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After yearsof speculationsatellitesof asteroiddiave now beenshavn definitively to exist.
Asteroid satellitesareimportantin at leasttwo ways: (1) they area naturallaboratoryin
whichto studycollisions,aubiquitousandcritically importantprocessn theformationand
evolution of the asteroidsandin shapingmuchof the solarsystem,and(2) their presence
allows to usto determinethe densityof the primary asteroid,somethingwhich otherwise
(exceptfor certainlarge asteroidsthat may have measurablaravitational influenceon,
e.g., Mars) would requirea spacecraftlyby, orbital mission,or samplereturn. Satellites
or binarieshave now beendetectedn a variety of dynamicalpopulationsjncluding near
Earth, Main Belt, outer Main-Belt, Trojan, and trans-Neptunian.Detectionof thesenewn
systemshasbeenthe resultof improved obsenationaltechniquesincluding adaptve op-
ticson largetelescopesadar directimaging,advancedightcurve analysis andspacecraft
imaging. Systematicand differencesamongthe obsened systemggive cluesto the for-
mation mechanismsWe describeseveral processeshat may resultin binary systemsall
of whichinvolve collisionsof onetype or another eitherphysical or gravitational. Several
mechanismsvill likely berequiredto explainthe obsenations.



1 INTRODUCTION

1.1 Oveview

Discovery andstudy of small satellitesof asteroidsor doubleasteroidscanyield valuableinfor-
mationabouttheintrinsic propertief asteroidghemselesandabouttheir historyandevolution.
Determinatiorof theorbitsof thesemoonscanprovide precisedeterminatiorof thetotal (primary
+ secondary)nassof the system.In the caseof a smallsecondarythe total massis dominatedby
the primary For a binarywith determinablesize-ratioof componentge.g. doubleasteroids)an
assumptiorof similar densitiescanyield the individual masseslf the actualsizesof the primary
or the pair are alsoknown, thenreliable estimatef the primary’s bulk density a fundamental
property canbe made.This revealsmuchaboutthe compositionandstructureof the primaryand
will allow usto make comparisondetweenfor example,asteroidaxonomictypesandour inven-
tory of meteorites.In general,uncertaintiesn the asteroidsizewill dominatethe uncertaintyin
density

Similaritiesanddifferenceamongthedetectedystemsarerevealingimportantcluesaboutthe
possibleformationmechanismsSystematicgrealreadybeingseenamongthe main-beltbinaries
— mary of themareC-like andsereralarealsofamily membersThereareseveraltheoriesseeking
to explain the origin of thesebinary systemsall of theminvolving disruptionof the parentobject,
either by physical collisions, or gravitationally during a closepassto a planet. It is likely that
severalof themechanismsvill berequiredto explain the obsenations.

The presenceof a satellite provides a real-life laboratoryto studythe outcomeof collisions
andgravitational interactions. The currentpopulationprobablyreflectsa steadystateprocessof
creationanddestruction.The natureandprevalenceof thesesystemswill thereforehelpusunder
standthe collisionalenvironmentin which they formed,andhave furtherimplicationsfor therole
of collisionsin shapingour solarsystem. They will alsoprovide cluesto the dynamicalhistory
andevolution of theasteroids.

A decadeago, binary asteroidswere mostly a theoreticalcuriosity, despitesporadicuncon-
firmed satellitedetections.In 1993,the Galileo spacecraftmadethe first undeniabledetectionof
an asteroidmoon, with the discovery of Dactyl, a small moonof Ida. Sincethattime, andpar
ticularly in the last year the numberof known binarieshasrisendramatically In the mid-late
1990s,the tell-tale lightcurves of several nearEarthasteroidgNEAS) revealeda high likelihood
of beingdouble. Previously odd-shape@ndlobatenearEarthasteroidspbsered by radar have
givenwayto signaturesevealingthatatleastfive NEAs arebinarysystemsindicationsfrom these
lightcurve andradarobsenationsarethatamongthe NEAs, the binary frequeng may be about
16% (seeSection2.4& 2.5).

Among the main-beltasteroidsywe now know of 8 confirmedbinary systemsalthoughtheir
overall frequeng is likely to be low, perhapsa few percent(seeSection2.2.6). Thesedetections
have largely comeaboutbecausef significantadvancesn adaptve opticssystemsn large tele-
scopeswhich cannow reducethe blurring of the Earth’s atmospheréo competewith the spatial
resolutionof space-baseiaging (which itself, via HST, is now contributing valuableobsena-
tions). Searchesamongthe Trojansand Trans-Neptuniai®bjects(TNOs) have shovn that other
dynamicalpopulationsalsoharborbinaries.

Now that we have reliable techniquedor detection,we have beenrewardedwith mary ex-
amplesof systemsfor study This hasin turn spurrednew theoreticalthinking and numerical



simulationsthetechniquedor which have alsoimproved substantiallyin recentyears.

1.2 History and Inventory of Binary Asteroids

Searchedor satellitescanbe tracedbackto William Herschelin 1802, soonafter the discovery
of the first asteroid,(1) Ceres. The first suspicionof a satellitegoesbackto Andre (1901),who
speculatedhatthe g-Lyrae-like lightcurve of Eroscould resultfrom an eclipsingbinary system.
Of coursewe now know definitively thatthis interpretations wrong (Merline etal. 2001c),Eros
beingoneof thefew asteroidwisiteddirectly by a spacecrafcf. Chengthis volume).

In thelate 1970s therewasa flurry of reportsof asteroidsatellites,nferredfrom indirectevi-
dencesuchasanomaloudightcurvesor spurioussecondanplink-outsduringoccultationof stars
by asteroidsVanFlandernetal. (1979)in Astepids| givesa completesummaryof the evidence
asof thattime. To some theevidencewashighly suggestie thatsatellitesverecommon.To date,
however, noneof thosesuspectetinarieshasbeenshawn to bereal,despiteratherintensve study
with moderntechniques.

In the 1980s additionallines of evidencewerepursuedincludingasteroidswith slow rotation,
or fastrotation, andthe existenceof doubletcraterson, e.g., the Moon or Earth. Cellino et al.
(1985)studied10 asteroidghatshavedanomalougightcurves,which they comparedvith predic-
tions from modelsof equilibrium binariesof varyingmassratiosby Leoneet al. (1984). Model
separationgandmagnitudedifferencedor theseputative binariesweregiven; mostof thesecould
have beendetectedusingby modernobsenations,but nonehave beenconfirmedasseparatedi-
naries(althoughOstroet al. (2000a),Merline etal. (2000b),and Tanga et al. (2001) have shavn
(216)Kleopatrato bea contactbinary). In the samedecaderadaremegedasatechniquecapable
of studyinga small numberof (generallynearby)asteroids.In addition, speckleinterferometry
wasusedto searchfor close-inbinaries,andthe advent of CCD technologyallowed more sensi-
tive anddetailedsearchesStudiesby Gehrels Drummond,& Levenson(1987),who searched 1
main-beltasteroidsusing direct CCD-imagingandby Gradie& Flynn (1988),who searched.7
main-beltasteroidsusinga CCD/coronagraphitechniquedid not produceary detectionsBy the
endof thedecadethe previous optimismaboutthe prevalenceof satelliteshadretreatedo claims
rangingfrom thembeingessentiallynoneistent(GehrelsDrummond& Levensonl987)to being
rare(Weidenschillingetal. 1989). Weidenschillinget al. (1989)givesa summaryof the statusof
theobsenationsandtheoryasof thetime of AstepidslI.

Thetideturned,however, in 1993,whentheGalileo spacecraftenrouteto its orbital tour of the
Jupitersystem flew past(243)Ida, andserendipitouslymageda small (1.4-kmdiameterDactyl)
moonorbiting this 31-kmdiametey S-typeasteroid.This discovery spurrednen obsenationsand
theoreticalthinking on the formationandprevalenceof asteroidsatellites.Roberts McAlister, &
Hartkopf (1995)performeda searchof 57 asteroidsin multiple observingsessionsusingspeckle
interferometry No companionsverefoundin this surwey. A searchby Storrsetal. (1999a)of 10
asteroidsusingHST alsorevealedno binaries.Numericalsimulationgperformedoy Durda(1996)
and Doressoundiranet al. (1997) shaved that the formation of small satellitesmay be a fairly
commonoutcomeof catastrophicollisions. Bottke & Melosh(1996a,bksuggestethatasizeable
fraction (~ 15%) of Earth-crossingsteroidanay have satellites,basedon their simulationsand
the occurrenceof doubletcraterson the Earthand Venus. Varioustheoreticalstudieswere per
formedof thethe dynamicsandstability of orbitsaboutirregularly-shapedsteroidgChauvineau
& Mignard 1990; Hamilton & Burns1991; Chauvineaufarinella, & Mignard 1993; Scheeres
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1994).

After the first imagingof anasteroidmoonby Galileo, several reportsof binariesamongthe
nearEarthasteroidpopulation pasednlightcurve shapesweremadeby Pravecetal. andMottola
etal., including1994AW, (Pravec& Hahn1997),1991VH (Pravec, Wolf, & Sarounea 1998),
3671Dionysus(Mottolaetal. 1997,]JAUC 6680), and1996FG; (Pravec,Sarounea, & Wolf 1998,
IAUC 7074). While thesesystemsarelikely to be real, they have not beenconfirmedby direct
imagingor radartechniques.

It wasnotuntil 1998thatthefirst definitive andverifiableevidencefor anasteroidsatellitewas
acquiredfrom Earth, when 215-km (45)Eugeniawas found to have a small moon (13-km Petit
Prince)by directimagingassistedby adaptve optics(AO) (Merline etal. 1999b,c).Thisdiscovery
was the first resultfrom a dedicatedsurwey with the capabilityto searchfor faint companions
(Am ~ 7 mag)ascloseasafew tenthsof anarcsecondrom theprimary Thissurwey detectedwo
moreasteroidbinariesin 2000— (762)Pulcova (Merline etal. 2000a)and(90) Antiope (Merline
etal. 2000a,2000b).While the moonof Pulcorais small, Antiopeis truly a doubleasteroid with
component®f nearlythe samesize.

After thesedetectionsthefirst two nearEarthasteroidbinariesto be definitively detectedby
radarwereannounced2000DP;,; (Ostroetal. 2000b,JAUC 7496; Margotetal. 2000,IAUC
bf 7503)and2000UG;; (Nolanetal. 2000,IAUC 7518). In themeantimeandsince,Pravecetal.
continuedto addto therapidly growing list of suspectedinary NEAs from lightcurves.

Startingin 2001,binarydiscoveriesreally suiged. In FebruaryBrown & Margot (2001,IAUC
7588), alsousingadaptve opticstechnologydiscorereda moonof (87) Sylvia, a Cybeleasteroid
beyond the Main Belt. Soonafterwards, Storrset al. (2001, IAUC 7599) reporteda moon of
(107)Camilla,alsoa Cybele,usingHubbleSpaceTelescopeThreeadditionalradarbinarieswere
announced— 1999KW, (Benneretal. 2001a,|AUC 7632) and1998ST,; (Benneretal. 2001b,
IAUC 7730) and2002BMy4 (Nolanetal. 2002,IAUC 7824). In addition,Veilletetal. (2002;2001,
IAUC 7610) reportedthefirst binary amongTrans-Neptuniai®©bjects(asidefrom Pluto/Charon),
1998WW3,, obtainedby direct CCD imagingwithout AO. Six moreTNO doubleswerereported:
2001QTyg7, Eliot etal. (2001, 1IAUC 7733); 2001QWs4, Kavelaarset al. (2001, IAUC 7749);
1999TCsg, Trujillo & Brown (2002, IAUC 7787); 1998SM;¢5, Brown & Trujillo (2002, 1AUC
7807); 1997CQy, Noll et al. (2002a,lIAUC 7824); and 2000CF;,5, Noll et al. (2002b,lAUC
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, hascomponentf nearly equalsize. Merline
etal. (2002,1AUC 7827) thendetecteda widely-spacedinary in the Main Belt, (3749)Balam,
which appeargo be the mostloosely-boundsystemknown. (Thelist of asteroidsatellitesin this
chapteris completethrough2002May).

1.3 Observational Challenges

Directimagingof possiblesatellitesof asteroidshasbeenhamperedy lack of adequatengular
resolutionto distinguishobjectsseparatedy fractionsof an arcseconandby lack of sufficient
dynamicrangeof detectorgo resole differencesn brightnessof mary magnitudes.The basic
obsenationalproblem,detectionof a faint objectin the presencef a muchbrighterone,is com-
mon to mary areasof astronomysuchasbinary and multiple starsystemsor circumstellarand
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proto-stelladisks.

At theinnerlimit, thesmallesseparationbetweerthe primaryasteroidandthecompaniorare
determinedby orbital instabilities(a few radii of the primary), andat the far extremeby the Hill
stability limit (afew hundredradii of the primaryfor the Main Belt). For a50km diametemain-
beltasteroid'sayat2.5AU), obsenedatoppositiontheangularseparatiorat which we mightfind
a satellitespangherangeof about0.05arcsedo severalarcsec.If the satellitehasa diameterof
2km, the brightnesdifferenceis 7 magnitudes.Using corventionaltelescopesthe overlapping
point spreadunctionsof theseobjects,of widely-disparatdrightnessmake satellitedetectionin
thenearfield extraordinarilychallenging.The FWHM of the uncorrectegoint spreadunction of
alargeground-basetklescopeyunderaverageseeingconditionsof 1 arcseccorrespond$o nearly
25primaryradiiin theabose example.Indeed poththeoryandmostexamplesof obseredbinaries
suggesthatmoonsaremorelik ely to befoundcloserto the primary.

