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ABSTRACT

Context. The quasi-Hildacomets(QHCs),being in unstable3:2 Jovian meanmotion resonance,areconsidereda major causeof
temporarysatellitecapture(TSC)by Jupiter. ThoughtheQHCsmaybeescapedHilda asteroids,their origin andnaturehave not yet
beenstudiedin su� cientdetail.Of particularinterestarelong TSCs/orbiters.Orbiters– in which at leastonefull revolution about
theplanetis completed– arerareastronomicalevents;only four have beenknown to occurin thelastseveraldecades.Everycasehas
beenassociatedwith a QHC: 82P/Gehrels3; 111P/Helin-Roman-Crockett; P/1996R2 (Lagerkvist);andthepossiblyQHC-derived
D/1993F2 (Shoemaker-Levy 9, SL9).
Aims. WefocusonlongTSC/orbitereventsinvolving QHCsandJupiter. Thuswesurvey theknown QHCs,searchingfor furtherlong
TSCs/orbitersover thepastcentury.
Methods. First, we con�rmed the long TSC/orbitereventsof 82P, 111P, and1996R2 in orderto testour methodagainstprevious
work,applyingageneralN-bodyNewtoniancode.Wethenusedthesameprocedureto survey theremainingknown QHCsandsearch
for longTSC/orbiterevents.
Results. Wenewly identi�ed anotherlongTSC/orbiter:147P/Kushida-Muramatsufrom 1949May 14+97days

� 106days–1961July15.Ourresult
is veri�ed by integrationsof 243clonedorbitswhich take accountof thepresentorbitaluncertaintyof thiscomet.Theeventinvolves
an L2 ! L1 transitionaswith 82Pand1996R2; this may representa distinct subtypeof TSCsfrom QHC derived (L1 ! ) longer
capturesexempli�ed by 111Pand(probably)SL9, thoughthis classi�cationis still only basedona smalldatabaseof TSCs.
Conclusions. This is thethird longTSCandthe�fth orbiterto befound,thuslongTSC/orbitereventsinvolving Jupiterhaveoccurred
onceperdecade.Two full revolutionsaboutJupiterwerecompletedandthecapturedurationwas12:17+0:29

� 0:27 years;boththesenumbers
rank147Pasthird amonglongTSC/orbiterevents,behindSL9and111P. Thisstudyalsocon�rms theimportanceof theQHCregion
asa dynamicalrouteinto andout of Jovian TSC,via theHill' ssphere.
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1. Intr oduction

Amongall theasteroidsthathavebeenrecordedupto thepresent
in the asteroiddatabase,e.g., the “JPL Small-BodyDatabase”
(http://ssd.jpl. nasa. gov/ ), a large number (more than
1000includingunnumberedobjects)areknown to populatethe
region of the 3:2 meanmotion resonance(MMR) with Jupiter,
in theoutermainbelt.Thesearethe“Hilda asteroids”(Schubart
1968, 1982, 1991; Ip 1976; Yoshikawa 1989; Franklin et al.
1993; Nesvorný & Ferraz-Mello1997). Their semimajoraxes,
a, concentratein the range3.7 AU � a � 4.2 AU, at ec-
centricitiese � 0:3, and inclinations i � 20� (Zellner et al.
1985). This resultsin a rangeof the Tisserandparameterwith
respectto Jupiter, TJ, of � 2:90–3.05,where TJ = aJ=a +
2

p
a=aJ(1 � e2) cosI , with aJ beingthesemimajoraxisof Jupiter

andI themutualinclinationbetweentheorbits.Thecritical ar-
gumentsfor theHildas,� = 3� J � 2� � $ , librateabout0� , being
stablein the long-term(� is meanlongitude,$ is longitudeof
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perihelion,andJ indicatesJupiter).As regardsphysicalproper-
ties,thelow-albedoD- andP-typesaremoreabundantin Hildas'
surfacecoloursthanthesmall fractionof C-types(Dahlgren&
Lagerkvist1995; Dahlgrenet al. 1997; Gil-Hutton & Brunini
2008; Licandroetal. 2008). Thesurfacecolourof D- andP-type
asteroids,suchasHildasandTrojansin theoutermainbelt,cor-
respondswell with that of cometarynuclei (Fitzsimmonset al.
1994; Jewitt 2002), which meansthat they arecoveredwith a
similarmineralogicalsurface,suggestiveof a commonorigin.

Morethan50Jovian irregularsatellitesareknown atpresent
(Jewitt & Haghighipour2007). Ćuk& Burns(2004) pointedout
that the progenitorof the main progradecluster, the Himalia
family, was plausibly derived from the Hildas long ago, if it
was capturedby a gas-dragassistedmechanism.Thus tracing
the origin and natureof irregular satellitesis very signi�cant
for studyingthe accretionprocessesin the early solar system.
Satellitecapturemechanicsin thecircular restrictedthree-body
problem(CR3BP)or theN-bodyproblemhasoftenbeeninves-
tigated(e.g.,Hénon1970; Huang& Innanen1983; Tanikawa
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1983; Murison1989; Brunini et al. 1996; Nesvorný et al. 2003,
2007). Re�ectancespectraof Jovianirregulars,beingdominated
by D- andC-types(Luu 1991; Grav etal. 2003), arecomparable
to thoseof Hildas.

