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ABSTRACT

Context. The quasi-Hildacomets(QHCs), beingin unstable3:2 Jovian meanmotion resonanceare considereda major causeof

temporarysatellitecapture(TSC) by Jupiter Thoughthe QHCsmay be escapedilda asteroidstheir origin andnaturehave not yet

beenstudiedin su cientdetail. Of particularinterestarelong TSCdorbiters.Orbiters— in which at leastonefull revolution about
theplanetis completed- arerareastronomicakvents;only four have beenknown to occurin thelastseveraldecadesEvery casehas
beenassociatedvith a QHC: 82RGehrels3; 111RFHelin-Roman-Crocktt; P/1996 R2 (Lagerkvist);andthe possiblyQHC-derved

D/1993F2 (Shoemakr-Levy 9, SL9).

Aims. Wefocusonlong TSClorbitereventsinvolving QHCsandJupiter Thuswe suney theknovn QHCs,searchindor furtherlong

TSCdorbitersover the pastcentury

Methods. First, we con rmed the long TSClorbiter eventsof 82R 111R and 1996 R2 in orderto testour methodagainstprevious
work, applyingageneraN-bodyNewtoniancode We thenusedthe sameprocedureo suney theremainingknovn QHCsandsearch
for long TSClorbiterevents.

Results. Wenewly identi ed anothelong TSClorbiter:147RKushida-Muramatsfrom 1949May 14*%232?,5—1961July15. Ourresult
is veri ed by integrationsof 243clonedorbitswhich take accounof the presenbrbital uncertaintyof this comet.Theeventinvolves
anlL, ! L, transitionaswith 82Pand 1996 R2; this may represent distinct subtypeof TSCsfrom QHC derived (L; ! ) longer
capturesexempli ed by 111Pand(probably)SL9, thoughthis classi cationis still only basedon a smalldatabasef TSCs.
Conclusions. Thisis thethird long TSCandthe fth orbiterto befound,thuslong TSClorbitereventsinvolving Jupiterhave occurred
onceperdecadeTwo full revolutionsaboutJupiterwerecompletedandthecapturedurationwale:17*8@%? yearsboththesenumbers
rank147Pasthird amonglong TSClorbiterevents,behindSL9and111P This studyalsocon rms theimportanceof the QHC region
asadynamicalrouteinto andout of Jovian TSC,via the Hill' ssphere.
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1. Intr oduction

Amongall theasteroidshathave beernrecordedipto thepresent
in the asteroiddatabasee.g.,the “JPL Small-BodyDatabase”
(http://ssd.jpl. nasa. gov/ ), a large number (more than
1000includingunnumbereabjects)areknown to populatethe
region of the 3:2 meanmotion resonanc€MMR) with Jupiter
in theoutermainbelt. Thesearethe“Hilda asteroids’(Schubart
1968 1982 1991 Ip 1976 Yoshikava 1989 Franklin et al.
1993 Neswrny & Ferraz-Mello1997. Their semimajoraxes,
a, concentratein the range 3.7 AU a 4.2 AU, atec-
centricitiese  0:3, and inclinationsi 20 (Zellner et al.
1985. This resultsin a rangeof the Tisserandparametemith
re&pectto Jupiter T;, of 2:90-3.05,where T; = aj=a +
2 a=ay(1 €?)cosl,with a; beingthesemimajomaxisof Jupiter
and| the mutualinclination betweerthe orbits. The critical ar-
gumentdor theHildas, =3 ; 2 $,librateaboutO , being
stablein the long-term( is meanlongitude,$ is longitudeof
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perihelion,andJ indicatesJupiter).As regardsphysicalproper
ties,thelow-albedoD- andP-typesaremoreatundantn Hildas'
surfacecoloursthanthe small fraction of C-types(Dahlgren&

Lagerkvist1995 Dahlgrenet al. 1997 Gil-Hutton & Brunini
2008 Licandroetal. 2008. Thesurfacecolourof D- andP-type
asteroidssuchasHildasandTrojansin theoutermainbelt, cor-

respondsvell with that of cometarynuclei (Fitzsimmonset al.
1994 Jewitt 2002, which meansthat they are coveredwith a
similar mineralogicakurface,suggestie of acommonorigin.