The traditionaltechnigueshave beendeepimaging using multiple shortexposurego search
the nearfield andthe useof “coronagraphic’camerador the far field. With modern,low-noise,
high-dynamic-rangéetectorsaandwith the adwvent of adaptve opticstechnologya ground-based
searchfor andstudyof, asteroidsatelliteshasbeenrealized.

Radaris a powerful techniquefor nearbyobjectsbecauseéhe returnsignalis proportionalto
the inverse4th power of the distance.This haslimited studyto eithervery large asteroidsat the
inner edgeof the Main Belt or to NEAs. Radarhasshovn tremendougpromiseandupgradego
the telescopesndelectronicsare enhancinghe rangeand capabilities. Obsenationsof NEAS,
however, have dravbacksbecausehe objectsaresmallandopportunitiego obsene themmaybe
spacednary yearsapart. Thereforeijt is difficult to make repeator differentobsenations.

Lightcurve obsenationsgenerallyrequiretheobsenedsystento benon-synchronous.e.,having
the primary’s rotationrate be differentthanthe orbital rate. In addition, eitherthe systemmust
be eclipsingor the secondarynust have an elongatedshape. Sucha systemwill showv a two-
componentightcurve. To be well resohed, both contrikutions should have an amplitudeof at
leasta few hundredthof a magnitude.The requirementgenerallyrestrictefficient obsenations
to close-inbinary systemswith the secondang diameterat least~ % that of the primary  This
techniqueworks bestalsoon NEAs, wherethesesmall binariesappeato have along tidal evolu-
tion timescaleandthereforecanremainnon-synchronougor a long time after formation. These
closebinariesalsolendthemselesto having a high probability of eclipseatary giventime. This
techniquesuffers from the sameproblemswith NEAs mentionedabore — repeatobsenrations
over awide rangeof viewing geometriesarenot possiblequickly. Thus,in mary casesheremay
beambiguitiesn interpretatiorof thelightcurve signatures.

Directimaginghasbeenshavn to be possiblefor TNOsbecaus®f thosedetectedsofar have
wide separationgndlarge secondary/primargizeratios. So althoughtheseobjectsarefar avay
(~ 45AU), loosely-boundbinariescanbe separatedvith corventional(non-AO) imagingunder
idealconditions.HST searche$or main-beltbinarieshave largely beenunsuccessfuhot because
of limitations to the instrumentationput becauseof the lack of telescopdime allocated. HST
searche$or TNO binariesarenow undervay andareshaving promisingresults.



2 OBSERVATIONAL TECHNIQUESAND DISCOVERIES

2.1 Searchesduring Spacecraft Encounters

Oneof the mosteffective waysof performinga searchfor satellitesof asteroidgs by a flyby or
orbital tour with a spacecraftalthoughthisis prohibitively expensve for morethanafew objects.
Nonethelessthis methodproducedhe first definitive evidencethatasteroidmoonscanexist and
alsoallows searche$o muchsmallersizesthanis possiblefrom Earth.

Therearea variety of problemsencountereavhensearchingor satellitesfrom imagestaken
during spacecrafencounters.A major oneis that the imagesare taken from a rapidly moving
platform. This makes quick visual inspectiondifficult, becausene mustprojectthe imageto a
commonreferencepoint. If the moonis resoled, asin the caseof Dactyl, the problemis more
manageableBut it is possiblethat moonswould be small, appearingas point-like objects,and
would competefor recognitionwith stars,cosmicray hits, and detectordefects. The stratgy is
normallyto take a seriesof mary pictures,n whichthedetectordefectsareknowvn andthecosmic
raysmaybeeliminatedby lack of persistenceStarsmaybe eliminatedby identificationusingstar
catalogspr by commonmotion. Evenwith thesetechniqueshowever, cosmicray hitsin a series
of imagesmay conspireto clusterin a patternthatis consistentvith the spacecraftnotionandan
objectin aplausiblepositionin 3-D spaceaelative to theasteroid.Correlationsamongall identified
point-sourcecandidate®n a seriesof imagesmustbe examined.

2.1.1 Discovery of Dactyl

Thefirst imageof an asteroidmoonwasspottedoy Ann Harchof the Galileo Imaging Teamon
Februaryl7, 1994,during the playbackof imagesfrom Galileo's encountewith S-type243lida
on August 29, 1993. Becauseof the loss, early in the mission,of Galiled's high gain antenna,
somedatafrom thelda encounterwasreturnedmonthsafterwards. Thefirstimageswerereturned
as“jailbars”, thin stripsof afew lines of dataseparatedby gaps. This techniqueallowed a quick
look of the contentof theimagesto determinewhich lines containedda data. Fortuitously one
of theselines passedhroughthe satellite,asshovn in Figurel. The presenceof the moonwas
later confirmedby theinfraredspectrometeexperimentandwasannouncedby Belton& Carlson
(1994,IAUC 5948). It wasinitially dubbed1993(243)1the first satelliteof asteroid(243)to be
discoveredin 1993,andlatergiventhe permanenhameDactyl, afterthe Dactyli, who wereeither
childrenor protectorsof Ida.

Duringtheflyby of Ida, 47 imagesof Dactylwereobtained Chapmaretal. 1995;Beltonetal.
1995; Belton et al. 1996). However, because¢herewas no opportunityfor feedbackto guidean
imagingsequencethesepictureswereall serendipitous.The spacecraftrajectorywasnearlyin
the planeof the satellitemotion,andhencélittle relative motionwasobsenred,resultingin poorly
determinedrbital parameterskollow-up obsenationswith HST (Beltonetal. 1995;Beltonetal.
1996)failed to find the satellite,which was not surprisinggivenits separation.But if the object
wereonahyperbolicor highly elliptical orbit, therewassomechanceof findingit with HST. These
additionalobsenationsdid allow limits to be seton the densityof Ida.

Additionally, resohedpicturesof Dactyl’'s surfacehave givenustheopportunityfor geological
interpretation,anda glimpseinto the possibleorigin and history of an asteroidmoon. The pair
is shavn in Fig. 2, with a smallerscaleimageof Dactyl in Fig. 3. Chapmanret al. 1996 and



Veverkaet al. 1996bindicatethat the cratersize-frequeng distribution on both Ida and Dactyl
exhibit equilibrium-saturatior{(seealso Chapmanthis volume). Thus, we canestimateonly the
minimum agesfor both objects;therelatve agesof thetwo, from craterdataalone,is uncertain.
Giventheobsenedimpactorsize-distrilution, saturatioratthelargestcraterson Ida, of sizeabout
10km would be expectedafterabout2 Gyr (Chapmaretal. 1996),settingroughly the minimum
ageof Ida. Thelargestcraterson Dactyl, however, arelessthan0.4km in size,andwould saturate
in about30 Myr. Impactsthatwould createlarger craterson Dactyl would insteadbreakup the
object. The meantime betweenmpactsthatwould destry Dactyl wasestimatedby Davis et al.
(1996)to be,dependingpn modelassumptiondyetweerabout3 Myr and240Myr, thesameorder
asthe saturationcrateringage. If Dactyl wasformed?2 Gyr agowith Ida, via disruptive capture
(Section3.3), perhapgduring the Koronis-amily breakup(Binzel 1988),thenit is very unlikely
thatit would still exist intact, givenits shortlifetime againstcollisional breakup.Concevably; it
may have formedfrom the ejectaof amorerecent)arge crateringevent(Section3.2). Eitherway,
it musthave beendisruptedandreaccretedeveral timessinceits initial formation, becauset is
unlikely to have formedonly in thelast 30 Myr. Additional geologicaldatasupportsthe ideaof
this satelliteasa reaccumulatedubblepile. It it roughly sphericalwith no obvious evidenceof
coherenimonolithic structure.It displaysa softenedappearanceandlikely hasa surfaceregolith
(Veverkaetal. 1996b).

The spectrunof Dactyl (from Galileo imagerdata,0.4—1.0um) is similar to thatof Ida (Vev-
erkaet al. 1996a),but with someimportantdifferences. Both objectsshav S-typespectraand
have similar albedos Dactyl, however, shavs somevhatlessreddeninghanlda, possiblyindicat-
ing lessspaceweatheringwhich is alsoconsistenwith a youngersurfaceage,asexpectedfrom
themostrecentdisruption/reaccretioppisodg Chapmarl996).

2.1.2 Other Searches

Extensve searchesveremadefor additionalsatellitesof Idain the Galileo datasetsandno candi-
dateswerefoundthatwerenot consistentvith singleor multiple cosmicray events(Beltonetal.
1995;Beltonetal. 1996). The searchesveremadeat spacecraft-to-asterorngesof 200000km
(satellite-detectiorsize limit ~ 800 m), of 20000km (sizelimit ~ 50 m), andof 2400km (en-
counter)with sizelimit ~ 10 m diameter

Cursorysearchegor satelliteswere madeduring the Galileo flyby of S-type(951)Gaspran
1991, with no detectionsof objectslarger than27m out to about10 Gaspraradii (Belton et al.
1992).

The NEAR spacecrafimadea fastflyby of C-type, inner main-beltasteroid(253)Mathilde
in 1997 enrouteto its orbital encountewith (433)Eros. A well-plannedimaging sequenceo
searchfor satelliteswas performedand a thoroughsearchmade(Merline et al. 1998; Veverka
etal. 1999a). Over 200 imagesweretaken specificallyto searchfor satellites.No unambiguous
evidencefor satelliteslarger than40m diameterwasfound within the searchablerolume,which
wasestimatedo beabout4% of theHill sphere Theportion,however, of theHill spheresearched
was an importantone, inside roughly 20 radii of Mathilde (almostall of the knowvn main-belt
binariesshov separationsvell below 20 primaryradii). Fromapproachimageswhich wereless
sensitve dueto lighting geometry no satelliteslarger than 10km were found in the entire Hill
sphere.

The NEARspacecraftontinuedon to an unplannedlyby of (433)Eros,an S-typenearEarth



asteroidjn Decemberl998(cf. Cheng,this volume). Thefirst critical burn of the mainrocket for
the rendezwusabortedprematurelywhich led to executionof a contingeng imagingsequence.
Thisincludedasearctor satellitesdown to sizeabout50m in theentireHill sphergMerline etal.
1999a;Veverkaet al. 1999b). About oneyearlater, after engineerdhaddiagnosedhe problems
andbroughtthe spacecrafslowly backto Eros,the orbital tour of Erosbegan. During approach
to orbit insertion,anothey moredetailedandthoroughsearchor satelliteswasmade.Here,both
manualandautomatedearchesvereperformedMerline etal. 2001c,Veverkaetal. 2000). This
wasthefirst systematicsearchfor satellitesof the entireHill sphereof anasteroiddown to small
sizes. The searchfound no objectsat a diameter20m (95% confidence)andat 10m (with 70%
confidence).

2.2 Adaptive Opticson Large Ground-Based Telescopes

Giventhe obsenationalchallengegust discussedndthe numberof failed attemptso detectas-
teroid satellites,t wasclearthata new approachwasneededIn 1996,Merline andcollaborators
beganto apply arelatively new technologyin hopesof achierzing high contrasthigh spatialreso-
lution imagingon a large numberof targets,from ground-basedelescopesThis new technique,
calledadaptve optics(AO), ultimatelyled to thefirst Earth-basedmagesof satellites.

221 Method and Capabilities

This techniqueminimizesthe distortionin an astronomicaimageby sensingand correcting,in
real-time aberrationslueto theEarthsatmospherejsuallyby meansf adeformablemirror. This
new technologycanresultin diffraction-limitedimagingwith thelargestground-basetelescopes.
Comparedwith corventionaldirect-imagingtechniquesthereis a dramaticimprovementin the
ability to detectasteroidcompanionsAdaptive optics(1) decreasethelight contribution from the
primary asteroidat the positionof the satelliteon the planeof the sky and(2) increaseshe signal
from the secondanat that position, enhancinghe ability to detect,or setlimits on the sizesof,
satellites. In addition, becausdR-imaging camerasare used,no chage bleeding(asfor CCDs)
occursin anover-exposureof theprimary This effectively givesnearfield coronagraphiamaging
capability allowing deepexposuredor faintcompanions.

In adaptve opticssystemsthelight from thetelescopes post-processebly a separateptical
unitthatresideseyondthetelescopdocal plane.A re-collimatedbeamimpingeson adeformable
mirror (DM), which hasmary actuatorghatcanbeadjustedapidly to “correct” the beambackto
its undistorted'shape”.Light fromtheDM is thendivided,with part(typically nearIR) of it going
to thesciencecameraandpart(typically visible) goingto a wavefrontsensorwhich analyzeshe
deformationof thewavefrontandprovidescorrectionsignalsto the DM, forming a closedloop.