During the pasthalf century, several Jupiterfamily comets
(JFCs;cf. Levison1996) have stayedin or neartheHilda zone,
althoughbeing in unstable3:2 MMR with Jupiter. Someof
themhavebeentransferredfrom outsideto inside,viceversa, or
from insideto insideof Jupiter's orbit by undergoinga tempo-
rary satellitecapture(TSC)by Jupiter(e.g.,Carusi& Valsecchi
1979; Tancrediet al. 1990). Sucha JFCis calleda “quasi-Hilda
comet”(QHC) by Kreśak (1979), who identi�ed threesuchob-
jects:39P/Oterma,74P/Smirnova-Chernykh,and82P/Gehrels3.
Di Sisto et al. (2005) integratedthe motionsof 500 �ctitious
Hildas for � 109 years,and found that most of them escaped
from the Hilda zoneinto the JFC population,i.e., left the 3:2
MMR andevolvedquickly on to unstableorbits:sucha chaotic
di� usion from the Hilda zonehasalso beendemonstratedby
Nesvorný & Ferraz-Mello(1997). In addition, large-scalecol-
lisional processes,suchasthe late heavy bombardment,might
also releasesmall bodiesfrom the Hilda zoneinto JFCs,e.g.,
seeGil-Hutton & Brunini (2000). Hence,someQHCsmay in-
deedbesuchescapedHildasthemselves.Recently, Toth (2006)
updatedtheQHClist, �nding atotalof 17members(seeSection
3). This includesbodiessuchastherenownedCometD/1993F2
(Shoemaker-Levy 9, SL9) that have undergoneTSC by Jupiter
and then disappearedafter colliding with the planet.Surface
spectroscopic(or colorimetric) measurementsfor QHCs have
only beencarriedout for 82P(De Sanctiset al. 2000), the re-
sultsof whichalsoindicatea taxonomicD-type.

Among the QHCs, 39P/Otermawas the �rst known to be
temporarilycapturedby Jupiter, in 1936–1938(Marsden1962).
However, this comet�e w throughthe region nearJupiterover
a rathershort time, during which the cometdid not complete
a full revolution orbiting about the planet.In contrast,unlike
39P's “�y-through” capture,there is a di� erentkind of TSC,
in which at leastone full revolution about the planet is com-
pleted;we dealwith thesein thepresentpaper. Following Kary
& Dones(1996) we call suchobjects“orbiters”. Theseareof-
tencharacterizedby a longcapturewith verysmallperijovedis-
tance,usually lasting for � 10 yearsor more.Not all orbiters
becomesuchlong TSCs(> 10 yr), althoughof coursethey last
longer than the �y-through type. SL9 is a representative case
for both long TSCsandorbiters.This cometwaspointedout to
have possiblybeenQHC-derived beforeits tidal disruptionon
passingthroughperijove at lessthan1.5 Jovian equatorialradii
(RJ, whereRJ = 71492:4 km), i.e., within the Rochelimit, in
1992July andits subsequentcollision with Jupiterin 1994July
(Nakano& Marsden1993; Sitarski1995; Benner& McKinnon
1995). If it is QHC-derived, thenSL9 is the only QHC so far
that hasbeenorbiting the planetas a TSC at the time of dis-
covery (Benner& McKinnon 1995). By numerically integrat-
ing SL9's pre-collisionorbital motion, several studiesshowed
that theTSC durationof SL9 lastedfor 50 yearsor more,dur-
ing which the cometcompletedmore than 30 revolutions or-
biting about Jupiter, making it nominally the longestknown
TSC (Carusiet al. 1994; Benner& McKinnon 1995; Chodas
& Yeomans1996). However, accordingto Benner& McKinnon
(1995), SL9wasthemostchaoticknown objectin thesolarsys-
tem with an e� ective Lyapunov time of only � 10 yearson its
jovicentricorbit. Thusit is di� cult to determinewith certainty
SL9'spre-captureorbit andits trueTSCduration.Nevertheless,
Benner& McKinnon'sadditionalstatisticalanalysisof distribu-
tionsin a-espaceandTJ values,basedonbackintegrationsof the

variousSL9 fragments,revealeda possibleQHC origin of SL9.
Thework of Kary & Dones(1996) supportsthispossibility:they
tracedthemotionsof numerous�ctitious JFCsfor � 105 years
andfound thathalf theSL9-like very long captures> 50 years
weredueto QHCs.They estimatedthat the frequency of such
a very long TSC (= “long capture”as designatedby them) is
extremelyrare,only 0.02%of all theTSCeventsin their simu-
lations.Interestingly, impactson Jupiteraremorefrequentthan
thevery long TSCsby a factorof 8–9.They alsoevaluatedthat
long TSCs(= “orbitersbound> 10 yr” asdesignatedby them)
andorbitersarestill rareevents,at therespective levelsof 0.8%
(� very longTSCs)and2%(� longTSCs)relative to all events,
with about98%beingtheshortTSCtypewhichcontainsthe�y-
throughevents.Carusi& Valsecchi(1979) hadearliercon�rmed
therarity of orbiterevents,simulatingmotionsof �ctitious small
bodiesaswell.

