-beltdouble(90)Antiope
imagedby Merline et al. (2000a,2000b)meansthat this pair hasunusuallyhigh specificangular
momentum.Thelightcurveeclipsesrecordedby Hansenetal. (1997)areconsistentwith thenearly
equal-sizedcomponentsseenin the images.At othertimes,the lightcurve hada low amplitude
consistentwith nearly spherical,non-eclipsingcomponents(actually, Darwin ellipsoidsare an
even bettermatch). Merline et al. inferreda densityof � �#XY� gcm* � , which suggeststhat the
Antiopecomponentsmaybe“rubble piles” with equilibriumshapes.Suchmodelsof equilibrium
binariesandtheexpectedlightcurvemorphologieswerestudiedby Leoneetal. (1984).Theorigin
of theAntiopebinaryis hardto explain. It is amemberof theThemisfamily, andsomustpostdate
thedisruptionof its parentbodyby a high-velocity impact.Disruptive captureof two equal-mass
fragmentsof suchlarge size in that event is unlikely, and they would have to be convertedto
rubblepilesby later impacts.However, someof themodelrunsof Michel (priv. comm.) appear
to have producedsimilar-sizedcomponents.Collisionalfissionseemsto bethemostlikely origin
for Antiope,but still presentstheproblemof impartingsomuchangularmomentumin a collision
without dispersingthe target. Due to the low orbital inclination of the Themisfamily, collisions
betweenmembershavea lowermeanvelocity ( ��� kms* � ; Bottkeetal. 1994)thanbetweenfield
asteroids( � � kms* � ) but this differenceis not very significant. Weidenschillinget al. (2001)
estimatethat the requiredangularmomentumimplies an impactorof diameter � �$" km on a
100km targetbody, with about100 timesits gravitationalbindingenergy, at themeanencounter
velocity. An impactby a larger body at muchlower velocity is improbable,even if the Themis
family is severalGyr old. Low-velocity impactscouldhave occurredin the immediateaftermath
of thedisruptionof theThemisfamily’s parentbody, beforeJovian perturbationsrandomizedthe
nodesand apsidesof the fragments. Models by Dell’Oro et al. (2002) show an enhancement
in the impactprobabilitiesof several ordersof magnitudeinitially after breakup. However, the
time availablebeforerandomizationis short( � �&" � orbital periods),anda collision betweentwo
fragmentsof sufficient sizeis unlikely. In eitherscenario,theprobabilityof formingabinarywith
thesepropertiesis only ����" * � , andthusAntiopeshouldbeuniquein theMain Belt.

3.5 Primordial Binaries?

Otherbinarieswith componentsof comparablemassandlargeseparationshave beendiscovered,
but at largerheliocentricdistances.TheTrojanasteroid(617)Patroclus(Merlineet al. 2001b)and
at leasttwo of theTNO binaries(1998WW �C� , 2001QW����� ) havesizeratioscloseto one.All have
significantlygreaterseparationsthanAntiope; about600km ( ����� radii) for Patroclusand ��" � –
�&" � km ( ���&" � – �&" � radii) for theTNOs. In onesense,thesepropertiesarenotsurprising;detection
of smallerand/orclosersatellitesof suchdistantobjectsis impossibleby currentlyavailabletech-
nology. However, it is unclearhow suchlooselyboundpairscouldhave formed. If thePatroclus
binary formedby a collision, it would have requiredmoreextremeparameters(larger impactor
and/orlower velocity) thanAntiope’s formation. Thecollision ratein theTrojancloudsis some-
whathigherthanin theMain Belt (seeDavis et al. , this volume),while themeanimpactvelocity
is comparable(lower orbital velocity is offsetby highermeaninclination). However, a binaryof
this sizewould have a collisional lifetime greaterthantheageof thesolarsystem.It is plausible,
therefore,that the Patroclusbinary formedby a low-velocity collision beforeeccentricitiesand
inclinationswerepumpedup,perhapsbeforeits captureinto resonancewith Jupiter.