Two typesof systemarein use.Oneusesa Shack-Hartman(SH) wavefrontsensorbasically
anz-y arrayof mary lensletsin a collimatedbeam. Eachof theselensletsallows sensingof the
beamdeviation in a differentpart of the pupil. The othermethodis curvature-vavefront sensing
(CS) (Roddier1988)in which the wavefront sensoris divided in a radial/sectorafashion. The
illumination patternof thebeamis thensampledapidly at positionson eithersideof afocal plane;
the differencesin illumination are relatedto the local wavefront curvature. While the Shack-
Hartmannsystemsare more common,the curvature systemscanwork with fewer elementsat



fasterspeedsandcanwork onfainterobjects.CS systemdradethe higherordercorrectionsof an
SH systemfor faster(kHz) sampleandcorrectionspeeds.

Therearemary AO systemsitherin useor underdevelopment. Amongthosethathave been
usedfor planetaryapplicationsare systemsat StarfireOptical Range(U.S. Air Force),Mt. Wil-
son 100", University of Hawaii (on 88", UKIRT, and CFHT), Canada-France-kaii Telescope
(CFHT), Keck,ESO/Adonis Lick, Palomar and GeminiNorth. Only threeof thesesystemsall
locatedon MaunaKea,Hawaii, have resultedn discoveriesof asteroidsatellites. The3.6mCFHT
usesa 19-elementCS systemcalled PUEO (Roddier Northcott, & Graves 1991; Rigaut et al.
1998).1t canreacha limiting magnitudeof aboutV=14.5with aresolutionof about0.11arcseat
H-band. The 10m Keck usesa 349-elemenSH system(Wizinowich et al. 2000),allowing com-
pensatiorto aboutV=13 with aresolutionof 0.04arcsecat H-band. The 8.1m Geminitelescope,
with the Hokupa’a36-elemeniCS system(Graves et al. 1998) of the University of Hawaii can
reachaboutV=17.5,with resolutionof about0.05arcseaatH-band.

The AO systemanusthave a referencepoint-sourceo computethe atmospheridurbulence.
The systemamay either usenaturalguide star (NGS) or an artificially-generatedstar (LGS), in
which a laseris usedto producea point-sourcein the upperatmosphere.Laserguide systems
have largely beentestedand usedwithin military applications;althoughthereare plansfor LGS
systemsat mary astronomicafacilities, the progresshasbeenslow and of limited usethusfar.
Therefore,NGS systemsdominateAO systems.For astronomicalfixed-sourceppplicationsa
nearbybrighterstarmay be used,providedit is within the isoplanaticpatch,which maybe about
20 arcsecat 2um. But for planetaryobjects,e.g., main-beltasteroidstheir fastmotion prohibits
useof nearbyobjects,andonemustrely on the objectitself asthe reference.This presentdwo
limitations, one is that extendedobjectswill tendto degradethe quality of the compensation,
althoughasteroidsarenotextendedenougho beof concern . Next, thequality of the AO correction
dependsiponthebrightnesof thereferenceobject,sothereis alimit to how faintanasteroidcan
beobsered.

Mostof the AO systemsperatean thenearlR, usingHgCdTe IR (1-2.5um) arraydetectorsaas
the sciencecamera.Although the ultimate signal-to-noiseof the sciencedatais a function of the
brightnessn theselectedR band,it is thevisible light thatis usedby the wavefrontsensorsothe
quality of the AO compensatiois dependentipontheVV magnitude.

The correctwavelengthbandfor obsenationsis adjusteddependingon conditionsand the
telescope With IR AO obsenations,thereis alwaysa tradeof betweencompetingeffects— the
shorterthe wavelength,the narrover the PSFfor a given telescope.But at shorterwavelengths,
thenumberof cellsin thetelescopdeamthatneedto be continuouslycorrectedyrows beyondthe
capacityof the AO system— morecellsrequiremoreAO actuatorgor compensationBut systems
with alarge numberof actuatorameansprohibitively high cost,sothereis alimit. Of coursethe
larger the telescopethe more numberof cellsto compensateTherefore the 10-m Keck usually
performsbestatK’-band(2.1xm) andthe 3.6m CFHT atH-band(1.6m). Thus,the Strehlratio
(the ratio of peakbrightnessof acquiredimageto the peakbrightnessof a perfectly diffraction-
limited pointsource)increasesitlongerwavelengthswhile theinstrumentalvidth alsoincreases.
Undergoodconditionsonehopesto achieze about50% Strehl. On exceptionallygoodnights, it
may be possibleto useJ-band(1.2m) for a narrover PSFE

Thefuture holdsgreatpromisefor AO, asmoretelescopesdoptthis technology In addition,
theadwentof quality LGS systemsandthe opportunityfor systemsemplo/ing mary moreactua-
tors,ascostsdeclineandcomputerspeedsncreasemeanghe possibility of visible-light systems
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anda correspondinglynarraver diffractionlimit.

Using AO, becausedhe resultis a picture of the systemon the planeof the sky, we canhope
to achiere the sameinformation(andmore)abouta systemascanbe obtainedfrom visual binary
stars,only onasubstantiallyshortertime scale.Basically all 7 dynamicorbital elementsequired
to describethe motion aredervable. Thesearethe elementdescribingmotion alongthe orbital
ellipse: the semi-majoraxis, the eccentricity and an indication of orbital phase suchastime of
periapsepassag®r true anomaly;plusthe elementdescribingthe orientationin 3-D space:e.g.
the inclination, the longitude of the ascendinghode,andthe argumentof periapse;in addition,
becausehe systemmassis unknownn (unlike Sun-orbitingobjects)we alsorequiredetermination
of the orbital period. From a limited spanof obsenations,say a single orbit or seriesof a few
orbits, thereremainsa 2-fold ambiguityin the orbital pole position (determinationof the pole
directionis equialentto determinatiorof the two elementdanclination andnode). But this can
beresohedby observingat a differentviewing geometryat somelatertime. The periodandorbit
size (assuminga circular orbit) are readily obtainable which immediatelyyields an estimateof
the system(primary + secondary)mass,by Keplers Third Law. If the secondaryis small or if
we canindependentlyleterminghe sizeratio (andthenmake anassumptiorthatthe primaryand
secondanareof thesamedensity)thenthe primarymasscanbeestimatedIf the primaryasteroid
sizeis known, thenwe candeterminethe primary’s density Of course densityis clearly one of
themostfundamentaparameterenehopesto know aboutarny body, andgivesdirectinsightinto
the compositionandstructure.Becausanostof the orbitsaresmallin angularterms(and pixels
on a detector),the errorsin measuremendf positionstranslateinto sizeableuncertaintiesn all
of the orbital elements.However, the periodcanbe very accuratelydeterminedandthe ultimate
uncertaintiesn densityaredominatedoy uncertaintiesn the sizeof the asteroid.

2.2.2 (45) Eugenia

Thefirst binary systemdiscovery usingAO wasaccomplisheen 1998Nov 1 whena smallcom-
panionof (45)Eugeniawasdiscoveredatthe CFHT by Merline etal. (1999b,1999c¢).The system
wastrackedfor 10 daysandagain occasionallyin following monthsandyears.It wasthefirst AO
systemfor which the 2-fold degenerag in the orbit pole hadbeenresohed. Further becausef
the large brightnesdifference(about7 mag),it remainsoneof the moredifficult AO-binariesto
obsere. Figure4 shows the discovery imageof this object, provisionally namedS/199845)1,
andwaslatergiventhe permanenhamePetitPrince,in honorof the princeimperialof Francethe
only child of Napoleonll andhiswife Empres€ugenig(namesa&of Eugenia).(Thenameitself
is derived from the popularchildrens book Le Petit Princeby A. Saint-Exuperywhosecentral
charactewasanasteroid-dwellind.ittle Prince.)Theintentionwasto keepandsolidify the tradi-
tion of namingasteroidmoonsafterthe childrenor otherdervative of the parentasteroid.Figure
5 shawvs 5 epochsof the orbit atthetime of discovery. Figure6 exhibits the tremendougpower of
modernAO techniquedo bothresole the asteroidandclearly separat@a closecompanion.
Thesatelliteappears$o beroughlyin theasteroids equatoriaplane andit is in aprogradeorbit
(samesenseasthe primary spin) (Merline etal. 1999c). A progradeorbit is preferredfor a satel-
lite formedfrom impact-generatedrbital debris(Weidenschillinget al. 1989,Durda& Geissler
1996). A retrogradeorbit, however, is more stableagainstperturbingeffects of the non-uniform
gravitationalfield of anoblateprimary (ChauvineauFarinella,& Mignard1993;Scheered4994).
An orbit with an oppositesenseto the asteroids orbital motion aroundthe Sun(asit is for Petit
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Prince— Eugenias spinis retrograde)s more stableagainstthe effectsof solartides(Hamilton
& Burns1991). Mechanismdor captureof suchejectainto quasi-stableorbits is reviewed by
Scheeresgtal. (thisvolume).

Theorbital periodwasdeterminedo beabout4.7 daysfor the satelliteof this FC-typeasteroid
andyields a density estimateof about1.2gcm™3 (Merline et al. 1999c). This resultfollowed
soonafterthe surprisingannouncemerthat the densityto C-type Mathilde wasonly 1.3gcm™3,
asdeterminedby spacecrafflyby (Veverkaet al. 1999a). Sucha densityrequiresa significant
amountof macroporosityto be consistentwith the expectedmeteoriteanalogfor theseobjects,
namelycarbonaceoushondritegBritt & Consolmagn@000). Thereforejt is possiblethatthese
asteroidsareloosely-packdrubblepiles.

2.2.3 (90) Antiope and (617) Patroclus

Thefirst truedoubleasteroid(90) Antiope,wasdiscoveredin 2000Aug by Merline etal. (2000a).
This main-beltC-type wasfound to have two nearly equal-sizeccomponentof diameterabout
85km, ratherthana singleobjectof size120km, aswaspreviously assumedTheorbital periodof
the pair wasfoundto be about16.5hours,consistenwith the previously obsened lightcurve pe-
riod. Interestinglyenougha lightcurve by Hanseretal. (1997)shaveda classiceclipsing-binary
shape(althoughthey did not make this interpretation) which would be expectedto resultfrom
equal-sizeccomponentswith the orbit viewed edge-on.The derived densityfor the components
of (90), assuminghey areof the samesizeanddensity is about1.3gcm—3, again similar to pre-
vious measurementsf low-albedoasteroids.Figure7 shavs the component®f Antiope asthey
orbitthecommoncenterof-mass.Anotherdouble,(617)Patroclus wasdiscoveredin 2001Sepby
Merline etal. (2001b).Again, it is primitive P-type,andis thefirst Trojanto be shovn definitively
to bebinary Few datawereacquiredbut it appearshatthis objectalsowill shav alow density

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

Smallsatellitesverealsofoundaroundwo morelarge,low-albedoasteroidsF-type(762)Pulcora
(Merline etal. 2000b),at CFHT, andP-type(87) Sylvia (Brown & Margot2001),at Keck. Sylvia,
aCybele,is thefirst binaryfoundin the outerMain-Belt. In Aug/Sep2001,a smallcompaniorto

(22)Kalliope wasco-discoveredby Margot & Brown (2001)andMerline et al. (2001a). This is

thefirst M-type asteroidknown to have a companionandgivesthe first hopeof gettinga density
estimatdor thesecontroversialobjectswhich have traditionallybeenthoughtto bemetallic. Initial

estimategut the densitybetweemearabout2.3gcm=3. This valueis even lower, althoughnot
significantly thanthe valuespreviously derived for S-types(around2.5gcm=3). If so, it clearly
indicatesthat at leastKalliope is not predominantlyof a solid metallic composition. It would
alsobe difficult to imaginean extremely porousrubble-pile of metallic composition,becauset

would imply a macroporosityof morethanabout60%. We may befacedwith the difficult taskof

explaininghow bodieswith metallicspectraandradarreflectvities have rock-like densities.

225 (3749)Balam

Among the main-beltbinaries,this object standsout as an oddity. Discoveredat Gemini Ob-
senatory in 2002 by Merline et al. (IAUC 7827), this binary is the mostloosely-boundsystem
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known, even more so thanthe TNO binaries. The secondaryappeardo orbit at least100 (pri-
mary) radii from the primary, which itself is rathersmall (about7 km diameter).This is probably
the first systemknown that wasformedby “disruptive capture”,discussedn Section3.3. Early
modelsof Durda(1996)andDoressoundirametal. (1997),aswell asthemoresophisticateanod-
els currentlybeingperformedby Durdaet al. , indicatethat suchsystemgsmall primaries,with
a widely-separatedecondaryjare commonlyformedin catastrophiccollisions andthat a large
numberof shouldbefoundin the Main Belt.