Morethan50 Jovianirregularsatellitesareknown at present
(Jewitt & Haghighipour2007). Cuk & 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-dragassistednechanismThustracing
the origin and natureof irregular satellitesis very signi cant
for studyingthe accretionprocessesn the early solar system.
Satellitecapturemechanicsn the circular restrictedthree-body
problem(CR3BP)or the N-body problemhasoftenbeeninves-
tigated(e.g.,HéNon197Q Huang& Innanenl1983 Tanikawva
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1983 Murison 1989 Brunini etal. 1996 Neswrny etal. 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 nearthe Hilda zone,
althoughbeing in unstable3:2 MMR with Jupiter Some of
themhave beentransferredrom outsideto inside,viceversa or
from insideto inside of Jupiters orbit by undegoing a tempo-
rary satellitecapture(TSC) by Jupiter(e.g.,Carusi& Valsecchi
1979 Tancredietal. 1990. Sucha JFCis calleda “quasi-Hilda
comet” (QHC) by Kresak (1979, who identi ed threesuchob-
jects:39ROterma,74R Smirnova-Cheriykh, and82RGehrels3.
Di Sistoet al. (2005 integratedthe motionsof 500 ctitious
Hildasfor  10° years,and found that mostof them escaped
from the Hilda zoneinto the JFC population,i.e., left the 3:2
MMR andevolved quickly on to unstableorbits: sucha chaotic
di usionfrom the Hilda zone hasalso beendemonstratedy
Neswrny & Ferraz-Mello(1997). In addition, large-scalecol-
lisional processessuchasthe late heary bombardmentmight
also releasesmall bodiesfrom the Hilda zoneinto JFCs,e.g.,
seeGil-Hutton & Brunini (2000. Hence,someQHCsmay in-
deedbe suchescapedildasthemseles.Recently Toth (2006
updatedhe QHClist, nding atotal of 17 membergseeSection
3). ThisincludesbodiessuchastherenovnedCometD/1993F2
(Shoemakr-Levy 9, SL9) that have undegoneTSC by Jupiter
and then disappearedafter colliding with the planet. Surface
spectroscopidor colorimetric) measurementfor QHCs have
only beencarriedout for 82P (De Sanctiset al. 2000, the re-
sultsof which alsoindicatea taxonomicD-type.

Among the QHCs, 39R Otermawasthe rst known to be
temporarilycapturedoy Jupiter in 1936-193§Marsdenl962).
However, this comet e w throughthe region nearJupiterover
a rathershorttime, during which the cometdid not complete
a full revolution orbiting aboutthe planet.In contrast,unlike
39P5s “y-through” capture,thereis a di erentkind of TSC,
in which at leastone full revolution aboutthe planetis com-
pleted;we dealwith thesein the presenpaper Following Kary
& Dones(1996 we call suchobjects“orbiters”. Theseare of-
tencharacterizety along capturewith very smallperijove dis-
tance,usuallylastingfor 10 yearsor more.Not all orbiters
becomesuchlong TSCs(> 10yr), althoughof coursethey last
longerthanthe y-through type. SL9 is a representatie case
for bothlong TSCsandorbiters.This cometwaspointedout to
have possiblybeenQHC-derived beforeits tidal disruptionon
passinghroughperijove at lessthan1.5 Jovian equatorialradii
(Ry, whereR; = 714924 km), i.e., within the Rochelimit, in
1992 July andits subsequentollision with Jupiterin 1994 July
(Nakano& Marsden1993 Sitarski1995 Benner& McKinnon
1999. If it is QHC-derved,then SL9 is the only QHC so far
that hasbeenorbiting the planetasa TSC at the time of dis-
covery (Benner& McKinnon 1995. By numericallyintegrat-
ing SL9's pre-collisionorbital motion, several studiesshaved
thatthe TSC durationof SL9 lastedfor 50 yearsor more,dur-
ing which the comet completedmore than 30 revolutions or-
biting about Jupiter making it nominally the longestknown
TSC (Carusiet al. 1994 Benner& McKinnon 1995 Chodas
& Yeomandl996. However, accordingo Benner& McKinnon
(1995, SL9wasthe mostchaoticknown objectin the solarsys-
temwith ane ective Lyapunw time of only 10 yearson its
jovicentric orbit. Thusit is di cult to determinewith certainty
SL9's pre-captureorbit andits true TSCduration.Nevertheless,
Benner& McKinnon'sadditionalstatisticalanalysisof distribu-
tionsin a-espaceandT; valuespasednbackintegrationsof the