Thefrequency of trans-Neptunianbinariesappearsto beof order1%. Their largeseparations
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couldnot have have beenproducedby two-bodycollisionsor tidal evolution. Themostplausible
origin for sucha looselyboundbinaryseemsto bean impactor gravitationalencounterwith an-
otherbodyof comparablemasswhile thetwo componentspassedwithin their mutualHill radius.
Thepresentspatialdensityin theKuiperBelt is far too low for 3-bodyencounters;any suchevents
musthave occurredwhenit wasmorepopulousand/ordynamically“cold” with low inclinations.
Dynamicalmodelingis neededto determinetheefficiency of binaryproductionby thismechanism
asa functionof populationdensityandorbital parameters.Alternatively, thesebinariesmayrep-
resentobjectsthat formedasloosely-boundpairsfrom inherentdisk instabilitiesduringaccretion
(S.A.Stern,priv. comm.).Observationsof binaryTNOswill eventuallyallow directdetermination
of their massesanddensities,but mayalsoprovidea constrainton theformationandearlyhistory
of theKuiperBelt.

3.6 Tidal Evolution of Spins and Orbits

Weidenschillinget al. (1989)consideredthetidal evolution of orbitsof asteroidalsatellites.Their
Figure1 showedthetimescalefor a hypotheticalsatelliteto evolve outwardfrom anorbit initially
closeto a primaryof radius �¡ ¢�&"#" km, asa functionof thesatellite/primarymassratio. There
arenow enoughdatafor realbinariesto comparethis modelwith observation.Most of theknown
main-beltbinarieshave separations£w�$�¤�¥��" , and ¦§�<	k�u�©¨
�&" � – �&" � (Table2); theinferred
tidal evolution timescalesarein therange����"$ª – �&" � yr. Thesevaluesdependon themechanical
propertiesof theprimaries,which areuncertain,but areconsistentwith collisionalproductionof
closebinariesand tidal expansionof their orbits to their presentdistancessincethe formation
of theasteroidbelt. All suchsatelliteslie below theline of synchronousstability, with orbits that
arestill evolving outward(consistentwith theobservationthattheirprimarieshaverotationperiods
shorterthantheirorbitalperiods).TheNEAstypically havesmallerseparationswith £w�$�«��� , and
smaller ¦§�<	��¡�&" � – �¬¨­�&" � . However, they aremuchsmallerthanthemain-beltbinaries,with
����� km; sincetherateof tidal evolution of orbitsscalesas � � , they alsohave timescales� ��" �
yr, consistentwith the observation that they have not evolved to a synchronousend-state.The
binarieswith relatively closemassive satelliteshave muchshorterevolution times;extrapolating
from Weidenschillinget al. ’s Figure1, (90)Antiope would have reachedits tidally locked end
statein only a few thousandyears,and(617)Patroclusin lessthan �&" � yr. However, it canbeseen
from thatfigurethatPatroclushastoo muchangularmomentumto have evolvedby despinningof
an initially closebinary. This system,andthe Kuiper Belt binarieswith comparablemassratios
andstill largerseparations,musthaveattainedtheirpresentorbital configurationsby amechanism
otherthantidal despinning.

The timescalefor despinningof a satellite’s rotation by tides is generallyshorterthan that
for evolution of its orbit by despinningof the primary. Using the classicformula for the rateof
despinning(GoldreichandSoter1966),thesmallermain-beltandNEA satelliteshavedespinning
times � �&" � – ��" � yr, so they are expectedto keepone facetoward their primary. The only
observationaldatumfor rotationof a main-beltsatelliteis from the Galileo flyby of Ida/Dactyl,
which showed that Dactyl had slow rotation, consistentwith spin-orbit synchroneity(Veverka
et al. 1996b).On theotherhand,theknown KuiperBelt binarieshave suchlargeseparationsthat
their tidal despinningtimesprobablyexceedtheageof thesolarsystem;they areunlikely to bein
synchronousrotation.