2.2.6 Systematics

While thereappeardo be a rashof newly discoseredbinaries,it turnsout thatthe prevalenceof
(large)main-beltmoonsis likely to below, probablyapproximate\2% (Merline etal. 2001d).The
largestsuney to date,of Merlineetal. , hassampledver 300main-beltasteroidswith 5 examples
of relatively large satellites(few tensof km in diameter).The overall frequeng, includingsmall,
close-inmoonssuchas Dactyl (which are currently unobserable from Earth)will undoubtedly
raisethis, but it is unknovn how much. Very small satelliteswill have a limited lifetime against
collisions,althoughit is possiblethey mayreaccreteThesingleknown binaryamongthe Trojans,
from asampleof about6, hintsthatthebinaryfrequeng maybehigherin thatpopulation although
it is notedthatthe collision speedsirecomparabldo the Main Belt andthe collision frequencies
areonly higherby aboutafactorof two (Davis etal. , thisvolume).

For thosesatellitesthat are found, it would be usefulto establishary systematicghat may
provide cluesasto the origin mechanisnfor the moons. For example,it hasbeensuggestedhat
eitherslow (from tidal spin-davn dueto a satellite)or fast(from a glancingcollision, which might
form satellites)yotationmight be correlatedwith the presencef satellites.Family membershave
beensuggesteaslikely candidatesor satellites pecaus&o-orbitingpairsmay have beencreated
in the family-forming event. Thelikelihoodof moonsmay even be linked to the taxonomictype
or to theshapeof the asteroid.

Mostof theobsenedbinariesin theMain Belt, outerbelt, or Trojanregion areof primitive type
(C, F, P). Are satellitestruly more prevalentaroundtheseobjects,or is theresomeobsenational
selectioneffect? Clearly, thoseasteroidshighestin priority for obsenation are the apparently
brighterobjects.Amongthe objectsin Merline etal. 's tamgetlists, the S-like andC-like asteroids
areaboutequalin number (This may meanthatthe frequeng of binariesis morelike 4% among
the primitive asteroids.)But this is not wherethe biasends. To be of equalbrightnessa C-like
asteroidmustbe muchlargerthanan S-like, andthereforewill have alargerHill sphere As such,
onecanimagedeepeinto thegravitationalwell of a C-like objectthanan S-like objectof thesame
apparenbrightnesspn average.Giventhatmostof the obsened companionsesidewithin about
12 primary radii, the companion®f C-like objectswill be moreeasilyfound. Nonethelessf the
frequeny of companionsverealso4% for the S-like asteroidssomeshouldstill have beenfound.
This raisesthe questionasto whetherit is moredifficult to make satellitesaroundS-typeswhich
may be predominantlyfractured-in-placechards,ratherthanrubble piles (Britt & Consolmagno
2001).If thisis true,andbecausenary of theouterbeltandTrojanasteroidsareof primitive type,
we mayfind ultimatelya higherbinaryfrequeny amongthosepopulations.

Tablesl and2 summarizethe propertiesof known binary systemsdiscoveredusingadaptve
opticsor directimagingtechniques.
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Tablel: Binary asteroids discovered by adaptive opticsor direct imaging techniques.

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

(Tholen) Period(h) (km)
(243)Ida MB S Koronis 2.86 4.63 31 1993Aug?29 SC
(45)Eugenia MB FC Eugenia 2.72 5.70 215 1998Nov01 AO
(762)Pulcova MB F 3.16 5.84 137 2000Feb22 AO
(90) Antiope MB C Themis 3.16 16.50* 85+85 2000Augl0 AO
(87)Sylvia OB P 3.49 5.18 261 2001Febl8 AO
(107)Camilla OB C 3.48 4.84 223 2001Mar01 HST
(22)Kalliope MB M 2.91 4.15 181 2001Aug?29 AO
(3749)Balam MB 2.24 7 2002Feb08 AO
(617)Patroclus L5-TROJ P 5.23 95+105 2001Sep22 AO
1998WW3, TNO 44 .95 150** 2000Dec22 DI
2001QTa97 TNO 44.80 580" 20010ct11 ]|
2001QWs392 TNO 44,22 200F  2001Aug24 ]|
1999TC34 TNO 39.53 7400 2001Dec08 HST
1998SM;¢5 TNO 47.82 7.98 4500 2001Dec22 HST
1997CQyg TNO 45.34 3000 2001Nov17 HST
2000CF g5 TNO 44.20 170" 2002Janl2 HST

Notes for Tables 1 and 2: *assumingsynchronougotation; **assuming, for both componentsalbedo~ 5.4%
anddensity~ 1gcm~2 (Veillet et al. 2002); fvaluesprovided by A.W. Harris (priv. comm.),assumingalbedo4%;
tassumingalbedo4% (Kavelaarset al. 2001); tthis periodis reasonableglespitethe large obsened separationpe-
causeof a high eccentricity(A.W. Harris, priv. comm.); MB = Main Belt; OB = outerbelt; TROJ = JupiterTrojan;
TNO = Trans-Neptunia®bject; SC = spacecrafencounterAO = Adaptive Optics;HST = HST directimaging;DI =
Directground-basetmaging.
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Table2: Propertiesof secondariesand derived propertiesof primaries.

Object Orbit Orbit  Orbit orbit  moon size Primary Primary mass

a period size sense diam ratio mass Density  ratio

(km) (d) a/R, (km) D,/Ds x10' gcm™3® M/m
kg

(243)Ida 108 1.54 7.0 prograde 1.4 22 4.2 2.6+0.5 11000
(45)Eugenia 1190 469 111 prograde 13 17 610 1.2£0.4 4900
(762)Pulcova 810 40 116 20 7 260 1.8+0.8 340
(90)Antiope 170 0.69 4.0 85 1.0 41 1.3+04 1.0
(87)Sylvia 1370 3.66 10.5 13 20 1500 1.6+£0.3 7900
(107)Camilla ~ 1000 ~9 9 25 18000
(22)Kalliope 1060 3.60 11.7 prograde 19 10 730 2.3t04 870
(3749)Balam ~ 350 ~100 ~100 15 4.6 95
(617)Patroclus 610 341 116 95 11 87 1.3t05 1.3
1998WWS3, 22300 574 300** 120** 1.2 170 1.7
2001QTag7 ~ 20000 69f 14 2.6
2001QWs35, ~ 130000 ~ 15007 1300 200** 1.0 1.0
1999TCs6 ~ 8000 22 2.8 21
1998SM;¢5 ~ 6000 27 24 14
1997CQyg ~ 5200 35f ~1? ~1?
2000CF 5 ~ 23000 270 1.6 3.9

2.3 Discovery by Direct Ground-Based | maging

Despitethe difficulty of directly resolvinga binary asteroidsystemfrom the groundwithout the
assistancef adaptve optics,detectionhrave beernrecentlyachiered. By directimagingwith CCDs
on large telescopesynderconditionsof exceptionalseeing,it hasbeenpossibleto resolve TNO
binaries. Toth (1999) discussedomeof the issuesregarding detectabilityof theseobjects. The
first of these, 1998WW3;, wasdiscoveredby Veillet etal. (2001,IAUC 7610) in 2000December
at CFHT. Follow up obsenationsof 1998WWj3; from ground-basetelescopesndHST, aswell
asarchval searche®f previous datasets,indicatethat the systemhasa sizeratio of about1.2,
with aneccentrig~ 0.8) orbit, a semi-majoraxisnear22,000km, anda periodof about570days
(Veillet etal. 2002).

Soonafterwards,two more TNO binarieswere detectedn the sameway: 2001QT,g; (Eliot
etal. 2001,lIAUC 7733), shaving aseparatiorof 0.6 arcse@ttime of discovery anda sizeratio of
aboutl.7;and2001QWs,, (Kavelaarsetal. 2001,IAUC 7749) with a sizeratio of aboutl.0and
awide separatiorof 4 arcseovhendiscovered. Four additionalTNO systemswveresubsequently
discoveredusingHST (discussedn Section2.6). All of thesesystemsgxceptone,areclassical
KuiperBelt objectsresidingatabout45AU. Onesystem 1999T Csg, is a Plutinoatabout40AU.

For theseobjects,AO cannotbe useddirectly becauseéhey aretoo faint, so directimaging,
eitherfrom the ground,or in ongoingcampaignon the HST, arelikely to be the mostattractve
techniques.Becausehey move slowly pastfield stars,it is possibleto use AO to imagethese
objectsduring appulseswith brighterstars. This techniquemayimprove the overall sensitvity to
faintercompanions.
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Thesizeof theHill sphereof anobijectis directly proportionalto its distancer from the Sun,
but theangularsizeof a satelliteorbit, asseenfrom Earthis inverselyproportionalto the distance
from the obsenrer, A, which is approximatelyr. Soif satellitesresideat the samefraction of
their Hill spherefrom the primary, thereshouldbe no adwantageof directimagingin observing
outersolarsystemobjectscomparedwvith similar-sizedobjectsin the Main Belt. Apparently the
mainreasonghatthesesystemsarebeingfoundwith directimaging,while thosein the Main Belt
arenot, is thatthe secondary/primargizeratiosare high, makingthe secondaryeasierto detect,
while at the sametime, the satellitesare more loosely bound. Further the TNO primariesare
ratherlarge,furtherassistingdetectiorbecausef thecorrespondinglyargerHill spherePossibly
similar systemsarerarein the Main Belt, andthe TNO binariesareformedby a differentprocess.

2.4 Radar discovery and characterization of binary NEAs

Theradarinstrumentsat Goldstoneand Areciborecentlyprovidedthefirst confirmeddiscoveries
of binary asteroidsin the nearEarth population(Margot et al. 2002a,b). In the 18-monthpe-
riod precedinghis writing, five nearEarthobjectshave beenunambiguouslydentifiedasbinary
systems:2000DP,y; (Ostroet al. 2000b; Margot et al. 2000); 2000UG;; (Nolan et al. 2000);
1999KW, (Benneretal. 2001a);1998ST,; (Benneretal. 2001b);and2002BM, (Nolanet al.
2002). Previous attemptgo detectasteroidsatelliteswith radardatebackto the searchfor a syn-
chronousmoonaroundPallas (Shawvalter et al. 1982). Ostro(priv. comm.) recallsthat concrete
anticipationfor theradardiscovery of binary systemsarosewith theimagingandshapemodeling
of the stronglybifurcatedNEA (4769)Castalia(Ostroet al. 1990; Hudson& Ostro1994). Ostro
etal. (thisvolume)provide athoroughdescriptionof radarobsenationsof asteroids.

In continuous-vave (CW) datasets,in which echoegesultingfrom a monochromatidrans-
missionarespectrallyanalyzedthe diagnosticsignatures thatof a narravbandspike superposed
on a broadbana@omponent.The wide-bandwidthechois distinctive of arapidly rotatingprimary
object,i.e., with spinperiodsof orderafew hours.The narravbandfeature which doesnot move
at the rateassociatedvith the rotationof the primary, representpower scatteredrom a smaller
and/orslowly spinningsecondaryAs time goeshby, the narravbandechooscillatesbhetweemey-
ative and positive frequenciesyepresentinghe variationsin Doppler shift of a moonrevolving
aboutthe systems centerof mass(COM). Thetimescaleassociatedavith this motionin the small
sampleof objectsstudiedsofaris ontheorderof aday.

In delay-Doppleimagesjn which echopoweris discriminatedasa functionof rangefrom the
obsenrer andline-of-sightvelocity, the signature®of two distinctcomponentgareeasilyobsened.
Boththeprimaryandsecondanaretypically resohedin rangeandDoppler andtheir evolutionin
delay-Dopplerspaces consistentwith the behaior of anorbiting binary pair. Exampledatasets
areshavn in Figure8.

The obsenablesthat can be measuredrom radarimagesare as follows: (1) visible range
extents,which constrainthesizesof eachcomponent(2) Dopplerbandwidthswhich constrairthe
spin periodsof both the primary and secondary(3) rangeand Dopplerseparationssa function
of time, which characterizeéhe systems total massandorbital parameterg4) reflex motionof the
primary aboutthe COM, which constrainghe massratio of the system.Althoughthe locationof
theCOM is initially uncertainthe processf ephemerigefinemenguickly leadsto avery precise
knowledgeof its positionin eachimageframe.

Thebulk of thedataanalysissofarhasconcentratednusingtherangeandDopplerseparations
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to fit for the systems$ total massandorbital parametersThe modelassumeghattheorbital motion
of the secondarytakes placein a planewith an orientationthat remainsfixed in inertial space
during the time of the obsenations. Suchmassestimatescoupledwith a detailedknowledge
of the componentvolumesfrom shapemodelingtechniguegfHudson1993), canleadto precise
asteroiddensitymeasurementsThe density valuespresentechererely on size estimatesrom
visualinspectiorof theraw radarimagesandontheverifiableassumptiothatmostof thesystems
masshelongsto the primaryobject.

The currentbest-fitorbital parametersalongwith the formal errorsof the fit are presentedn
Table3. All solutionshave chi-squaredalues~1. Thebest-fitmassanddensityestimatesrealso
shawvn.

Table3: Binary asteroids detected by radar.

ObjeCt a e P, (Ml + MQ) Rp R a/Rp
[m] [days] [10°kg] [m] [m] [gem—]

2000DP,g7 2622+54 0.010+0.005 1.755+0.002 460+ 50 400+ 80 150 6.6 1.7+1.1
2000UG;; 337+ 13 0.094+0.04 0.770+0.003 51405 115+30 50 29 08+0.6

1999KW 4 2566+ 24 <0.03 0.758+0.001 2330+230 600+ 120 < 200 43 2.6+1.6
1998STy;  4000-5000 250-300 <50 13-20
2002BM g4 <3 300 50

Orbital parametersor radarobsenedbinary NEAs, including semi-majoraxisin metersgccentricity orbital period
in days,andinferredtotal mass.Sizeanddensityestimate®f the primaryarealsolisted.