variousSL9 fragmentsyevealeda possibleQHC origin of SL9.
Thework of Kary & Dones(1996 supportghis possibility:they
tracedthe motionsof numerousctitious JFCsfor  10° years
andfoundthat half the SL9-like very long captures> 50 years
weredueto QHCs. They estimatedhat the frequeny of such
a very long TSC (= “long capture”as designatedy them)is
extremelyrare,only 0.02%of all the TSC eventsin their simu-
lations.Interestingly impactson Jupiteraremorefrequentthan
thevery long TSCsby afactorof 8-9.They alsoevaluatedthat
long TSCs(= “orbitersbound> 10yr” asdesignatedy them)
andorbitersarestill rareevents,at therespectie levelsof 0.8%
( verylong TSCs)and2%( long TSCs)relativeto all events,
with about98%beingtheshortTSCtypewhichcontainghe y-
throughevents.Carusi& Valsecch(1979 hadearliercon rmed
therarity of orbiterevents simulatingmotionsof ctitious small
bodiesaswell.

In thejovicentricKepleriansystemaTSC (especiallyalong
TSCorbiter) occurswhenerer a small body passesiearone of
the collinearlibration pointsL; or L, in the CR3BPof the Sun-
Jupiter(third) body systemwith very low velocity, i.e., e ec-
tively becomingboundby Jupiterwhenit entersthe Hill' s re-
gion with nearzerovelocity. After that, the boundsmall body
revolves aboutJupiteron an elliptical jovicentric orbit until it
again passeghroughthe region neareither L; or L, and es-
capesrom the Jovian system Consideringsucha transitionus-
ing newly developeddynamicalsystemgechniquedasedon a
Hamiltonianformulationin the CR3BR Koonetal. (200 and
Howell etal. (200]) demonstratethata TSC by Jupiteroccurs
whenthe smallbodypasseshrougharegioninsidetheinvariant
manifoldstructurerelatedto periodichaloorbitsaroundL; or L,
in the Hill' sregion. The TSC (or its duration)is usuallyde ned
by the jovicentric Kepler enegy, E;, beingnegative, E; < 0,
with theadditionalconditionthatthe boundsmallbody mustbe
within the jovicentric sphereof gravitationalin uence: Kary &
Dones(1996 setits boundaryat 3 Hill' s sphereradii (=1.065
AU) of Jupiter However, Howell etal. (2001) de ned the TSC
durationasthe residencdime in the Hill' s region. The former
generallylastslongerthanthelatter, andherewe regardthefor-
merasthe TSCduration.Thedynamicsnvolvedin TSCis quite
di erentfrom thatof quasi-satelliteg 1:1 librationwith Jupiter
far outsidethe Hill' s region (Wiegert et al. 200Q Kinoshita&
Nakai2007).

Apart from SL9, only three orbiters have been known
to occur Every casehasbeenassociatedvith a QHC: 82P;
111RHelin-Roman-Crocktt; 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, respectiely, andare discussedurtherin
Section2. The occurrenceof thesefew eventsduring the last
severaldecadess consistentvith therarity of long TSClorbiter
eventssuggestedy Kary & Dones(199§. Although 74P en-
counteredupiterat distancef 0.24 AU and0.47 AU in 1955
Octoberand 1963 Septemberespectiely, it wasnot boundto
Jupiter(Rickman1979 Carusietal. 19850); this cometis, how-
ever, expectedto experiencea TSC by Jupiterin this century
(Carusiet al. 1985bandseealso Section4). Therefurther ex-
ist someJFCsthat encounteredupitermore closely than sev-
eral QHCs involved in TSC, e.g., 16PBrooks 2; D/1770 L1
(Lexell); 81PWild 2; but they were not capturedby the planet
owing to their high-velocity encounterqCarusi et al. 19853
Emel'yanenio 2003.