Finally, Harris (2002) hassuggestedthat the gravitational ejectionof a satellite from orbit
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aroundan irregularly-shapedprimary would depletethe rotationalenergy of the primary, thus
slowing substantiallythespinof theprimary. This ultimatelymaybeshown to bethecauseof the
anomalouslyslow rotationof many asteroids,whichsofar haveeludedsatisfactoryexplanation.

3.7 Triple and Multiple Systems

Little work hasbeendonespecificallyto study the formationandstability of triple or multiple
asteroidsystems.Perhapstheclosestanaloguesarethosestudiesof stability of satellitesarounda
non-sphericalprimary(e.g., Scheeres1994;Petitet al. 1997). Significantprogress,however, has
beenmadein theunderstandingof triple or multiplestarsystems.Many of theseresultscanbeap-
plieddirectly to asteroids,to give insightinto whatcharacteristicsmightbeexpectedfor multiple-
asteroidsystems.It is generallyacceptedthat the masseswould be configuredin a hierarchical
fashion(cf. Eggleton& Kiseleva 1995).This would bea superpositionof two binarysystems:an
inner massive object,orbitedby a satelliteanda moonof the satellite(like Sun/Earth/Moon)or
a closebinary system,with a tertiary object in a wide orbit aboutthe centralpair. The ratio of
thesemi-majoraxesof thetwo relevant“binaries” mustbe � 3–4to bestable(Harrington1977a,
1977b).For eccentricorbits,theratioof theperiapseof theouterorbit to theinnersemi-majoraxis
is the relevant parameter. Eccentricorbits are thereforelessstable(Eggleton& Kiseleva 1995;
Kiseleva, Eggleton,& Orlov 1994). In addition,the stability depends,in a complicatedway, on
the massratiosof the objects(Black 1982). Systemsthat have the two orbits counter-revolving
(retrograde)alsodisplaygreaterstability thanif the orbits areboth in the samesense(Harring-
ton 1977b). Recentwork on evolution of triple systems(Miller & Hamilton 2002)emphasizes
the importanceof Kozai resonancesin stability, andindicatesa strongpreferencethat the orbits
be approximatelycoplanar. Multiple systemswould be formed in successively higher levels of
hierarchy andarediscussedby Harrington(1977b).

Unlike triple stellarsystems,which canform by gravitational capture,(e.g., during thecolli-
sionof two binarysystems),sucha formationmechanismwould bedifficult for asteroidsbecause
of the high encountervelocitiesrelative to the orbital speeds(P. Hut, priv. comm.). The initial
formationof triple/multiple systemswere indicated,however, in the early numericalmodelsof
Durda(1996)andDoressoundiramet al. (1997)andareclearlyproducedby thenext-generation
modelsof Michel et al. (2001)andDurdaet al. (2001). TheseSPH/N-bodymodelsof satellite
formationshow that in additionto producingbinarysystemswith a singlesatellitein orbit about
a primary asteroid,catastrophicdisruptioneventscanresult (at leastinitially) in morecomplex,
hierarchicalsystemswith satellitesof satellites. The gravitational reaccumulationof clumpsof
debrisin theejectafield aroundthelargestremnantoftenleadsto Shoemaker-Levy/9-like“strings-
of-pearls”.Many of thesereaccumulatingrubble-pilefragments,someof whicharegravitationally
boundin initially stableorbitsaroundthe largestremnant,arethemselvessurroundedby swarms
of smallerorbiting debris. The simulationtimescalesaretoo short,thusfar, to directly examine
thelonger-termstabilityof thesehierarchicalsatellitesystems.