In thejovicentricKepleriansystem,aTSC(especiallya long
TSC/orbiter) occurswhenever a small body passesnearoneof
thecollinearlibration pointsL1 or L2 in theCR3BPof theSun-
Jupiter-(third) body systemwith very low velocity, i.e., e� ec-
tively becomingboundby Jupiterwhen it entersthe Hill' s re-
gion with near-zerovelocity. After that, the boundsmall body
revolvesaboutJupiteron an elliptical jovicentric orbit until it
againpassesthrough the region near either L1 or L2 and es-
capesfrom theJoviansystem.Consideringsucha transitionus-
ing newly developeddynamicalsystemstechniquesbasedon a
Hamiltonianformulationin theCR3BP, Koonet al. (2001) and
Howell et al. (2001) demonstratedthata TSCby Jupiteroccurs
whenthesmallbodypassesthrougharegioninsidetheinvariant
manifoldstructurerelatedto periodichaloorbitsaroundL1 or L2
in theHill' s region.TheTSC(or its duration)is usuallyde�ned
by the jovicentric Kepler energy, EJ, being negative, EJ < 0,
with theadditionalconditionthattheboundsmallbodymustbe
within the jovicentricsphereof gravitational in�uence: Kary &
Dones(1996) set its boundaryat 3 Hill' s sphereradii (=1.065
AU) of Jupiter. However, Howell et al. (2001) de�ned theTSC
durationasthe residencetime in the Hill' s region. The former
generallylastslongerthanthelatter, andhereweregardthefor-
merastheTSCduration.Thedynamicsinvolvedin TSCis quite
di� erentfrom thatof quasi-satellitesin 1:1 librationwith Jupiter
far outsidethe Hill' s region (Wiegert et al. 2000; Kinoshita&
Nakai2007).

Apart from SL9, only three orbiters have been known
to occur. Every casehas beenassociatedwith a QHC: 82P;
111P/Helin-Roman-Crockett; and, though it is not in Toth's
(2006) QHC list, P/1996 R2 (Lagerkvist).TheseTSCs were
found by Rickman (1979), Tancrediet al. (1990), and Hahn
& Lagerkvist(1999), respectively, andarediscussedfurther in
Section2. The occurrenceof thesefew eventsduring the last
severaldecadesis consistentwith therarity of long TSC/orbiter
eventssuggestedby Kary & Dones(1996). Although 74Pen-
counteredJupiterat distancesof 0.24AU and0.47AU in 1955
Octoberand1963Septemberrespectively, it wasnot boundto
Jupiter(Rickman1979; Carusietal. 1985b); thiscometis, how-
ever, expectedto experiencea TSC by Jupiter in this century
(Carusiet al. 1985bandseealsoSection4). Therefurther ex-
ist someJFCsthat encounteredJupitermoreclosely thansev-
eral QHCs involved in TSC, e.g., 16P/Brooks 2; D/1770 L1
(Lexell); 81P/Wild 2; but they werenot capturedby the planet
owing to their high-velocity encounters(Carusi et al. 1985a;
Emel'yanenko 2003).

Thereforestudying the origin and natureof QHCs is of
greatimportancefrom variousastronomicalpointsof view men-
tionedabove, especiallyas regardstheir origin andbeingpos-
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sibly relatedto the Hildas and the Jovian irregular satellites.
Suchstudiesmay provide uniqueknowledgeand cluesabout
formation processesin the early solar system.Here we focus
on long TSC/orbiter eventsinvolving Jupiterand QHCs.First
(Section2), applyinga generalN-bodyNewtoniancode,we re-
con�rmed the long TSC/orbiter eventsof 82P, 111P, and1996
R2. Then (Section3) we usedthe sameprocedureto search
Toth's (2006) QHCslist for otherobjectsthathavebecomelong
TSCs/orbitersin the pastcentury. Eventually, we successfully
foundanotherlong TSC/orbiter, occurringin themid-20thcen-
tury, 147P/Kushida-Muramatsu.

2. Computation method and its application to the
kno wn TSCs

Thejovicentrictrajectoriesfor thelongTSCs/orbiters,exceptfor
SL9, have beennumericallysimulatedby Carusi& Valsecchi
(1979) andCarusiet al. (1985a, 1985b) for 82P, by Tancrediet
al. (1990), Belbruno& Marsden(1997) andHowell etal. (2001)
for 111P, andby Hahn& Lagerkvist(1999) for 1996R2.

First of all, we attemptedto reproducetheir TSC eventsin
order to compareour simulationswith theseprevious studies,
integratingbackto the time of eachTSC.We applieda general
N-body Newtonian code,thenequationsof motion for the ith
bodyare:

d2r i

dt2
= � G

(M� + mi)r i

r i
3

�
NX

j=1; j, i

Gmj

 
r i � r j

r i j
3

+
r j

r j
3

!
; (1)

whereG is thegravitationalconstant,M� andmi arerespectively
themassof the sunandthe ith body (i = 1; 2; � � � ; N), r i is the
heliocentricpositionvectorof theith body, r i is theheliocentric
distanceof the ith body, andr i j is the distancebetweenthe ith
and jth bodies.Here,weregardedcometsasmasslessbodies.

Theintegratorthatweappliedhereis the“SOLEX”, Ver. 9.1
package,developedby Vitagliano(1997) basedon theBulirsh-
Stoer method.Coordinatesand velocities of the planets,re-
gardedas point masses,were basedon the JPL Planetaryand
Lunar EphemerisDE409.We con�rmed that the resultsof our
numerical integrationsdid not signi�cantly changewhen we
usedotherintegrationmethodsthatwehaveoftenappliedin our
studies,e.g.,the Adamsmethod.Our integratorcanaccurately
processvery closeencountersby meansof a routinethatmakes
automatictime stepadjustments,and truncationand round-o�
errorsarealmostnegligible for our investigationhere.Therefore
the SOLEX integrator is su� ciently reliable to deal with the
problemof closeencounterswith Jupiter.