Thebinary systemsbsenedwith radarsofar sharesimilar characteristicsThe primary com-
ponentsall appearoughly spheroidaland have spin periodsnearthe breakuplimit. The secon-
darieshave diametersof order% the diameterof the primary, andtheir orbital and spin periods
are consistenwith spin-lock. All five radarobserned NEA binarieshave satellitesorbiting at a
distanceof a few primary radii. Their orbital periodis on the orderof a day Becausehe spin
periodsof the primary aretypically afew hours,the systemobsenedto datecannotbe mutually
synchronousThespinperiodsof thesecondarieareindicative of spin-lockconfigurationsyhich
is consistentvith calculationsof tidal despinningimescalegMargotetal. , 2002b).

For 2000DP,y; and1999KW 4, onecannotrejectthe hypothesighattheorbitis circular, but for
2000UGq; thathypothesiscanberejectedat betterthanthe 1% level. Theability to determinethe
orientationof the orbital plane,usingradar dependscritically on the plane-of-sk coverage.For
2000DP;, 7, whichhada sky motionof ~ 40 ° duringtheradarobsenations theorientationof the
orbital planecanbe constrainedo within a28° cone.In the caseof 2000UG;; and 1999KW 4,
with ~ 60° and~ 110° of sky motionrespecitrely, pole solutionsare expectedto be better
constrained.

Reflex motionof the primaryis clearly obsenedin the radardatasets,providing the exciting
prospectof measuringhe densitiesof NEA satellites. Improved orbital fits will incorporatethe
residualmotion of the primary with respectto the COM andwill include the massratio of the
systemasanadditionalparameter

Theproportionof binary objectsamongradarobsened NEAs largerthan200m is about16%
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(Margotetal. 2002b).Thislarge proportionrequiregheformationof binariesto befrequentcom-
paredto the ~ 10Myr dynamicallifetime of NEAs. Radarobsenationsshawv that binary NEAs
have spheroidaprimariesspinningnearthe breakuppoint for strengthles®odies suggestinghat
the binariesformed by spin-upandfission, probablyasa resultof tidal disruptionduring close
planetaryencountergSection3.1).

Additional improvementsare expectedfrom shapereconstructiortechniquegHudson1993),
in which a seriesof delay-Doppleimagesareinvertedin aleast-squaresensdo provide ashape
model. Apart from possiblyyielding clueson formationmechanismsshapemodelswill signif-
icantly decreasdhe uncertaintiesassociatedvith size/olume estimatesand this will resultin
considerablylower error barson the initial densitymeasurementgresentedere. Givenimages
with sufficient signal-to-noiseatio andorientationcoveragejt mayalsobepossibleto infer shape
andspininformationfor thesatellitesandto derive solid conclusiongegardingpossiblespin-orbit
resonances.

The techniquedor extracting information aboutbinary systemsrom the radardataare still
very much underactive development. At this early stage,it appearghat one weaknessf the
radarmethodlies in its inability to unambiguouslyconstrainthe orientationof the orbital plane,
particularlywhensky motionis limited. This is anintrinsic limitation of rangeandline-of-sight
velocity measurementsbtainedwithout angularleverage. Obsenationsover a rangeof aspect
anglescanovercomethis ambiguity The detectionof occultationsn theradardataor of occulta-
tionsor eclipsedrom lightcurve obsenationscanalsoplacetight constrainton theinclination of
theorbit. In generala combinationof radarandlightcurve obsenationswill yield the bestorbital
determinations.The radardatamay in turn help the interpretationof lightcurve profilesby dis-
tinguishingoccultationsfrom eclipsesand primary from secondaryevents. Interestingsynegies
arethereforeexpectedrom the combinationof theradarandlightcurve techniquesBecauseadar
shadaevs arecastin muchthe sameway astheir optical counterpartstadaroccultationsof binary
systemswill be obseredsooneror later, in which casethe orientationof the orbital planewould
be very tightly constrained.Radar+VLBA techniquegD.B. Campbell,priv. comm.) may also
provide plane-of-sk imagesof close-approachinginary systems.

Radarobsenationsof binaryasteroidsonstituteanemeging field thatholdsgreatpromisefor
the future. The informationthat canbe gatheredfrom radardatasetsincludesdensitymeasure-
mentsandorbital characteristicsCombinedwith highresolutionimagingandshapemnodels these
may provide powerful constrainton the formationmechanismf binary NEAs. The character
istics of eccentricityand spin dampingmay also provide insightful cluesaboutasteroidinternal
structure.

2.5 Binary Asteroids Detected by Lightcurves

Seriousattemptdo revealbinarity of someasteroidgrom their lightcurve featuredatebackto the
1970s(cf. Cellinoetal. 1985). A review of the advantageanddisadantage®f variousmethods
of extractingsuchinformationfrom asteroidightcurvesis givenby Weidenschillingetal. (1989).
Recentadwvancesin methodsfor interpretationof lightcurves canbe found in Kaasalaineret al.
(this volume). While mosttechniquedave not led to a successfutletectionof a binary asteroid
so far, one of them, mentionedin the end of SectionIV.B of Weidenschillinget al. , hasbeen
successfutecently— detection®f non-synchronousatellites.
Prarec(1995)analyzedatwo-periodlightcurve of thenearEarthasteroidL994AW,, measured
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by Mottolaetal. (1995)andPravecetal. (1995),andinterpretedthe comple lightcurve asbeing
dueto occultation/eclips@ventsin a binary asteroidsystemcombinedwith a fastrotationof the
primary The resultswere publishedalsoin Prarec & Hahn (1997), who presentedhe binary
hypothesisasthelik ely explanationof the 1994AW;, lightcurve, but alsoconsideredhepossibility
thatit might be an asteroidin a comple rotation state. In the light of morerecentresults(see
below), the binarity of 1994AW; is quite likely andwe considerit to be thefirst binary asteroid
detectedy thelightcurve technique SeeTable4 for estimatedgparametersf this binary system.

Thesecondinaryasteroidoundfrom lightcurve obsenationsis 1991VH (Pravecetal. 1998).
Their extensve photometricobsenationsshaov that the asteroids lightcurve is doubly-periodic,
thatits long-periodcomponenshawvs occultation-like featuresandthey interpretthe dataasbeing
evidencethat1991VH is anasynchronoubinarysystemsimilarto 1994AW,. The sameor simi-
lar obsenational/analysisechniquefhiave beenusedo revealbinarityin severalothercasesyhich
areshavn Table4. Thegeneratechniquenasbeenvalidatedby the radardetectionof the binarity
of 2000DP;, 7, for which Pravecetal. (2000b)(andPravecetal. 2002c,in preparationpbsered
atwo-periodlightcurve of the samekind asin the previous casesandestimatedarametersf the
binary systenthatarein agreemenivith resultsfrom theradarobsenations.

This lightcurve techniquefor detectingbinarieshasbeendescribedn the above mentioned
papersaswell asin morerecentworks by Pravec et al. (2000a)and Mottola & Lahulla (2000).
Briefly, it is basedon detectingbrightnessattenuationgausedy mutualoccultationsor eclipses
betweercomponentsf thebinarysystenthataresuperposedntheshortperiodrotationallightcurve
of theprimary. An exampleis shavn in Figure9. The principlesof thetechniquentroduceseveral
selectioneffects. Thetechniquecanrevealthe existenceof large satellitesaroundasynchronously
rotating primariesonly underfavorable geometricconditions. Anotherbiasis that detectionof
closebinary systemsds favored, becausebsenationsandtheir interpretationare easierfor sys-
temswith shorterorbital periods. Satellitessmallerthanabout20% of the primary diameterare
difficult or impossibleto detectunambiguouslyfrom lightcurve obsenationsbecausehey pro-
duceonly smallbrightnessattenuationsluring occultationsor eclipses)essthanabout0.04 mag.
This may be difficult to separatdrom othereffects, like an evolution of the primary’s rotational
lightcurve in changingobsenationalgeometricconditions. The asynchronousotationof the pri-
maryallows oneto resole theoccultation/eclipsevents,which occurwith a perioddifferentfrom
therotationperiodof the primary, andthereforerule out their possibleconnectiorwith ary pecu-
liar shapefeatureof the primary. Occultationsor eclipsescanbe obsened only whenthe Earth
or the Sun,respecitrely, lie closeenoughto the mutualorbital planeof the binary system.These
selectioneffects meanthattheremay be a biastoward binary systemswith certainfavorablepa-
rametersn the sampleof known or suspectedthinary asteroidgpresentedn Table4. Nevertheless,
at leastsomeof the similaritiesof the characteristic®f the binary asteroidscannotbe explained
by selectioreffectsaloneandmustbereal.

Thesimilaritiesof the 13 NEA binary asteroidsknown or suspectedrom lightcurve or radar
obsenations,are:

e They aresmallobjectswith primarydiameter.7—4.Ckm. Thelower limit maybedueto a
biasagainstdetectionof smallbinary systemspecausdainterasteroidsarenormally more
difficult to obsene. Theremay exist an upperlimit but it is difficult to estimatefrom the
smallsample.

e They all areinner planet-crossersMost of themapproachthe orbits of Earthand Venus.
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Thisfeaturemaybedue,atleastpartly, to aselectioneffect, askm-sizedasteroidsaremuch
easietto obsenein nearEarthspacehanin theMain Belt. Anotherpossibleselectioreffect
is thatmoreobsenationsarebeingmade,in general pf nearEarthobjects.

e All of the primariesare fast rotators(periods2.3-3.6h), not far below the critical stabil-
ity spinrate,with low amplitudes(0.1-0.2nag), suggestinghearly spheroidakshapeqsee
Pravecetal. , thisvolume).

e The secondary-to-primargiameterratios are almostall in the range0.2—-0.6. While the
lower limit may be just a resultof the selectioneffect mentionedabove, it appearghatbi-
narieswith nearlyequal-sizedomponentsarerareamongkm-sizedNEAS. The probability
thattherearetwelve objectswith thediameteratiosin therange0.2—0.6andonein 0.6-1.0,
for auniform distribution of the diameteratios,is lessthan0.2%.

e Semi-majoraxes estimatesarein the range3.4—6.6primary radii. While the upperlimit
maybedueto theselectioreffectmentionedabove, thelowerlimit (correspondingo orbital
periods~ 14 h) mayberealandit suggestshatvery closebinary systemsarenot present
(perhapsiueto their instabilities).

e Eccentricitiesarepoorly constrainedut appeato below, lessthan0.1.

Pravecetal. (1999)accountedor the biasdueto the selectioneffect relatedto the geometric
observingconditionsand estimatedpn the basisof the first threeknown binary NEAs, thatthe
fraction of binariesamongNEAs is ~ 17% with an uncertaintyof a factor2. Thisis consistent
with the estimategrom radardatathatabout16% of NEAs arebinary (Margot etal. 2002b),and
the estimategabout15%) of Bottke & Melosh (1996a,b)from modelsof binary productionby
tidal disruption(seeSection3.1). Basedon thesestudieswe adopt16% asour working estimate
of the NEA binary fraction. We notethat about30% of km-sizedasteroidsarefastrotatorswith
periods< 4 h, andalsothatbinary NEAs have fast-rotatingprimaries. Therefore it may be that
roughly half of thefast-rotatingNEAs arebinary (Pravec& Harris2000)andthatbinaryasteroids
arecommonamongfast-rotatingobjectson Earth-approachingrbits.