4 SUMMARY

Thequestionposedin thetitle to theWeidenschillinget al. chapterin AsteroidsII , “Do Aster-
oids have Satellites?”,hasbeenanswered.Now that we have many examplesof binary systems
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for study, representingdiversecollisionalanddynamicalpopulations,we maybeat thethreshold
of a revolution in asteroidscience.In the next decade,we canexpectto learna greatdealfrom
theever-increasingpaceof discovery, involving several rapidly-improving, complementarytech-
niques,andtheconcomitantnumericalmodelingandtheoreticalthinkingabouthow thesesystems
wereformed,how they evolve,andwhatcluesthey hold to thehistoryof thesolarsystem.These
binary systemswill provide probesof asteroidinteriors,andperhapseventuallyallow definitive
couplingof asteroidtaxonomictypewith our meteoriteinventory. In fact, they maytell usabout
asteroidmaterialfor which it is unlikely we currentlyhave representationamongthemeteorites,
suchasverylow densitycarbonaceousmaterialthatmaynotsurvivepassagethroughEarth’satmo-
sphere,or primitivematerialof theouterMain-Belt,Trojan,or TNO regions.Researchin thisarea
will leadto spinoffs in relatedareas,including improvementsin our understandingof the forma-
tion of theEarth/Moonor Pluto/Charonsystems,betterunderstandingof dynamicsandcollisional
physics,andassistin themitigationof theimpacthazardthatasteroidsposeto Earth.
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70. Merline,W.J.,Close,L.M., Mènard,F., Dumas,C., Chapman,C.R.,Slater, D.C. Searchfor
asteroidalsatellites.Bull. Am.Astron. Soc.32, 1017(2001d).

71. Merline, W.J., Close,L.M., Siegler, N., Dumas,C., Chapman,C., Rigaut, F., Ménard,F.,
Owen,W.M., Slater, D.C.S/2002(3749)1. IAU Circ. 7827, 2 (2002).

72. Michel,P., Benz,W., Tanga,P., Richardson,D.C.Collisionsandgravitationalre-accumulation:
Formingasteroidfamiliesandsatellites.Science294, 1696–1700(2001).

73. Miller, M.C. & Hamilton,D.P. Four-bodyeffectsin globularclusterblackholecoalescence.
Astron. J., in press(2002).

74. Mottola, S., De Angelis,G., Di Martino, M., Erikson,A., Hahn,G., andNeukum,G. The
near-Earthobjectsfollow-upprogram:First results.Icarus117, 62–70(1995).
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89. Pravec,P., Šarounová,L., & Wolf, M. 1996FG� . IAU Circ. 7074, 2 (1998).
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Figure1: This is the discovery imagefor Dactyl, the first known asteroidsatellite(Belton et al.
1996). It wastaken by the Galileo spacecrafton 1993Aug29 from a rangeof 10,719km. The
picturehasa resolutionof about100m/pix. Becauseof limited downlink, not all imagescouldbe
returned.Instead,this techniqueof playingbackimagestripswasusedto find therelevantimages
or portionsof imagesthatcontainedIda. Theresulting“jailbar” imageherefortuitouslyprovided
the first clue of an extendedobject,with the expectedphotometricprofile, off the bright limb of
Ida.
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Figure2: This full imageof Ida andDactyl, taken from approximatelythe samerangeandwith
the sameresolutionlisted in Figure1. The picture is in a greenfilter. Ida is about56km long
andDactyl is roughly sphericalwith a diameterof about1.4km. At this time Dactyl is in the
foreground,about85km (5.5 �H®�¯�� ) from Ida’s center, andmoving at about6ms* � . The orbit is
progradewith respectto Ida’s spin,which itself is retrogradewith respectto theecliptic.