As initial parameters,up to dateosculatingorbital elements
were taken from the JPL Small-Body Database,mentioned
above in Section1, for 82P and 1996 R2 and from Nakano
(2005) for 111P, as listed in Table 1. 82P and 111Pare num-
bered,multiple-apparitioncomets,coveredby very long obser-
vational arcs,hencetheir orbital solutionsare highly precise.
Meanwhile,although1996 R2 is unnumberedand still a one-
apparitioncomet,consequentlywith a shorterarc, the number
of astrometricpositionsis themost,135,andtheRMS residual
is theleast,000:76,amongthethreecomets,hencewejudgedthat
the TSC of 1996R2 is worth simulatinghere.The nongravita-
tional parametersfor theseQHCs' motionswerenot detectable
from their astrometryhencewere not includedin our integra-
tions – in any casetheir motionsarechaoticduring TSC. The
Jovian oblatenesstermsand the perturbationsby the Galilean
satelliteswerealsoignoredsincetheir e� ectsarenegligible in

ourinvestigations(seeKary & Dones1996); thesee� ectsshould
be includedin analysesof very long TSCsof SL9-like objects
having highly inclinedJupiter-grazingorbits.

Our simulatedTSC trajectoriesof 82P, 111P, and1996R2
areshown in Figure1. In theseplotswe usea rotatingframein
which thejovicentricrectangularcoordinatesarereferredto the
heliocentricorbital planeof Jupiter, with thesunlocatedin the
directionof the � x-axis, andthe +z-axis pointing to the north.
In Figure1 everyTSCmotionis unstableandchaotic,with sub-
stantialsolarperturbationsoccurringneareachcomet'sapojove.

AmongtheseTSCs,thetrajectoriesof 82Pand1996R2 are
similar in pro�le to eachother. Both theseQHCscametangen-
tially from outsideJupiter's orbit with a low-inclination retro-
grademotion,i.e.,theirpre-captureheliocentricorbitsimply that
they camefrom theCentaurregion,their periheliabeingbeyond
the Jovian orbit. During the TSC, �rst they passedcloseto L2
with low relative velocities(betweenJupiterandcometsin the
jovicentric frame)of respectively � 0:7 km s� 1 and� 0:6 km
s� 1, thenrevolvedaboutJupiter, completingonefull revolution,
and�nally escapedfrom theJoviansysteminto theQHCregion,
passingnearL1. In the L2 ! L1 transition,an object that en-
terstheJovian systemcloseto L2 seemsto have enoughorbital
energy to rapidly escapethroughthe region nearL1 (Tanikawa
1983). The long lastingcapturesfor 82Pand1996R2 may be
somewhatrelatedto theorbital stability for theretrogradesatel-
lites (Huang& Innanen1983; Nesvorný et al. 2003). However,
theTSCdurationis below 10yearsin bothcases;soto bemore
exact theseorbitersshouldperhapsnot be categorizedas long
TSCs.

On the other hand,the motion of 111Pwas more compli-
catedthanthoseof 82Pand1996R2.111Pcompletedthreefull
revolutions aboutJupiterduring its long TSC of 18.45years,
bothof which numbersranksecondnext to SL9 amongknown
TSCs.Its pre-captureandpost-escapeheliocentricorbits were
both QHC type (Belbruno& Marsden1997), enteringthrough
the region nearL1 at a relative velocity of � 1:0 km s� 1 and
escapingnearL1 again.Its capture/escapetrajectoryis almost
symmetricaboutthe x-axis (cf. Murison1989) insidetheHill' s
region in the CR3BP. Howell et al. (2001) demonstratedthat
the 111Pcapture/escapetrajectoryis almostidentical to some
asymptotictrajectorywinding onto a periodichalo orbit of L1,
suchtrajectoriesformingsegmentsof theinvariantmanifolds.

We thereforerecon�rmed the long TSC/orbiter events in-
volving 82P, 111Pand1996R2.Ourorbitertrajectorieslook ex-
actlyasin Belbruno& Marsden(1997) andHowell etal. (2001)
for 111P, andasin all theabovepapersfor 82P, but theresultsby
Tancrediet al. (1990) for 111PandHahn& Lagerkvist(1999)
for 1996 R2 show somewhat di� erentbehaviours. Both these
canbeascribedto slight di� erencesin initial parameters– their
initial orbitswerebasedonobservationalarcsof respectively 2–
4 monthsand111dayswhereasourswerebasedon longertime
spansof 4643and153days.Besides,Hahn& Lagerkvist(1999)
plotted the trajectorynot of the nominal orbit but of a clone,
i.e., a possibleTSCtrajectorywithin theuncertaintyof the ini-
tial parameters.In fact,we couldnot reachtheTSCof 1996R2
by using their nominal orbit. This demonstratesthat in study-
ing TSCevents,initial parametersmustbedeterminedprecisely,
basedon long-arcimprovedorbital solutionswhereverpossible,
sincejovicentricorbitsduringTSChavea chaoticnature.

The capturesituationsof theseQHCs are summarizedin
Table2.DuringtheseTSCs,82P, 111Pand1996R2experienced
2, 6 and 3 perijove passages,respectively. In particular, 82P
passedits closestperijoveof 3:01RJ in 1970August,justoutside
theRochelimit for comets� 2:7RJ (assuminga cometarybulk
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density� � 1 g cm� 3). Table2 alsoshows theminimumvalues
of the jovicentricKeplerenergy EJ = � 1=2a0 (in AU� 1) where
a0 is thesemimajoraxisfor thejovicentricorbit. Thelow values
attained,� 2:80,� 3:20,and� 3:28for thethreecomets,areoften
a featureof longTSCs/orbiters,asagainst� 1:79whichwe have
computedfor 39Pduringits �y-through in the1930s.