2.6 Hubble Space Telescope (HST) Companion Searches

Oneof themajorprojectsthatZellneretal. (1989)expectedo beaddressetly HST wasthesearch
for asteroidcompanions.The absencef atmospherieffectson HST imagesallows diffraction-
limited operatioroveraverylargefield of view. Thesphericabhberratiorof the primarymirror did
not stopthe executionof anearly attemptto suney the asteroidbelt (program4521)aswell asan
“amateur’programthattargetedasteroidghoughtto have companionsprimarily from occultation
obsenations(program4764). No companionsverefound but carefulrestoratiornof the datawas
necessaryo minimize the effects of the aberration. While aberrationdid not limit the spatial
resolutionof theimages(the middle % of the primarywasgroundcorrectly)the additional“skirt”
of scatteredight did limit the dynamicrangeoverwhich acompaniorcouldbedetected.
Storrset al. (1999a)publishedthe datafrom thesetwo programs.Their reconstructiorof the
HST imagesallowed upperlimits to be put on the presencef companiongo asteroidg9) 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 D, D;/D, a/R, e Pyrp P, A.o; Taxon. Orb. Reff
[km] [h] [h] [mag] Class Type
1994AW, 0.9 0.53 4.6 <0.05 2240 25193 0.16 PHA [1]
1991VH 1.2 0.40 54 0.07 32.69 2.6238 0.11 PHA [2]
(3671) 0.9 >0.28 5.2 27.72 2.7053 0.16 EM PHA [3,12,13]
1996FG3 14 031 34 0.05 16.14 3.5942 0.09 C PHA,VC [4,5]
(5407) 40 >030 (3.4) (<0.05) (13.52) 25488 0.13 (S) MC [4]
1998PG 09 >030 (3.4) (14.01) 25162 0.13 S Amor [4]
1999HF, 35 0.24 4.0 14.02 2.3191 0.13 EMP  Aten,VC [6]
2000DP;y; 0.8 0.38 6.6 0.01 422 27755 0.22 C PHA [7,8,9]
2000UG;; 023 >06 3.6 0.12 184 (4.44) 0.10 QR PHA [14,16]
1999KW 4 1.2 > 0.3 4.2 <0.03 1745 2765 0.13 Q PHA,VC [10,11,14,15]
2001SL, 1.0 031 36 16.40 2.4003 0.09 Apollo [17]

The diameterof the primary D,, wasestimatedrom the effective diameterl.Okm given by Harris & Davies (1999)
for (3671), and from measuredabsolutemagnitudesassumingthe geometricalbedop = 0.06 for 1996FGs, and
2000DP; 7, andp = 0.16 for the otherobjects;it wascorrectedor Ds/D,, = 0.4 in casesvhereonly alower limit

onthesecondary-to-primargliameterratiois available.a is the semi-majoraxis of the mutualorbit, e is its eccentric-
ity, P, is theorbital period. P, is therotationperiodof theprimary, A, is its amplitudecorrectedor contribution
of the light from the secondary The valuesin bracletsare derived usingthe assumptionsliscussedn Pravec et al.

(2000a). PHA standsfor potentiallyhazardousasteroid which is an objectapproachingcloserthan0.05AU to the
Earthsorbit, VC standdor Venus-crosseMC standgor Mars-crosserThistablehasbeenupdatedrom Pravecetal.

(2000a).For uncertaintieandassumptionsnadewith the estimatesseethe original publications.Note that someof

theseobjectsarein commonwith NEAs obsenedby radar in Table3. An updatedcombinedradar/lightcure NEA
tableis maintainedat http://www.asu.cas.cz/"aste roi d/ bin neas. htm.

t Referencesf1] Pravec& Hahn(1997);[2] Pravec, Wolf, & Sarounea (1998);[3] Mottola etal. (1997);[4] Pravec
et al. (2000a);[5] Mottola & Lahulla (2000);[6] Prarecet al. (2002a);[7] Margot et al. (2002b);[8] Pravec et al.

(2000b);[9] Prarecetal. (2002c),in preparation{10] Benneretal. (2001a);[11] Pravec & Sarounoa (2001);[12]

Harris& Davies(1999);[13] Pravec,Wolf, & Sarounwa, 1997,unpublished[14] Margotetal. (2002a);[15] Pravec,
P, Holliday, B., Sarounea, L., Goretti, V., Kusnirak,P, Wolf, M., Hicks,M.D., Krugly, Yu.N.,Masi, G., & Vanmun-
ster T. (2002c),in preparation{16] Pravec, P, Saroun®a, 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 companionsverefoundto a brightnesdimit that
variedwith distancefrom the primary, shavn in Figure 10. Barring the companiorbeingin con-
junction at the time of obsenation, Storrset al. rule out companionobjects(suggestedy early
occultationobsenations)to asteroidg9) Metis, (18) Melpomeneand(532)Herculina(the bright-
nessandseparatiorof suggestedompaniongredesignatedby thenumbersn Figure10).

No companionsverefoundto the eightasteroidghatwereimagedby HST with the corrected
Wide Field PlanetaryCamera2 (WFPC2)instrumentaspartof program6559(Storrsetal. 1998,
1999b). FurtherHST imaging obsenationsare currently underway in program8583, which is
a “snapshot’programdesignedo fill in gapsin the spacecraft calendarof obsenations. The
programtargets50 large, main-beltasteroidgdmary of themtwice) with the WFPC2in a manner
similarto thatusedto map(4) Vestaby Binzeletal. (1997).This programresultedn thediscovery
of acompaniono (107)Camilla(IAUC 7599), andconfirmingobsenationsof the companiongo
(87)Sylvia (IAUC 7590) andto (45)Eugenia.The companiongo (45)Eugeniaand(107)Camilla
have the samecolor in the visible rangeas their primaries. In IAUC 7590, Storrset al. report
that the companionto (87)Sylvia appearssignificantly bluer thanits primary. The obsenrations
of (6) Hebein this programshonv no companiongrighterthanseven magnitudedainterthanthe
primary, or largerthan8km in diameter

Anotherprogramto obsene main-beltasteroidgs thatof Zappah etal. , which usedthe HST
Fine GuidanceSensor(FGS). The first resultsof this programconfirmedthat (216)Kleopatrais
a contactbinary (Tanca et al. 2002). Two other programsare undervay, both of themtargeting
TNOs,andbothbeganto detectbinariesin early2002.A large programby M. Brown hasdetected
two TNO companions1999TCs4 (Trujillo & Brown 2002,IAUC 7787) and1998SM;¢5 (Brown
& Trujillo 2002,IAUC 7807). In asecondgrogram two morebinarieshave beenfound: 1997CQyg
(Noll etal. 2002a,lAUC 7824) and2000CF,o5 (Noll et al. 2002b,IAUC 7857). As in the case
of the otherknown TNO binaries,theseobjectshave a wide separatiorand have relatively large
secondaries.

The strengthsandweaknessesf HST/WFPC2obsenationsof asteroidsarediscussedn the
chapteron “Obsenationsfrom Orbiting Platforms”by Dotto etal. (this volume).Briefly, WFPC2
obsenationsallow diffractionlimited obsenation over alargefield of view from the vacuumuUV
to beyond 1 um wavelength. Thesehigh resolutionimagescanprovide informationon the shape
and mineralogicalvariegation of the primary aswell. Drawbacksinclude the robotic natureof
HST schedulinglephemeridegoodto betterthan 10 arcsedor over a yeararenecessaryo find
the asteroid),no sensitvity beyond 1 um (but seethe discussiorof WF3, which will operateto
1.8um, in the chapterby Dotto et al. ), andthe difficulty in gettingtime on HST (no immediate
follow up of detections) HST obsenationsarecomplementaryo ground-base&O obsenations
becausehey cover alarger field-of-view perexposure at a shorterwavelength,but cannotcover
thecritical nearIR wavelengthregion.

2.7 Roleof Occultations

Describedasa techniqueof searchingor asteroidsatellitesby Van Flandernetal. (1979)in As-
teroids |, the methodof using stellar occultationssuffers from the inability to plan or repeatan
experiment,at leastreliably. Reitsemg1979)hascalledinto questionmary of the early reports
of satellitesjndicatingthatthe measurementsresusceptibléo spuriousevents.One-timereports
of occultationscanonly sene to alert morerigoroussearchmethodsof a potentialcandidate.In
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addition, oncean asteroidis known to have a moon, systematicnetworks of obserers may be
placedsoasto attemptto seeaneventfrom themoon,duringanoccultationof the primary These
obsenationscouldgreatlyconstrainour understandin@f the sizesandpositionsof the satellites.

It is importantto note, however, thatarchived occultationrecords(D. Dunham,priv. comm.)
have shavn that2 shorteventshave beenrecordedaccompanping anoccultationof Eugenigdiam-
eter215km). Onewasin 1983 (chordequvalent~ 9 km) andanotherin 1994 (chordequialent
~ 20km). Anothershortevent,of chordsize18km, wasrecordedn 1997duringanoccultationof
Sylvia (diameter271km). The satellitediametergredictedfrom AO obsenationsare 13km for
Eugeniaand13km for Sylvia. It is unlikely thatsuchshortchordswould have resultedfrom as-
teroidsof this large size. Thereforejt is possiblethattheseoccultationsn factdid recordsatellite
events.

3 ORIGIN AND EVOLUTION OF BINARY ASTEROIDS

In Astepids|l, Weidenschillinget al. (1989)gave a discussiorof the mostpromisingmech-
anismsfor formationof asteroidbinaries.Most of the progresssincethattime hasbeenobsena-
tional, but theoreticalefforts, especiallynumericalmodeling,have alsomadeadvances.With the
nenv examplesof actualbinary systemdo study therehasrecentlybeenarenavedinterestin the-
oriesof formationandin numericalmodelingof binary origin. All of the formationmechanisms
discussedby Weidenschillingetal. remainviable. Herewe revisit these andaddothers.

3.1 NEAs: Tidal Encounters

Asdiscusseth Section®.4and2.5,asignificantfraction(16%)of NEAsappeato bebinary This
is muchhigherthantheirapparenabundancen the Main Belt (althoughdetections moredifficult
for thelatter), but is consistentvith thefractionof recognizeddoubletcratersin impactson Earth
(Weidenschillinget al. 1989). Apparently somemechanisnfavors productionof binariesamong
planet-crosseréunlessit is possibleto get small main-beltbinariesto be ejectedfrom the Belt
intact). A closeplanetaryencountercansubjectanasteroidto tidal stressesindtorquesthat may
producea binary The sameprocesshowever, canalsodisruptexisting binary systems.Because
thelifetime of nearEarthasteroidss relatively short(afew times10” years),andcloseencounters
are more probablethan planetaryimpacts, this formation/destructions an equilibrium process.
Bottke & Melosh(1996a,b)first examinedthe effect of planetaryencounter®n contactbinaries
(two components)andconcludedhat~ 15% of Earth-crossersvolvedinto co-orbitingbinaries.
RichardsonBottke, & Love (1998)andBottke etal. (1999),modeledhetidal disruptionof ellip-
soidalshapedubble-pileasteroidgcomposedf mary small,equal-sizegarticles)encountering
the Earth,andfoundthatrotationalspin-upfrequentlycausedhemto undego masssheddingIn
mary casessomeof the shedfragmentswventinto orbit aroundthe progenitor producingbinary
asteroids.Most of thesesatellites however, weremuchsmallerthanthe primary. Also, theyield
of binarieswaslow; disruptioninto a string of clumps,asfor cometShoemakr-Levy 9, wasmore
probablethanbinaryformation. The resultsof thesestudiessuggesthattidal disruptioncanpro-
duceenoughbinariesto accountfor the obsenred populationof doubletcraterson the terrestrial
planetsprovidedthatsmallasteroidglessthanafew km in diameterjarenotfinely dividedgravel
piles, but “coarse”structuresdominatedby a few large chunks. This inferenceis alsoconsistent
with their obsened maximumrotationrates(cf. Paolicchietal. , thisvolume).
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3.2 Cratering Ejecta

A crateringeventfrom a sub-catastrophianpacton an asteroidproducesejectawith a rangeof
velocities. It is likely, therefore that someof the ejectawill have sufficient kinetic enegy and
angularmomentumto go into orbit aboutthe targetbody. Exceptin highly obliqueimpacts,the
ejectaleavesthe craterwith a more or lessuniform azimuthaldistribution as seenin the frame
of thetamget's surface. If thetarmgetis rotating,the rotationalvelocity of the surfaceat theimpact
pointis addedo theejectavelocity; thereforemoremasswill attainorbitalvelocityin theprograde
direction(we assumeéhattheimpactis notlargeenougho make asignificantchangen thetarget'’s
rotationalstate). The problemwith this modelis how to placethe ejectainto stableorbits. If
the target is a spherewith a purely radial gravity field, thenthe ejectaparticleshave elliptical
orbitsthatwould intersecits surfaceafteronerevolution. Collisionsbetweerfragmentsandsolar
perturbationsactingon particleswith highly eccentricorbits, might preventimmediatere-impact,
but thesemechanismsvould have to act during the first orbit after the impact,andappearto be
inefficient. However, mary asteroidsaresignificantlynon-sphericaftriaxial) in shapeandusually
rotateabouttheir shortestaxis. This meansthat ejectaparticlesexperiencea non-centralgravity
field, which cansignificantlyaltertheir orbital parametersnthetimescaleof asingleorbit. Also, a
particlelaunchedrom a point nearthe longerequatorialaxis may encounteil shorteraxisduring
its first few periapsepassagesavoiding impact and prolongingits lifetime. Mutual collisions
amongfragmentsduring the first few orbits candamptheir eccentricitiesyielding orbits that no
longerintersecthe primary’s surface.This materialcouldthenaccretanto a smallsatellite.

As pointedout by Weidenschillinget al. (1989), ejectavelocitiesmustbe within the limited
rangethatallows materialto go into orbit aboutthe primary, without escapingcompletely Such
orbits have specificangularmomentumcorrespondingdo circularizedorbits within a distanceof
abouttwo radii from the primary Unlessthis distances outsidethe synchronoupoint, ary satel-
lite thataccretedn this mannemwould be subjectto tidal decay andwould eventuallycollide with
the primary. The requirementhat the synchronouglistancelies within two radii implies a spin
period of not more thanabout6 hours. Tidal torquewould then causethe satelliteto migrate
outward;for smallsecondary/primarynassratios,the primary’s spinwould not be slovedsignifi-
cantly Thus,satellitesformedby this mechanisnwould be smallrubblepiles,in progradeorbits
aboutrapidly rotatingprimaries.In additionto thesecriterialisted by Weidenschillingetal. , we
addtherequirementhatthe primariesbe significantlynon-spherical.