Figure3: Highestresolutionpictureof Dactyl, at 39m/pix, showing shapeandsurfacegeology.
Thetopography is dominatedby impactcraters,withoutprominentgroovesor ridges.
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Figure4: This is thediscovery imageof PetitPrince,moonof (45)Eugenia,takenat theCanada-
France-Hawaii Telescopeon 1998Nov 1, usingthePUEOadaptive opticssystem(Merline et al.
1999b).It is thefirst asteroidmoonto beimagedfrom Earth.Theimageis anaverageof 16images
of exposure15s. It is takenin H-band(1.65 m) andhasa platescaleof 0.035arcsec/pixel. The
separationof the moonis about0.75arcsecfrom Eugeniaandhasa brightnessratio of about7
magnitudes.
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Figure5: This infrared imageis a compositeof 5 epochsof Eugenia’s moon. The moonhasa
periodis 4.7days,with a nearlycircular orbit is about1190km (0.77arcsec).The orbit is tilted
about46 degreeswith respectto our line-of-sight.Thenormal2-fold degeneracy in poleposition
(i.e.,true senseof the moon’s orbit) wasresolved by observingthe systemlater, whenpositional
differencesbetweenthetwo solutionsbecameapparent.Eugeniais about215km in diameterand
the moon’s diameteris about13 km. The large “cross” is a commonartifact of diffraction from
thesecondary-mirrorsupportstructure.Theimagesaredeconvolvedandthebrightnessof Eugenia
hasbeensuppressedto enhancesharpnessandclarity.
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Figure6: ThisdeconvolvedKeckimagein 2000FebshowsPetitPrinceandaresolvedimageof the
diskof Eugenia(afterCloseetal. 2000).Thepair is well-separated,enoughto getaccuratecolors
or spectra.The unusualelongation of Eugenia’s shapewas inferredpreviously from lightcurve
amplitudes. Becausethe lack of detailedfidelity in flux preservation underdeconvolution, the
brightnessvariationsacrossthe disk are not real. The brightnessof the satellite(which is not
resolved)hasbeenscaledto appearto have roughlythesame“surfacebrightness”astheprimary.
Theflux ratio of thetwo objectsis about285.
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Figure7: Doubleasteroid(90)Antiopeasit rotateswith a16.5h period,soonafterits discoveryat
Keckin 2000August(Merline et al. 2000a,b).Oncethoughtto beanobjectabout125km across,
the C-type asteroidAntiope actually hastwo components,eachabout85km in diameter. The
separationis about170km.
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Figure8: (a) Arecibodelay-Dopplerimagesof binaryasteroid2000DP����� (Margot et al. 2002b)
obtainedon2000DOY 274–280.A dashedline showstheapproximatetrajectoryof thecompanion
on consecutive days. (b) Goldstoneradarechoesof 1999KW � (Ostroet al. , JPL pressrelease)
accumulatedover several-hoursduring its May2001closeapproachto Earth. (c) Radarimage
of 1999KW � obtainedat Arecibo on 2001May27 with 7.5m rangeresolution. Rangefrom the
observer increasesdown andDopplerfrequency increasesto the right. Dimensionsin the cross-
rangedimensionareaffectedby theprimaryandsecondaryspinrates.
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Figure9: Observedlightcurvesof 1996FG� show thefast-variation,small-amplitudecomponent,
causedby the rotationof the primary, with superposedsuddensharpattenuationscausedby the
eclipse/occultationof theprimaryby thesecondary. The top panelshows theprimaryminimum,
while the bottompanelshows the secondaryminimum. Theprimary rotationcomponentcanbe
seenalsoduringtheattenuations.(FromPravecetal. 2000a).
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4.0in

Figure10: Brightnessdifference(in magnitudes)betweena primaryasteroidanda possiblecom-
panion,asafunctionof projecteddistancefrom theprimaryasteroid,for well-exposedHSTimages
(after Storrset al. 1999a).The region below the curvesis wherecompanionscouldbedetected.
Also shown arethelocationsof putative binaries(givenby asteroidnumber)thathadbeenprevi-
ouslysuspectedfrom occultationor otherdata.
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Figure11: The“next generation”of numericalmodelsof asteroidsatelliteformationsubstantially
improve uponpastmodelsby (left) conductingdetailed3-dimensionalsmooth-particlehydrody-
namics(SPH)modelsof collisionsbetweenasteroidsandthen(right) following the subsequent
dynamicsof ejecteddebrisandformationof orbiting satellites(arrow) throughfast,state-of-the-
artN-bodysimulations.Shown hereis acollisionof a20km impactorinto a100km solidbasaltic
target, assimulatedby Durdaet al. (2001). The satelliteof sizeabout4km is capturedinto an
elliptical orbit with a separationof about6 �°�C±4���d��±�² . Thefinal primarydiameteris about75km.
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