Shortly after TSC, thesethreeQHCs were discoveredand
observed as “quasi-Hilda comets”for the �rst time. The time
di� erence,� T(TSC� obs), betweentheendtime of theTSC,given
in Table 2, and the �rst astrometrictime, given in Table 1, is
notable.Every � T(TSC� obs) is short enough(1.3 yearsfor 82P,
3.49yearsfor 111P, and3.16yearsfor 1996R2) to indicatethat
thesimulatedTSCshouldbea realevent.

3. 147P/Kushida-Muramatsu: another long
TSC/orbiter

Next we surveyedtheremainingobjectsin Toth's (2006) QHC
list (Table 3) to determinewhetherother long TSCs/orbiters
aroundJupiterexist. We appliedour codeto integrateeachor-
bit back 100 yearsfrom its initial epoch,sincethe Lyapunov
time of JFCsis rathershort, generally100 � 50 yr (Tancredi
1995). Moreover, going back more than 100 yr may not be
meaningfulbecauseof likely weak nongravitational accelera-
tions, in additionto theaccumulationof orbital errors.We rec-
ognizedthat short TSC events have sometimesoccurred,for
whichresultswill bepublishedasanadditionalpaperelsewhere.
Eventually, we successfullyfoundanotherlong TSC,involving
147P/Kushida-Muramatsu.

The observational history of 147P is describedby Green
(1993, 2000) and Kronk (2008). The cometwas photographi-
cally discoveredby Y. KushidaandO. Muramatsu(Yatsugatake
SouthBaseObservatory, Japan)on 1993December8.65,using
a 0.25-mf/3.4 re�ector. It was then at magnitude� 16:5 and
slightly di� use,about1–20 in diameterwith a centralconden-
sation.The cometwasrecoveredon 2000October3.72,when
T. Oribe (Saji Observatory, Japan)obtainedCCD imageswith
the1.03-mre�ector. Thus147Phasbeendetectedat two perihe-
lion returns,allowing it to benumbered,althoughit hasnotbeen
astrometricallyobservedsince2002March.

In our integrationof 147P, theinitial parametersweretaken
from Nakano(2002), as listed in Table4. His orbital solution
wasaccuratelyimprovedbasedon 197 carefully selectedposi-
tionscoveringanarcof 3024daysandalsoprovidedassociated
errorestimates(Table4). Webelievethatthissolutionis thebest
determinedfor this comet,probablybasedon a longerarc and
moreastrometricpositionsthanany other. Thenongravitational
accelerationsin 147P's motion werenot detectedfrom the as-
trometry. Integrating back this orbit, we found that the comet
wascapturedby Jupiterin the mid-20thcentury. The 3D-view
of 147P'sTSCsituationis illustratedin Figure2.

However, � T(TSC� obs) of 147Pis extremelylarge,morethan
30 years,which greatlyexceedsthe valuesof < 3:5 yearsfor
82P, 111Pand1996R2(andalsoSL9with negative� T(TSC� obs)).
Thuswe must further examinewhetheror not 147Preally un-
derwenta long TSC/orbiter phasein the mid-20thcentury. To
answerthis, we tracedother possibleorbital motionsof 147P
backto andduringits TSC,generatingmultiple “clones” at ini-
tial epoch,andintegratingthem.As well asthe nominal147P
osculatingorbit, othercloneshadslightly di� erentorbital ele-
ments,within the� 1� error, givenin Table4. We generatedthe
cloneson thebasisof threepossiblevalues[nominaland� 1� ]
for � ve orbital elements[a; e; ! ; 
 ; i]. This numberof permu-

tationsyieldeda total of 243(= 35) clones,including thenom-
inal one.We alsogeneratedsometestclonesvaryingT (or M)
within theallowederror, con�rming thatthise� ectis negligible;
thuswe excludedthis parameterwhengeneratingthe main set
of clones.Conversely, we founda to bethemoststronglye� ec-
tive parameterin causingdivergenceamongthe clones'orbital
behaviours.

We foundthatall 243clonesunderwentTSCs.In Figure3,
we canseethat their trajectoriesbecomescatteredin their pre-
captureorbital phase,while converging toward the post-escape
phase,sincethe orbital motionswere integratedback in time.
However, thedispersionof theirTSCtrajectories,corresponding
to � 1� error in theorbit determination,is not asscatteredasis
sometimesexpectedwith chaotictrajectories.We concludethat
it is very likely that 147Preally wasan orbiter, experiencinga
longTSCin themid-20thcentury. Themotionsof all theclones
follow almostthe samepro�le as thoseof 82P and 1996 R2,
comingtangentiallyfrom outsideJupiter'sorbit, i.e.,with alow-
inclinationretrogrademotion in the jovicentric frame.Thepre-
captureheliocentricCentaurorbit of 147Phada � 6:2 AU, q �
5:8 AU, and e � 0:07. The cometenteredthe Jovian system
passingthroughthe region nearL2 with relative velocity � 0:9
km s� 1, revolvedaboutJupiter, escapedfrom theJovian system
passingnear L1, and was discoveredand observed as a QHC
after � 32 years.However, an importantdi� erencefrom both
82P and1996 R2 is that 147Pcompletedtwo full revolutions
aboutJupiter, thusexperiencingasigni�cantly longerTSC.