Thereforestudying the origin and nature of QHCs is of
greatimportancgrom variousastronomicapointsof view men-
tioned above, especiallyas regardstheir origin and being pos-



Ohtsukaetal.: Quasi-Hildacomet147HRKushida-Muramatsu 3

sibly relatedto the Hildas and the Jovian irregular satellites.
Such studiesmay provide unique knowledge and clues about
formation processesn the early solar system.Here we focus

on long TSCorbiter eventsinvolving Jupiterand QHCs. First

(Section2), applyinga generalN-body Newtoniancode,we re-

con rmed the long TSClorbiter eventsof 82R 111R and 1996

R2. Then (Section3) we usedthe sameprocedureto search
Toth's (200§ QHCslist for otherobjectsthathave becomdong

TSCdorbitersin the pastcentury Eventually we successfully
foundanotherdong TSCorbiter, occurringin the mid-20thcen-

tury, 147RKushida-Muramatsu.

2. Computation method and its application to the
known TSCs

Thejovicentrictrajectoriedor thelong TSCgorbiters exceptfor
SL9, have beennumericallysimulatedby Carusi& Valsecchi
(1979 andCarusiet al. (1985a 1985H for 82P by Tancrediet
al. (1990, Belbruno& Marsden(1997) andHowell etal. (200])
for 111R andby Hahn& Lagerkvist(1999 for 1996R2.

First of all, we attemptedo reproduceheir TSC eventsin
orderto compareour simulationswith theseprevious studies,
integratingbackto the time of eachTSC. We applieda general
N-body Newtonian code,then equationsof motion for the ith
bodyare:

!
B\l ri r_] . (l)

N

= G(M +m)r

[3 m;
: =1j, i

whereG is thegravitationalconstantM andm arerespectiely
the massof the sunandtheith body (i = 1;2; ;N), rj isthe
heliocentricpositionvectorof theith body; r; is the heliocentric
distanceof the ith body, andr;;j is the distancebetweenthe ith
and jth bodies.Here,we regardedcometsasmasslesgodies.

Theintegratorthatwe appliedhereis the*"SOLEX”, Ver. 9.1
packagedevelopedby Vitagliano(1997 basedon the Bulirsh-
Stoer method. Coordinatesand velocities of the planets,re-
gardedas point masseswere basedon the JPL Planetaryand
Lunar EphemerisDE409.We con rmed that the resultsof our
numericalintegrationsdid not signi cantly changewhen we
usedotherintegrationmethodghatwe have oftenappliedin our
studies.e.g.,the Adamsmethod.Our integrator canaccurately
process/ery closeencounterdy meansf aroutinethatmakes
automatictime stepadjustmentsand truncationand round-o
errorsarealmostnggligible for ourinvestigatiorhere.Therefore
the SOLEX integratoris su ciently reliable to deal with the
problemof closeencountersvith Jupiter

As initial parametersyp to dateosculatingorbital elements
were taken from the JPL Small-Body Database mentioned
above in Section1, for 82P and 1996 R2 and from Nakano
(2009 for 111R aslisted in Table 1. 82Pand 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,consequentlwith a shorterarc, the number
of astrometrigpositionsis the most,135,andthe RMS residual
is theleast,0°076,amongthethreecometshencewe judgedthat
the TSC of 1996 R2 is worth simulatinghere.The nongraita-
tional parameters$or theseQHCs' motionswerenot detectable
from their astrometryhencewere not includedin our integra-
tions— in ary casetheir motionsare chaoticduring TSC. The
Jovian oblatenesgermsand the perturbationdy the Galilean
satelliteswere alsoignoredsincetheir e ectsare negligible in

ourinvestigationgseeKary & Donesl996; thesee ectsshould
be includedin analysef very long TSCsof SL9-like objects
having highly inclined Jupitergrazingorbits.