In apreliminarynumericalstudyto exploretheviability of thismechanisnfor producingsmall
satellites Durda& Geissler(1996)examinedthe accretionof ejectaparticlesfrom threedifferent
10-km-scalecraterson Ida. In eachcasethey followed the dynamicalevolution of 1000 ejecta
particlesfor 100 hoursafter the crateringimpactand searchedor “collisions” betweenorbiting
particles treatingeach“collision” asanaccretionevent. Thatstudyfound thattemporaryaggre-
gatescontainingabout0.1%of the ejecteddebrismassdid indeedform while in flight aroundthe
primary, but noneof theseaggreatesoccupiedstableorbitsandsurvived (althoughthetemporary
aggrejateswere primarily on progradetrajectoriesconcentratechearthe equatorialplaneof Ida,
aspredictedoy Weidenschillinget al. 1989). Thefailure of the modelto yield small satellitesvia
accretionof ejectedcrateringdebrismay not be evidencethat this mechanisnfails to work or is
incredibly inefficient, but insteadmay fundamentallybe a resultof the approximationsnherent
to the model(the Dactyl-formingimpactmay alsohave beenlargerthanmodeled).Indeed,sev-
eral processethathave subsequentlpeenshavn to play importantrolesin placingmaterialinto
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boundorbits (e.g., distortionof the primary’s shape,vaporizationof somefraction of material,
impactangle)were not includedin the modeling. Instead,the Durda& Geisslermodel, which

hasprovenquite successfuin explainingthe distribution of ejectaon Ida’s surface(Geissleretal.

1996),simulatedthe ejectionof craterdebrisfrom variouslocationson Ida by launchingparticles
from apointata 45 angleto thelocal surface. The particleswereall launchedat the samein-

stantat the beginning of the simulations,with no momentumtransferto the asteroid. In reality,

excavation flows encompasshe entire centerto-rim extent of a crater the time scalefor crater
excavation on a low-gravity objectcanapproacha significantfraction of the asteroidrotationpe-
riod, andtranslationabndrotationalmomentums impartedto the primaryduringtheimpact(e.g.,

Asphaugetal. 1996;Love & Ahrens1997). Thus,a combinationof shape/distortiorffectsand
translational/rotationahotionduringthe excavationphasemayplay animportantrole in allowing

particlesto remainin temporaryorbit.

This mechanismwould operatein the ernvironmentof high-velocity impactsin the present
Main Belt. Impactsare also capableof destrging small satellites,which would have shorter
lifetimesagainstdisruptionthantheir primaries(althoughthey mightreaccretaftersucheventsif
thefragmentgemainin orbit). Thus,we expectthe populationof suchbinariesto bein equilibrium
betweerformationanddestructiorby impacts.

Of the main-beltasteroidsknown to be binaries,six of eight(22, 45,87, 107,243,and762)
have satellitesmuchsmallerthantheir primaries. Assumingequalalbedosanddensitiesfor both
componentsthe massratio is typically ~ 10~3. Significantly all of the primariesarerapid rota-
tors;thelongestperiodis 5.84hoursfor (762)(Davis 2001).Also, they have ratherlargeamplitude
lightcurves,with maximumobsenedamplitudesf atleast0.25mag. Thesepropertiesareconsis-
tentwith formationof their satellitesfrom impactejecta.lf thedirectionof anorbit relative to the
rotationof the primaryis foundto be progradethis would be a strongindicationof their origin by
this mechanismThe senseof the orbit is known for threeof thesemain-beltbinaries. The moons
of (243)Ida (Beltonetal. . 1995,1996),(45)Eugenia(Merline etal. 1999b,c),and(22)Kalliope
orbit in aprogradesense.

3.3 Disruptive Capture

Many asteroid$elongto dynamicalfamiliesthatrevealthemto befragmentsof largerparentbod-
iesthatweredisruptedoy catastrophicollisions.In suchadisruptve event,fragmentanayendup
in orbit abouteachother assuggestetby Hartmann(1979). Weidenschillingetal. (1989)pointed
outthatin aradialvelocity field of fragmentsescapingrom adisruptedorimary, geometricaton-
straintsimposedby thefinite sizesof fragmentsvould tendto ensurehatthey would have relative
velocitiesexceedingtheir mutualescapevelocity, andin generalwould not remaingravitationally
bound.

This problemwas examinedin somedetail by Durda (1996) and by Doressoundiranet al.
(1997),who simulateddisruptionsnumerically integratingorbits of fragmentsn the debrisfield.
They foundthatthefractionof binariesdepende@dnthemagnitudeof arandomvelocity dispersion
assumedo beimposedon the generalexpansionhowever, evenwith no dispersiorsomebinaries
wereproducedapparenthby jostling amongfragments More pairsof fragmentsn contactwere
producedthanorbiting binaries. The fraction of contactpairsandbinarieswassmallin Durda’s
models(about0.1%),while thefractionof binariesfoundby Doressoundirametal. wasabout1%.
Thelimited rangeof sizesandnumbersof particlesin the simulationsprobablylimited the binary
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fraction. Treatinglarger numbersof smallerfragmentsvould be expectedto yield morebinaries
with smallersatellite/primarymassratios.

Theearly simplenumericalmodelsof this modeof satelliteformationcontainedsomecritical
limitations, however. Becausehe initial conditionssimulatingthe expansionphasefollowing a
catastrophiempactweremerelytreatedn asimpleempiricalfashionaself-consistentlescription
of themass-speedistribution of fragmentsandthedirectionof fragmentejectionwasnotpossible.
Variationsin thesecollision outcomesandthereforan theefficiency of binarypairformation,with
initial conditions,couldnot be examinedin theseinitial studies.The next generatiorof numerical
models(Michel et al. 2001; Durdaet al. 2001) substantiallymprove uponthe limitations of the
Durda (1996) and Doressoundiranet al. (1997) modelsby conductingdetailed 3-dimensional
smooth-particlehydrodynamicg SPH) modelsof catastrophicollisions betweenasteroidge.g.,
Benz& Asphaugl995;Asphaugetal. 1998),andthenfollowing the subsequendynamicsof the
ejectedragmentgshroughfast,state-of-the-ai-bodysimulationgsuchasdescribedn Leinhardt,
Richardson& Quinn2000).

Oneof the mostimportantbenefitsof this schemeover the previous numericalstudiesis that
it includesa rigoroustreatmenbf the impactphysics,sothataccuratédragmentsizedistributions
andvelocity fields areestablishecakarly in the ejectionprocess.Thus,the dependencef satellite
formation efficiency with respectto variouscollision parameterge.g., speed,mpactparameter
impactangle)canbe studiedin a self-consistentnanner Thesenen modelsalsoallow afarfaster
N-body integration schemewith efficient mutual captureand collision detectioncapabilities. A
samplemodelcanbeseenn Figurell.

Threeof the known main-beltbinaries(45, 90, and243) aremembersof dynamicalfamilies,
sothis mechanisnis plausible(however, thefractionof binariesin familiesdoesnot appeato be
greaterthanfor thegeneralbpopulation).Thereshouldbe noinitial preferencdor rapidrotationof
primariesor progradeorbits, but tidal dissipationcould causdossof satellitesof slow rotatorsor
in retrogradeorbits. We would expectno correlationwith the primary’s shapesolightcurvesmay
discriminatebetweercrateringejectaanddisruptive capture.

3.4 Collisional Fission

An impactmay shatteran asteroidwithout disruptingit. As the probability of an exactly central
collisionis zero, it will alsoimpartangularmomentumto thetarget. If the specificangularmo-
mentumexceedsathresholdvalue,a weak(shatteredyelf-gravitating body cannotremainsingle,
but mustfissioninto a binary, with someof the angularmomentumin orbital motion ratherthan
rotation. The angularmomentummpartedis proportionalto the impactvelocity v, while theim-

pactenegy scalesasv?. As discussedy Weidenschillinget al. (1989),it is difficult to impart
enoughangulamomentumwithout destrging thetargetat typicalimpactvelocities(~ 5 kms™1)

in thepresenBelt (althoughthereis a distribution of velocitiesover awide range but atlowerim-

pactprobabilities).If gravitationalbindingdominatesthenfor impactslargeenoughto impartthe
critical angulaiTmomentumtheratio of impactenepy to bindingenegy is of orderv;mpact / Vescape-

For eventhe largestasteroidsdisruptionis morelikely thanrotationalfissionin the presentolli-

sionalervironment.Conditionswerepresumablymorefavorablein the earlieststageof the Belt's
evolution, beforevelocitieswere pumpedup; however, only large satelliteswould have beenable
to surviveits latercollisionalhistory. No corvincing candidatesystemdhave yetbeenfoundin the
Main Belt.
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Themassesndrelatively large separatiorfabout4 radii) of the main-beltdouble(90) Antiope
imagedby Merline etal. (2000a,2000b)meanghatthis pair hasunusuallyhigh specificangular
momentum.Thelightcurve eclipsegecordedy Hanseretal. (1997)areconsistentvith thenearly
equal-sizeccomponentseenin the images. At othertimes, the lightcurve hada low amplitude
consistentwith nearly spherical,non-eclipsingcomponentgactually Darwin ellipsoidsare an
even bettermatch). Merline et al. inferred a densityof ~ 1.3gcm=3, which suggestghat the
Antiope componentsnay be “rubble piles” with equilibrium shapesSuchmodelsof equilibrium
binariesandthe expectedightcurve morphologiesverestudiedby Leoneetal. (1984).Theorigin
of the Antiopebinaryis hardto explain. It is amemberof the Themisfamily, andsomustpostdate
thedisruptionof its parentbody by a high-velocity impact. Disruptive captureof two equal-mass
fragmentsof suchlarge sizein that eventis unlikely, andthey would have to be corvertedto
rubblepiles by laterimpacts. However, someof the modelrunsof Michel (priv. comm.) appear
to have producedsimilar-sizedcomponentsCollisionalfissionseemgo bethe mostlikely origin
for Antiope, but still presentghe problemof impartingsomuchangularmomentumn a collision
without dispersingthe target. Dueto the low orbital inclination of the Themisfamily, collisions
betweermembersave alower meanvelocity (~ 3 kms~!; Bottke etal. 1994)thanbetweerfield
asteroidg(~ 5kms™1) but this differenceis not very significant. Weidenschillinget al. (2001)
estimatethat the requiredangularmomentumimplies an impactor of diameter~ 20km on a
100km tamgetbody, with about100timesits gravitational binding enegy, atthe meanencounter
velocity. An impactby a larger body at muchlower velocity is improbable,evenif the Themis
family is several Gyr old. Low-velocity impactscould have occurredin the immediateaftermath
of the disruptionof the Themisfamily’s parentbody, beforeJovian perturbationgandomizedhe
nodesand apsidesof the fragments. Models by Dell’'Oro et al. (2002) shov an enhancement
in the impactprobabilitiesof several ordersof magnitudeinitially after breakup. However, the
time availablebeforerandomizatioris short(~ 10* orbital periods),anda collision betweertwo
fragmentsof sufficient sizeis unlikely. In eitherscenariothe probability of forming a binarywith
thesepropertieds only ~ 10~3, andthusAntiope shouldbe uniquein the Main Belt.

3.5 Primordial Binaries?

Otherbinarieswith component®f comparablanassandlarge separationtiave beendiscovered,
but atlargerheliocentricdistancesThe Trojanasteroid(617)Patroclus(Merline etal. 2001b)and
atleasttwo of the TNO binaries(1998WW3;, 2001QWs3,,) have sizeratioscloseto one. All have
significantly greaterseparationshan Antiope; about600km (~ 12 radii) for Patroclusand 10%—
105 km (~ 102-103 radii) for the TNOs. In onesensethesepropertiesarenot surprising;detection
of smallerand/orclosersatellitesof suchdistantobjectsis impossibleby currentlyavailabletech-
nology. However, it is unclearhow suchlooselyboundpairscould have formed. If the Patroclus
binary formed by a collision, it would have requiredmore extreme parameterglarger impactor
and/orlower velocity) than Antiope’s formation. The collision ratein the Trojan cloudsis some-
whathigherthanin the Main Belt (seeDavis etal. , this volume),while the meanimpactvelocity
is comparablglower orbital velocity is offsetby highermeaninclination). However, a binary of
this sizewould have a collisionallifetime greaterthanthe ageof the solarsystem.lt is plausible,
therefore,that the Patroclusbinary formed by a low-velocity collision beforeeccentricitiesand
inclinationswerepumpedup, perhapseforeits captureinto resonancevith Jupiter
Thefrequeny of trans-Neptuniaminariesappeargo be of order1%. Their large separations
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could not have have beenproducedby two-bodycollisionsor tidal evolution. The mostplausible
origin for sucha looselyboundbinary seemdo be animpactor gravitational encountewith an-

otherbody of comparablenasswhile thetwo componentpassedvithin their mutualHill radius.

Thepresenspatialdensityin theKuiperBeltis fartoolow for 3-bodyencountersary suchevents
musthave occurredwhenit wasmorepopulousand/ordynamically“cold” with low inclinations.