Figure4 shows thevariationsin rJ; EJ; E� , andTJ of all the
clonesin andaroundtheTSCinterval,whererJ is jovicentricdis-
tance(in AU), andE� is heliocentricKeplerenergy = � 1=2a (in
AU� 1). The rJ andEJ diagramsin thepre-captureorbital phase
displaya scatterthat is asevidentasthescatterin Figure3. We
cansee(mostclearlyfrom therJ diagram,but with signsalsore-
�ected in theotherthreeplots)that147Pexperiencedthreeperi-
jovepassages.Thetermof negativeEJ correspondsto TSC,dur-
ing which rJ wasalwayswithin 3 Hill' s sphereradii, asde�ned
in Section1; thus 147Punderwenta long TSC for 12:17+0:29

� 0:27
years(whereerror estimatesare basedon the clones' disper-
sion). The minimum EJ taking a low valueof � 2:78 � 0:01 is
alsoanexpectedfeatureof a long TSC/orbiterevent.In theE�
diagram,wecanseethesharpspikecorrespondingto theclosest
encounterto Jupiter, during which thenominalheliocentricor-
bit is brie�y hyperbolic.Thevalueof TJ wasslightly higherthan
3.0 in the pre-captureorbital phase,asis often associatedwith
low-velocity encountersat Jupiter (Kreśak 1979), and it sud-
denly droppedtwice aroundthe closestperijove passages.We
summarizethecapturesituationdataof 147Pin Table5 (again,
errorestimatescomefrom therangeshown by all theclones).

Also indicatedin theE� diagramin Figure4 is thecommen-
surabilityof 147Pwith Jupiterchangingfrom 3:4 Centaur-type
in the pre-captureorbital phaseto 8:5 (rather than 3:2) QHC
in thepost-escapephase.This, however, correspondsto theos-
culatingorbit immediatelypost-escape,andintegrationsfor mo-
tionsof all theclonesoveralongertimescalesuggestinsteadthat
147Pmight libratein the3:2 Jovian MMR for � 350yr follow-
ing theTSC(andis doingsoat thepresenttime), thoughwith a
somewhatfasterlibration periodandhigherlibration amplitude
(� 135� for thenominalorbit) thanthemorestable,typicalHilda
asteroidorbits (e.g.,Schubart1982, 1991; Franklinet al. 1993;
Nesvorný & Ferraz-Mello1997). Moreover, testintegrationsof
theotherobjectssuggestthatof theQHCsknown to have been
involved in a TSC,only 147Phasundergonean interval where
thecritical argumentof the3:2MMR librates.
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Furtherbackwardintegrationsof 147Pinform usof thepos-
sibility of anotherTSC somewhere betweenthe late-19th to
early-20thcentury. However, as all the cloneswere extremely
scatteredby thattime,wedonot considerthatTSChere.

4. Conc luding Remarks

On the basisof our investigationsabove, we have presented
a newly identi�ed TSC of a comet by Jupiter. This is in the
rare,orbiter classof TSCsand involves147Pfrom 1949May
14+97days

� 106days–1961July15.Thisis thethird longTSCof > 10years
andthe �fth orbiter found,so that Jupiter's long TSCs/orbiters
haveoccurredonceperdecade.Thecompletionof two full revo-
lutionsaboutJupiterandthecapturedurationof 12:17+0:29

� 0:27 years
rank147Pasthird in boththesenumbersamongknown orbiters,
behindSL9and111P.

4.1. TSC Classi�cation

FollowingKary & Dones(1996), weclassifytheknownTSCsas
follows: 39Pas�y-through, 82Pand1996R2 asorbiters,111P
and147Pas long TSCs(> 10 years),andSL9 asa very long
TSC(> 50years).

On the other hand,dependingon the TSC characteristics,
Howell etal. (2001) de�nedtwo TSCtypes:Type1 asa39P-like
�y-through; Type2 asalonglastingcapturelike111P, wherethe
cometexperiencesmorethanonecloseencounterwith Jupiter
while in theTSCregion.Herewe tentatively divideType2 into
two subtypes:Type 2A asthe L2 ! L1 transitionsuchas82P,
1996R2 and147P;Type2B astheQHC-derived(L1 ! ) longer
capturethan2A, aswith 111PandSL9.FurtherTSCclassi�ca-
tionsmaybepossiblein thefuture,if di� erentkindsof TSCare
found.

4.2. Future TSCs

We also surveyed all the known QHCs, integrating their or-
bital motions forward for 100 years to check for future
long TSCs/orbiters.We found that 111Pwill undergo a long
TSC/orbiterphasewith 6 perijovepassages,andminimumEJ �
� 3:19, from 2068 April 20–2086June09 (duration � 18:14
years).Weidenti�ed aratherlongcaptureof 82Pwith minimum
EJ � � 2:26thoughit is notanorbiterbut insteadfollowsasym-
metrictrajectoryaboutthex-axis,from 2056February18–2064
July 26 (duration� 8:43 years).Thereappearto be two TSCs
for 74P if we take its initial parametersfrom the JPL Small-
Body Database,from 2025August10–2031May 29 (duration
� 5:80years,minimumEJ � � 0:74)and2081January29–2085
January29 (duration� 4:00years,minimumEJ � � 0:77).

SuchfutureTSCshave alreadybeenpredictedby Carusiet
al. (1985a, 1985b) for 74Pand82PandTancrediet al. (1990)
for 111P, andoursimulationsarealmostidenticalin pro�le with
those.Meanwhile,it is unlikely that1996R2 and147Pwill en-
counterJupiterasalongTSC/orbiterfor thenext 100yearsfrom
eachinitial epoch.No further long TSCs/orbiterswere found
amongtheremainingQHCs.