Our simulatedTSC trajectoriesof 82R 111R and 1996 R2
areshavn in Figurel. In theseplots we usea rotatingframein
which thejovicentricrectangulacoordinatesrereferredto the
heliocentricorbital planeof Jupiter with the sunlocatedin the
directionof the x-axis, andthe +z-axis pointing to the north.
In Figurel every TSCmotionis unstableandchaotic,with sub-
stantialsolarperturbation®ccurringneareachcomets apojove.

AmongtheseTSCs,thetrajectoriesf 82Pand1996R2 are
similarin pro le to eachother Both theseQHCscametangen-
tially from outsideJupiters orbit with a low-inclination retro-
grademoation,i.e., theirpre-capturdeliocentricorbitsimply that
they camefrom the Centaurregion, their periheliabeingbeyond
the Jovian orbit. During the TSC, rst they passedtloseto L;
with low relative velocities(betweenJupiterand cometsin the
jovicentric frame) of respectiely 0:7 kms ! and 0:6 km
s 1, thenrevolved aboutJupiter completingonefull revolution,
and nally escapedrom theJoviansysteminto theQHC region,
passingnearl;. In theL, ! L; transition,an objectthat en-
tersthe Jovian systemcloseto L, seemdo have enoughorbital
enegy to rapidly escapehroughthe region nearL; (Tanikava
1983. The long lasting capturedor 82P and 1996 R2 may be
somavhatrelatedto the orbital stability for theretrogradesatel-
lites (Huang& Innanenl1983 Neswrny etal. 2003. However,
the TSCdurationis belon 10 yearsin bothcasessoto bemore
exact theseorbitersshould perhapsnot be cateyorizedas long
TSCs.

On the other hand,the motion of 111Pwas more compli-
catedthanthoseof 82Pand1996R2. 111Pcompletedhreefull
revolutions about Jupiterduring its long TSC of 18.45years,
both of which numbersrank secondnext to SL9 amongknown
TSCs.lIts pre-captureand post-escapéeliocentricorbits were
both QHC type (Belbruno& Marsden1997), enteringthrough
the region nearlL; at a relative velocity of 1.0 km s ! and
escapingnearlL; again.lts capturéescaperajectoryis almost
symmetricaboutthe x-axis (cf. Murison 1989 insidethe Hill' s
region in the CR3BP Howell et al. (2001 demonstratedhat
the 111P capturéescapdrajectoryis almostidenticalto some
asymptotictrajectorywinding onto a periodic halo orbit of L,
suchtrajectorieforming sggmentsof theinvariantmanifolds.

We thereforerecon rmed the long TSCorbiter eventsin-
volving 82R 111Pand1996R2. Our orbitertrajectoriedook ex-
actly asin Belbruno& Marsden(1997 andHowell etal. (2001
for 111Randasin all theabove paperdor 82R but theresultshy
Tancrediet al. (1990 for 111PandHahn& Lagerkvist(1999
for 1996 R2 shav somevhat di erentbehaiours. Both these
canbeascribedo slightdi erencesn initial parameters- their
initial orbitswerebasedn obsenationalarcsof respectiely 2—
4 monthsand111dayswhereaourswerebasedn longertime
span®f 4643and153days.BesidesHahn& Lagerkvist(1999
plotted the trajectory not of the nominal orbit but of a clone,
i.e., apossibleTSCtrajectorywithin the uncertaintyof the ini-
tial parameterdn fact,we could not reachthe TSC of 1996 R2
by using their nominal orbit. This demonstrateshat in study-
ing TSCevents,initial parametermustbe determinedrecisely
basedn long-arcimprovedorbital solutionswherever possible,
sincejovicentricorbitsduring TSC have a chaoticnature.

The capturesituationsof theseQHCs are summarizedn
Table2. Duringthesel SCs,82R 111Pand1996R2 experienced
2, 6 and 3 perijove passagestespectiely. In particular 82P
passedts closesperijove of 3:01R;in 1970August,justoutside
the Rochelimit for comets 2:7R; (assuminga cometarybulk
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density 1 gcm 3). Table2 alsoshovs the minimumvalues
of the jovicentricKeplerenegy E; = 1=2a°(in AU 1) where
alis the semimajoraxisfor thejovicentricorbit. Thelow values
attained, 2:80, 3:20,and 3:28for thethreecometsareoften
afeatureof long TSCgorbiters,asagainst 1:79whichwe have
computedor 39Pduringits y-through in the 1930s.