Dynamicalmodelingis neededo determineheefficiency of binaryproductionby thismechanism
asa function of populationdensityandorbital parametersAlternatively, thesebinariesmay rep-

resentobjectsthatformedasloosely-boundairsfrom inherentdisk instabilitiesduring accretion
(S.A. Stern,priv. comm.).Obsenationsof binary TNOswill eventuallyallow directdetermination
of theirmassesnddensitiesput mayalsoprovide a constrainton the formationandearly history

of theKuiperBelt.

3.6 Tidal Evolution of Spinsand Orbits

Weidenschillingetal. (1989)consideredhetidal evolution of orbitsof asteroidakatellites.Their
Figurel shavedthetimescaldor a hypotheticalsatelliteto evolve outwardfrom anorbit initially
closeto a primary of radiusR = 100 km, asa function of the satellite/primarymassratio. There
arenow enoughdatafor real binariesto comparethis modelwith obsenation. Most of the known
main-beltbinarieshave separationa/R ~ 10, and M /m ~ 3 x 10? — 10* (Table2); theinferred
tidal evolutiontimescalesrein therange~ 10® —10° yr. Thesevaluesdependbnthe mechanical
propertiesof the primaries,which areuncertain but are consistenwith collisional productionof
closebinariesandtidal expansionof their orbits to their presentdistancessince the formation
of the asteroidbelt. All suchsatellitesie belov theline of synchronoustability, with orbitsthat
arestill evolving outward(consistentvith theobsenationthattheir primarieshave rotationperiods
shorterthantheirorbital periods). TheNEAstypically have smallerseparationsiith a/ R ~ 5, and
smallerM /m ~ 10 —2 x 102. However, they aremuchsmallerthanthe main-beltbinaries with
R ~ 1km; sincetherateof tidal evolution of orbitsscalesas R?, they alsohave timescales- 10°
yr, consistentwith the obsenation that they have not evolved to a synchronousend-state. The
binarieswith relatvely closemassve satelliteshave muchshorterevolution times; extrapolating
from Weidenschillinget al. ’s Figure 1, (90) Antiope would have reachedits tidally locked end
statein only afew thousand/ears,and(617)Patroclusin lessthan10°® yr. However, it canbeseen
from thatfigurethat Patroclushastoo muchangularmomentunto have evolved by despinningof
aninitially closebinary. This system,andthe Kuiper Belt binarieswith comparablemassratios
andstill largerseparationgnusthave attainedtheir presenbrbital configurationdy a mechanism
otherthantidal despinning.

The timescalefor despinningof a satellites rotation by tidesis generallyshorterthan that
for evolution of its orbit by despinningof the primary Using the classicformulafor the rate of
despinning GoldreichandSoter1966),the smallermain-beltandNEA satelliteshave despinning
times~ 10% — 107 yr, so they are expectedto keepone facetoward their primary The only
obsenationaldatumfor rotationof a main-beltsatelliteis from the Galileo flyby of Ida/Dactyl,
which showved that Dactyl had slow rotation, consistentwith spin-orbit synchroneity(Veverka
etal. 1996b).On the otherhand,the known Kuiper Belt binarieshave suchlarge separationghat
theirtidal despinningimesprobablyexceedthe ageof the solarsystemihey areunlikely to bein
synchronousotation.

Finally, Harris (2002) has suggestedhat the gravitational ejectionof a satellitefrom orbit
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aroundan irregularly-shapedorimary would depletethe rotationalenegy of the primary, thus
slowing substantiallythe spinof the primary. This ultimatelymaybe shown to bethe causeof the
anomalouslyslow rotationof mary asteroidsywhich sofar have eludedsatistctoryexplanation.

3.7 Tripleand Multiple Systems

Little work hasbeendonespecificallyto study the formation and stability of triple or multiple
asteroidsystemsPerhapghe closestanaloguesirethosestudiesof stability of satellitesarounda
non-sphericaprimary (e.g., Scheere4994; Petitet al. 1997). Significantprogresshowever, has
beenmadein theunderstandingf triple or multiple starsystemsMany of theseresultscanbeap-
plied directly to asteroidsto give insightinto whatcharacteristicenight be expectedor multiple-
asteroidsystems.lt is generallyacceptedhat the massesvould be configuredin a hierarchical
fashion(cf. Eggleton& Kiseleva 1995). This would be a superpositiorof two binary systemsan
inner massve object, orbited by a satelliteanda moonof the satellite(like Sun/Earth/Moonpr
a closebinary system,with a tertiary objectin a wide orbit aboutthe centralpair. The ratio of
the semi-majoraxesof thetwo relevant“binaries” mustbe ~ 3—4to be stable(Harrington1977a,
1977b).For eccentricorbits, theratio of the periapseof the outerorbit to theinnersemi-majoraxis
is the relevant parameter Eccentricorbits are thereforelessstable(Eggleton& Kiseleva 1995;
Kiseleva, Eggleton,& Orlov 1994). In addition, the stability dependsin a complicatedway, on
the massratios of the objects(Black 1982). Systemghat have the two orbits countefrevolving
(retrograde)lsodisplay greaterstability thanif the orbits are bothin the samesense(Harring-
ton 1977b). Recentwork on evolution of triple systemgMiller & Hamilton 2002) emphasizes
the importanceof Kozairesonances stability, andindicatesa strongpreferencehat the orbits
be approximatelycoplanar Multiple systemswould be formedin successiely higherlevels of
hierarcly andarediscussedby Harrington(1977b).

Unlike triple stellarsystemswhich canform by gravitational capture,(e.g., during the colli-
sionof two binary systems)sucha formationmechanisnwould bedifficult for asteroiddecause
of the high encountervelocitiesrelative to the orbital speedgP. Hut, priv. comm.). The initial
formation of triple/multiple systemswere indicated,however, in the early numericalmodelsof
Durda(1996)andDoressoundiranet al. (1997)andare clearly producedby the next-generation
modelsof Michel et al. (2001)andDurdaet al. (2001). TheseSPH/N-bodymodelsof satellite
formationshow thatin additionto producingbinary systemswith a singlesatellitein orbit about
a primary asteroid,catastrophiaisruptioneventscanresult (at leastinitially) in more comple,
hierarchicalsystemswith satellitesof satellites. The gravitational reaccumulatiorof clumpsof
debrisin theejectafield aroundthelargestremnaniftenleadsto Shoemakr-Levy/9-like “strings-
of-pearls”.Many of thesereaccumulatingubble-pilefragmentssomeof which aregravitationally
boundin initially stableorbitsaroundthe largestremnantarethemselessurroundedy swarms
of smallerorbiting debris. The simulationtimescalesaretoo short,thusfar, to directly examine
thelongertermstability of thesehierarchicakatellitesystems.

4 SUMMARY

Thequestionposedn thetitle to the Weidenschillingetal. chapterin Astepoidsll, “Do Aster
oids have Satellites?” hasbeenanswered.Now thatwe have mary examplesof binary systems
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for study representingliversecollisionalanddynamicalpopulationswe may be at the threshold
of arevolution in asteroidscience.In the next decadewe canexpectto learna greatdealfrom
the ever-increasingpaceof discovery, involving several rapidly-improving, complementaryech-
niques,andthe concomitannhumericalmodelingandtheoreticathinking abouthow thesesystems
wereformed,how they evolve, andwhatcluesthey hold to the history of the solarsystem.These
binary systemswill provide probesof asteroidinteriors,and perhapseventually allow definitive
couplingof asteroidtaxonomictype with our meteoriteinventory In fact,they maytell usabout
asteroidmaterialfor which it is unlikely we currently have representatiommongthe meteorites,
suchasverylow densitycarbonaceousiateriathatmaynotsurvive passagéhroughEarths atmo-
spherepr primitive materialof the outerMain-Belt, Trojan,or TNO regions.Researclin thisarea
will leadto spinofs in relatedareasjncludingimprovementsn our understandingf the forma-
tion of the Earth/Moonor Pluto/Charorsystemsbetterunderstandingf dynamicsandcollisional
physics,andassistin the mitigationof theimpacthazardthatasteroidgoseto Earth.
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Figurel: Thisis the discovery imagefor Dactyl, the first known asteroidsatellite(Belton et al.
1996). It wastaken by the Galileo spacecrafbn 1993Aug29 from a rangeof 10,71%m. The
picturehasa resolutionof about100m/pix. Becausef limited downlink, notall imagescouldbe
returned.Insteadthis techniqueof playingbackimagestripswasusedto find therelevantimages
or portionsof imagesthatcontainedda. Theresulting“jailbar” imageherefortuitously provided
thefirst 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 Figure 1. The pictureis in a greenfilter. Ida is about56km long
and Dactyl is roughly sphericalwith a diameterof aboutl.4km. At this time Dactyl is in the
foreground,about85km (5.5R;4,) from Ida’s centey andmoving at abouté ms=!. The orbit is
progradewith respecto Ida’s spin,whichitself is retrogradewith respecto theecliptic.

Figure 3: Highestresolutionpicture of Dactyl, at 39m/pix, shoving shapeandsurfacegeology
Thetopograply is dominatedoy impactcraterswithout prominentgroovesor ridges.
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Figure4: Thisis thediscovery imageof Petit Prince,moonof (45)Eugeniatakenat the Canada-
France-Hwaii Telescopeon 1998Nov 1, usingthe PUEOadaptve opticssystem(Merline et al.
1999b).1t is thefirst asteroidmoonto beimagedfrom Earth. Theimageis anaverageof 16images
of exposurel5s. It is takenin H-band(1.65xm) andhasa platescaleof 0.035arcsec/pigl. The
separatiorof the moonis about0.75 arcsecfrom Eugeniaand hasa brightnesgatio of about7

magnitudes.
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Figure5: This infraredimageis a compositeof 5 epochsof Eugenias moon. The moonhasa
periodis 4.7days,with a nearlycircular orbit is about1190km (0.77arcsec).The orbit is tilted

about46 degreeswith respecto our line-of-sight. The normal2-fold degenerag in pole position
(i.e.true senseof the moon’s orbit) wasresoled by observingthe systemlater, whenpositional
differencesdetweernthetwo solutionsbecamepparentEugeniais about215km in diameterand
the moon’s diameteris about13 km. Thelarge “cross” is a commonartifact of diffraction from

thesecondary-mirrosupporistructure. Theimagesaredecowolvedandthebrightnesof Eugenia
hasbeensuppressetb enhancesharpnesandclarity.
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45 Eugenia and moon, Petit
Prince.  Keck H-band AO.
(Merline et al., 1999, Nature)

Figure6: ThisdecomwolvedKeckimagein 2000Febshawvs PetitPrinceandaresohedimageof the
disk of Eugenia(afterCloseetal. 2000). The pairis well-separatedenoughto getaccuratecolors
or spectra. The unusualelongation of Eugenias shapewas inferred previously from lightcurve
amplitudes. Becausehe lack of detailedfidelity in flux preseration underdecomwolution, the
brightnessvariationsacrossthe disk are not real. The brightnessof the satellite (which is not
resohed) hasbeenscaledto appeato have roughlythe same‘surfacebrightness’asthe primary.
Theflux ratio of thetwo objectsis about285.
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Figure7: Doubleasteroid90) Antiopeasit rotateswith a16.5h period,soonafterits discovery at
Keckin 2000August(Merline etal. 2000a,b).Oncethoughtto be anobjectaboutl125km across,
the C-type asteroidAntiope actually hastwo componentsgachabout85km in diameter The
separations about170km.

Figure8: (a) Arecibo delay-Dopplelimagesof binary asteroid2000DP,y; (Margot et al. 2002b)
obtainedon2000DOY 274—-280.A dashedine shavstheapproximatdrajectoryof thecompanion
on consecutie days. (b) Goldstoneradarechoesof 1999KW, (Ostroet al. , JPL pressrelease)
accumulatedver several-hoursduring its May 2001 closeapproachto Earth. (c) Radarimage
of 1999KW, obtainedat Arecibo on 2001May 27 with 7.5m rangeresolution. Rangefrom the
obsenrer increasesiown and Dopplerfrequeng increasedo theright. Dimensionsin the cross-
rangedimensionareaffectedby the primaryandsecondangpinrates.
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Figure10: Brightnesdifference(in magnitudespetweera primary asteroidanda possiblecom-
panion,asafunctionof projecteddistancdrom theprimaryasteroidfor well-exposedHSTimages
(after Storrset al. 1999a). The region below the curvesis wherecompanionsould be detected.
Also shavn arethe locationsof putative binaries(given by asteroidnumber)thathadbeenprevi-
ouslysuspectedrom occultationor otherdata.
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Figurell: The“next generation’of numericalmodelsof asteroidsatelliteformationsubstantially
improve upon pastmodelsby (left) conductingdetailed3-dimensionakmooth-particlehydrody-
namics(SPH) modelsof collisions betweenasteroidsand then (right) following the subsequent
dynamicsof ejecteddebrisandformationof orbiting satellites(arrow) throughfast, state-of-the-
art N-body simulations.Shavn hereis a collision of a20km impactorinto a 100km solid basaltic
taiget, assimulatedby Durdaet al. (2001). The satelliteof sizeabout4km is capturedinto an
elliptical orbit with a separatiorof about6 R,,;;.-,. Thefinal primarydiameteris about75km.
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