4.3. Tidal Effects

Herewe discusstheJovian tidal forceactingon 147Pandother
capturedQHCs, around their perijove passages.Well-known
cometarytidal splittingeventshaveoccurredtwice:16Pin 1886
(Sekanina& Yeomans1985) and SL9, both passingperijove

within theRochelimit for comets,� 2:7RJ. In contrast,theclose
encounterof 147Pwith Jupiteraround1952August26(Table5)
wasat a perijove distanceof 14:61+2:94

� 2:61RJ, comfortablyoutside
theRochelimit. Theradius,Rc, of 147P'snucleuswasestimated
at 0.21km by Lamy et al. (2004), the smallestamongall their
measuredcometarynuclei.

The Jovian tidal stress,� T, actingon small bodies(QHCs
here),is givenby:

� T � GmJ� R2
c=r3

J; (2)

where mJ is the massof Jupiter. Comparedto the � T acting
on SL9 at perijove < 1:5RJ in 1992 (Scotti & Melosh 1993;
Asphaug& Benz1994, 1996), the � T for 147Pwasextremely
small, amountingto < 0:005% if we take the original, pre-
encounterRc of SL9as� 1 km (Scotti& Melosh1993; Asphaug
& Benz1994) and� of both thecometsasbeingequal.Hence,
althoughour treatmenthereis approximate,thereseemsno rea-
son to believe that 147Pwas a� ectedby Jovian tides.On the
otherhand,82P, whichpassedits perijoveat3:01RJ in 1970,just
outsidethe cometaryRochelimit, may have su� eredsomeef-
fect dueto the Jovian tides,even thoughit wasnot broken up.
TakingRc for 82Pas0.73km (Lamyetal. 2004), andequal� as
above, implies that the � T actingon 82Pcould be up to 7% of
that for SL9. If 82Pis a friable andfurthermorea looserubble-
pile object,theheatingenergy from continualJoviantidesmight
su� ciently a� ect the comet's nucleusstructureso as to allow
H2O ice, if present,to sublimateeven though82P is beyond
the usualheliocentricdistancefor H2O sublimation.If our hy-
potheticalscenariois true,suchtidal heatinge� ectscould trig-
ger cometaryactivity on 82P andproducean outburst. In this
event,thecomasizeandconsequentbrightnesswouldpeaksev-
eraldays(or more)afterthemaximumtidal e� ects.

Anotherintriguingpoint is whetheror notothertidal e� ects,
e.g., tidal distortion and tidal torquesleadingto rotation state
changes(Scheereset al. 2004), aredetectablein the light-curve
observationsof thecapturedQHCs.In thephysicaldatabaseof
cometarynuclei by Lamy et al. (2004), we cannoticea rather
high axis ratio (a=b > 1:6) andlong rotationperiod� 50 hr in
thedatasetof 82P, thoughaninterpretationin termsof suchtidal
e� ectsis still speculative.

4.4. Comets or asteroids?

At any rate,we have consideredhereonly a smallsubsetof the
TSCevents,focusingon thelongTSCs/orbiters,for whichthere
still exist only limited availabledata.Thereforewe know little
aboutsuchuniqueandextraordinaryastronomicalevents,which
arestill full of ambiguities.In addition,wedonotknow whether
QHCsarecometsor asteroids.Indeed,severalQHCshavesome-
timesbeendiscoveredor recoveredasasteroidsbecauseof their
cometaryactivity beingweak:e.g.,36P(= 1925QD= 1940RP),
39P(= 1950CR), 74P(= 1967EU = 1978NA6 = 1981UH18
= 1982YG3), D/1977C1 (= 1977DV3), P/1999XN120, P/2001
YX127, andP/2003CP7. Furtherobservationsandresearchfor
theQHCswill benecessaryto unlocktheir origin andnature.
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Table1. Initial parametersof QHCs82P/Gehrels3, 111P/Helin-Roman-Crockett, andP/1996R2 Lagerkvist(equinoxJ2000)

object 82P 111P 1996R2

osculationepoch(TT) 2002Mar 27.0 2004Dec21.0 1996Oct08.0
meananomalyM 24� :27332 359� :25243 346� :17074
semimajoraxisa (AU) 4.1388678 4.0400597 3.7820178
eccentricitye 0.1238743 0.1402634 0.3099920
argumentof perihelion! 227� :65115 10� :56557 334� :04513
longitudeof ascendingnode
 239� :62851 91� :93769 40� :24084
inclinationi 1� :12654 4� :23300 2� :60532
numberof astrometricpositions 103 126 135
astrometricarc 1975Oct 27–2002Mar 08 1989Jan03–2001Sep20 1996Aug 12–1997Jan12

9629days(26.36yr) 4643days(12.71yr) 153days(0.42yr)
RMSresidual 000:79 000:86 000:76
sourcereference JPL12 Nakano(2005) JPL18



8 Ohtsukaet al.: Quasi-Hildacomet147P/Kushida-Muramatsu

Table2. Long TSC/orbiterdataof QHCs82P, 111P, and1996R2

object TSCduration no. min. heliocentricorbit & perijove time d dist.e VJ
f

(TT) rev.a EJ
b Li to L j transitionc (TT) (AU) (km s� 1)

82P 1966Dec11–1974Jul11 1 � 2:80 2 : 3 ! 3 : 2 1970Aug 15.6 0.0014(3.01RJ) 34.25
7.58yr L2 ! L1 1973Mar 24.9 0.041(85.16RJ) 9.18