Shortly after TSC, thesethree QHCs were discoreredand
obsened as “quasi-Hilda comets”for the rst time. The time
di erence, T(rsc obs) betweerthe endtime of the TSC, given
in Table 2, andthe rst astrometrictime, givenin Table1, is
notable.Every Trsc obs) is shortenough(1.3 yearsfor 82R
3.49yearsfor 111R and3.16yearsfor 1996R2) to indicatethat
thesimulatedTSCshouldbearealevent.

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

another long

Next we suneyedthe remainingobjectsin Toth's (2006 QHC

list (Table 3) to determinewhetherother long TSCgorbiters
aroundJupiterexist. We appliedour codeto integrateeachor-

bit back 100 yearsfrom its initial epoch,sincethe Lyapunw

time of JFCsis rathershort, generallyl00 50 yr (Tancredi
1995. Moreover, going back more than 100 yr may not be

meaningfulbecauseof likely weak nongraitational accelera-
tions, in additionto the accumulatiorof orbital errors.We rec-

ognizedthat short TSC events have sometimesoccurred,for

whichresultswill bepublishedasanadditionalpaperelsavhere.
Eventually we successfullyfound anothedong TSC,involving

147RKushida-Muramatsu.

The obsenational history of 147Pis describedby Green
(1993 2000 andKronk (2008. The cometwas photographi-
cally discoveredby Y. KushidaandO. Muramatsu'Yatsugatak
SouthBaseObsenatory, Japan)n 1993DecembeB.65,using
a 0.25-mf/3.4 re ector. It wasthenat magnitude 165 and
slightly di use,about1-2 in diameterwith a centralconden-
sation.The cometwas recoveredon 2000 October3.72, when
T. Oribe (Saji Obsenatory, Japan)obtainedCCD imageswith
the1.03-mre ector. Thus147Phasbeendetectedattwo perihe-
lion returnsallowing it to benumberedalthoughit hasnotbeen
astrometricallyobsenedsince2002March.

In our integrationof 147R theinitial parametersveretaken
from Nakano(2002), aslisted in Table 4. His orbital solution
wasaccuratelyimproved basedon 197 carefully selectedposi-
tionscoveringanarcof 3024daysandalsoprovidedassociated
errorestimategTable4). We believe thatthis solutionis thebest
determinedor this comet,probablybasedon a longerarc and
moreastrometrigpositionsthanary other The nongravitational
accelerationsn 147PS motion were not detectedrom the as-
trometry Integrating back this orbit, we found that the comet
was capturedby Jupiterin the mid-20th century The 3D-view
of 147Ps TSCsituationis illustratedin Figure2.

However, T(rsc obs) Of 147Pis extremelylarge, morethan
30 years,which greatly exceedsthe valuesof < 3:5 yearsfor
82PR 111Pand1996R2 (andalsoSL9with negative T(rsc obs)-
Thuswe mustfurther examinewhetheror not 147Preally un-
derwenta long TSCorbiter phasein the mid-20th century To
answerthis, we tracedother possibleorbital motionsof 147P
backto andduringits TSC,generatingnultiple “clones” at ini-
tial epoch,andintegratingthem.As well asthe nominal 147P
osculatingorbit, othercloneshadslightly di erentorbital ele-
mentswithin the 1 error, givenin Table4. We generatedhe
cloneson the basisof threepossiblevalues[nominaland 1 ]
for ve orbital elementda; ;! ; ;i]. This numberof permu-

tationsyieldeda total of 243 (= 3°) clones,including the nom-
inal one.We alsogeneratedometestclonesvarying T (or M)
within theallowederror, con rming thatthise ectis negligible;
thuswe excludedthis parametemwhen generatinghe main set
of clones.Corversely we founda to bethe moststronglye ec-
tive parametein causingdivergenceamongthe clones'orbital
behaiours.

We foundthatall 243 clonesunderwenfT SCs.In Figure 3,
we canseethattheir trajectorieshecomescatteredn their pre-
captureorbital phasewhile corverging toward the post-escape
phase sincethe orbital motionswere integratedback in time.
However, thedispersiorof their TSCtrajectoriescorresponding
to 1 errorin theorbit determinationjs not asscatteredsis
sometimesxpectedwith chaotictrajectoriesWe concludethat
it is very likely that 147Preally wasan orbiter, experiencinga
long TSCin the mid-20thcentury The motionsof all the clones
follow almostthe samepro le asthoseof 82P and 1996 R2,
comingtangentiallyfrom outsideJupitersorbit, i.e., with alow-
inclination retrogrademotionin the jovicentric frame.The pre-
captureheliocentricCentaurorbit of 147Phada 6:2 AU, q
5:8 AU, ande  0:07. The cometenteredthe Jovian system
passingthroughthe region nearL, with relative velocity 0:9
kms 1, revolved aboutJupiter escapedrom the Jovian system
passingnearl,, and was discoreredand obsened as a QHC
after 32 years.However, animportantdi erencefrom both
82P and 1996 R2 is that 147P completedtwo full revolutions
aboutJupiter thusexperiencinga signi cantly longerTSC.

Figure4 showvsthevariationsin rj; E;; E , andT; of all the
clonesn andaroundthe TSCinterval, wherer ; is jovicentricdis-
tance(in AU), andE is heliocentricKeplerenegy = 1=2a(in
AU 1). Ther; andE; diagramsn the pre-captureorbital phase
displaya scatterthatis asevidentasthe scatterin Figure3. We
cansee(mostclearlyfrom ther; diagram put with signsalsore-

ected in theotherthreeplots)that147Pexperiencedhreeperi-
jove passaged-hetermof negative E; correspondso TSC,dur-
ing which r; wasalwayswithin 3 Hill' s sphereradii, asde ned
in Section1; thus 147P underwenta long TSC for 12:17+322
years(where error estimatesare basedon the clones' disper
sion). The minimum E; taking a low valueof 2:78 0:01is
alsoan expectedfeatureof along TSCorbiterevent.In the E
diagramwe canseethesharpspike correspondingo theclosest
encountetto Jupiter during which the nominalheliocentricor-
bit is brie y hyperbolic.Thevalueof T;wasslightly higherthan
3.0in the pre-captureorbital phaseasis often associatedvith
low-velocity encountersat Jupiter (Kresak 1979, andit sud-
denly droppedtwice aroundthe closestperijove passagesie
summarizehe capturesituationdataof 147Pin Table5 (again,
errorestimatexomefrom therangeshawvn by all theclones).

Alsoindicatedin theE diagramin Figure4 isthecommen-
surability of 147Pwith Jupiterchangingfrom 3:4 Centaustype
in the pre-captureorbital phaseto 8:5 (ratherthan 3:2) QHC
in the post-escapphaseThis, however, correspondso the os-
culatingorbitimmediatelypost-escapeandintegrationsfor mo-
tionsof all theclonesoveralongertimescalesuggesinsteadhat
147Pmightlibratein the 3:2 Jovian MMR for  350yr follow-
ing the TSC (andis doingsoat the presentime), thoughwith a
someavhatfasterlibration periodandhigherlibration amplitude
(135 forthenominalorbit) thanthemorestable typical Hilda
asteroidorbits (e.g.,Schubart1982 1991 Franklinetal. 1993
Neswrny & Ferraz-Mello1997). Moreover, testintegrationsof
the otherobjectssuggesthat of the QHCsknown to have been
involvedin a TSC, only 147Phasundegoneaninterval where
thecritical algumentof the 3:2 MMR librates.
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Furtherbackwardintegrationsof 147Pinform usof the pos-
sibility of anotherTSC somevhere betweenthe late-19thto
early-20thcentury However, as all the cloneswere extremely
scatteredy thattime, we do notconsiderthat TSChere.