111P 1967Jan25–1985Jul 08 3 � 3:20 3 : 2 ! 3 : 2 1969Oct14.4 0.057(119.4RJ) 5.00
18.45yr L1 ! L1 1972Sep03.2 0.175(336.4RJ) 2.33

1976Apr 11.2 0.012(24.31RJ) 11.85
1979Jul 18.6 0.211(442.4RJ) 2.11
1980Nov 17.0 0.201(421.1RJ) 2.20
1983Aug 10.1 0.063(131.7RJ) 4.74

1996R2 1983Sep07–1993Jun13 1 � 3:28 7 : 13 ! 8 : 5 1987Mar 19.7 0.0074(15.53RJ) 14.92
9.77yr L2 ! L1 1990Jun28.8 0.169(352.7RJ) 2.78

1992Sep18.5 0.325(680.0RJ) 1.82

a numberof completedfull revolutionsaboutJupiter
b minimumEJ in AU� 1 – occurredon1970July30 for 82P, 1976February11 for 111P, and1987March15 for 1996R2
c Transitionassociatedwith theTSC:�rstly , theJovianMMR (heliocentricorbit) thecometis closestto immediatelybefore/aftertheTSC;and

secondly, theLi pointnearwhich thecometpassesat thestart/endof theTSCphase.
d time of perijove passagein TT
e perijove distancein AU andalsoin RJ
f jovicentricvelocity in km s� 1 at perijove
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Table3. Quasi-Hildacomets

NumberedQHCs:
36P/Whipple 39P/Oterma# 74P/Smirnova-Chernykh 77P/Longmore
82P/Gehrels3# 111P/Helin-Roman-Crockett# 117P/Helin-Roman-Alu1 129P/Shoemaker-Levy 3
135P/Shoemaker-Levy 8 147P/Kushida-Muramatsu

UnnumberedQHCs:
D/1977C1 (Ski� -Kosai) D/1993F2(Shoemaker-Levy 9)# P/1996R2 (Lagerkvist)a# P/1999XN120 (Catalina)
P/2001YX 127 (LINEAR) P/2003CP7 (LINEAR-NEAT) P/2002O8(NEAT) P/2004F3(NEAT)

a not includedin Toth's (2006) QHClist
# involvedin previously known TSC
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Table4. Initial parametersof QHC147P/Kushida-Muramatsu(equinoxJ2000)andtheir � 1� errorestimates(Nakano2002)

osculationepoch(TT) 2001May 11.0
periheliontimeT (TT) 2001Apr 29.48509 � 0:00081

() M = 1� :52643)
periheliondistanceq (AU) 2.7524408 � 0:0000019
semimajoraxisa (AU) 3.8094146 � 0:0000010
eccentricitye 0.2774636 � 0:0000005
argumentof perihelion! 347� :55482 � 0� :00047
longitudeof ascendingnode
 93� :69336 � 0� :00044
inclinationi 2� :36694 � 0� :00004
numberof astrometricpositions 197
astrometricarc 1993Dec08–2002Mar 20

3024days(8.28yr)
RMS residual 000:85
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Table5. Long TSCdataof QHC 147P

TSCduration no. min. heliocentricorbit & perijove time dist. VJ

(TT) rev. EJ
a Li to L j transition (TT) (AU) (km s� 1)

1949May 14–1961Jul 15 2 � 2:78 3 : 4 ! 8 : 5 1952Aug 26.6+1:3
� 2:2 0.0070+0:0014

� 0:0012 (14.61+2:94
� 2:61RJ) 15.45+1:62

� 1:38

(= JDT2433050:5+97
� 106– � 0:01 L2 ! L1 1955Jan18.8+9:8

� 10:0 0.0273+0:0013
� 0:0014 (57.05+2:82

� 2:94RJ) 7.59+0:22
� 0:20

JDT 2437495.5) 1960Jan20.86� 0:02 0.220(460.60� 0:11RJ) 2.73
12:17+0:29

� 0:27 yr

a occurredon1955May 28.0(JDT2435255.5)� 6 days
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Fig.1. SimulatedTSCtrajectoriesfor 82P, 111P, and1996R2.Plotsshow x-y projections,over 1 AU square,ontotheheliocentricorbitalplaneof
Jupiter, in thejovicentricrotatingframewherethesunis alwaysin thedirectionof the� x-axis.Thearrows indicatethedirectionof time(opposite
to thedirectionof theintegrations,whichwentbackwardsin time).
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Fig.2. 3D-view of 147P's trajectoryduring TSC in the jovicentric rotating framecovering 1 AU square.The vertical lines, spacedat 10-day
intervals,eachconnecta positionof thecometon thetrajectorywith its projectionontothex-y plane.
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Fig.3. x-y andx-zprojectionsof TSCtrajectoriesfor 243clonesgeneratedfrom 147P. They underwentlongTSCs,completingtwo full revolutions
aboutJupiterduring the L2 ! L1 transition.Thedispersionof their trajectoriescorrespondsto � 1� error in theorbit determination.Hencewe
concludethatthereal147Pindeedexperienceda long TSC/orbiterevent in themid-20thcentury.
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Fig.4. Variationsof rJ; EJ; E� andTJ of 243clonesof 147Pin andaroundtheir interval of TSC,whererJ = jovicentricdistance(in AU); EJ and
E� = jovicentricandheliocentricKeplerenergy, respectively; TJ = Tisserandparameter. Theabscissafor all theplotscovers2431596.5(1945
May 21.0TT) to 2438095.5(1963March07.0TT), thetime for which thenominal147Pwaswithin 2 AU of Jupiter.