4. Concluding Remarks

On the basisof our investigationsabove, we have presented
a newly identi ed TSC of a cometby Jupiter This is in the
rare,orbiter classof TSCsandinvolves147Pfrom 1949 May

14+i(7)23§5—1961.]uly 15.Thisis thethird long TSCof > 10years

andthe fth orbiter found, sothat Jupiters long TSCgorbiters
have occurredbnceperdecadeThecompletionof two full revo-
lutionsaboutJupiterandthe capturedurationof 12:17+0:2° years
rank147Pasthird in boththesenumbersamongknown orbiters,
behindSL9and111P

4.1. TSC Classi cation

Following Kary & Doneg(1996), we classifytheknown TSCsas
follows: 39Pas y-through, 82Pand1996R2 asorbiters,111P
and147Paslong TSCs(> 10 years),and SL9 asa very long
TSC(> 50years).

On the other hand, dependingon the TSC characteristics,
Howell etal. (2001) de nedtwo TSCtypes:Typel asa39P-like
y-through; Type2 asalonglastingcapturdike 111Rwherethe
cometexperiencesnore than one closeencountemwith Jupiter
while in the TSCregion. Herewe tentatiely divide Type 2 into
two subtypesType 2A asthel, ! L; transitionsuchas82R
1996R2 and147P;Type 2B asthe QHC-derved(L, ! ) longer
capturethan2A, aswith 111PandSL9. FurtherTSCclassi ca-
tionsmaybe possiblen thefuture,if di erentkindsof TSCare
found.

4.2. Future TSCs

We also suneyed all the known QHCs, integrating their or-
bital motions forward for 100 years to check for future
long TSCsgorbiters. We found that 111P will undego a long
TSCorbiterphasewith 6 perijove passagesgandminimumE;

3:19, from 2068 April 20—2086June09 (duration 1814
years)Weidenti ed aratherlong captureof 82Pwith minimum
E; 2:26thoughit is notanorbiterbut insteadfollows a sym-
metrictrajectoryaboutthe x-axis,from 2056 Februaryl8—-2064
July 26 (duration 8:43 years).Thereappearto be two TSCs
for 74P if we take its initial parametergrom the JPL Small-
Body Databasefrom 2025 August 10-2031May 29 (duration

5:80yearsminimumE; 0:74)and2081Januar29-2085
January?29 (duration 4:00yearsminimumE; 0:77).

Suchfuture TSCshave alreadybeenpredictedby Carusiet

al. (1985a 1985h for 74P and 82P and Tancrediet al. (1990
for 111R andour simulationsarealmostidenticalin pro le with
those . Meanwhile,it is unlikely that1996R2 and147Pwill en-
counterJupiterasalong TSCorbiterfor thenext 100yearsfrom
eachinitial epoch.No further long TSCdorbiters were found
amongtheremainingQHCs.

4.3. Tidal Effects

Herewe discusghe Jovian tidal force actingon 147Pandother
capturedQHCs, aroundtheir perijove passagesWell-known
cometarytidal splitting eventshave occurredwice: 16Pin 1886
(Sekanina& Yeomansl1985 and SL9, both passingperijove

within theRochédlimit for comets, 2:7R;. In contrasttheclose
encounteof 147Pwith Jupiteraround1952August26 (Table5)
wasat a perijove distanceof 14:61*221R;, comfortablyoutside
theRochéimit. Theradius,R., of 147P5snucleusvasestimated
at0.21km by Lamy et al. (2004, the smallestamongall their
measuredometarynuclei.

The Jovian tidal stress, 7, actingon small bodies(QHCs
here),is givenby:

r Gmy RZ=r3; 2)

wherem; is the massof Jupiter Comparedto the 1 acting
on SL9 at perijove < 1:5R; in 1992 (Scotti & Melosh 1993
Asphaug& Benz1994 1996, the 1 for 147Pwasextremely
small, amountingto < 0:005% if we take the original, pre-
encounteR; of SL9as 1km (Scotti& Melosh1993 Asphaug
& Benz19949 and of boththe cometsasbeingequal.Hence,
althoughour treatmentereis approximatethereseemsorea-
sonto believe that 147Pwasa ectedby Jovian tides. On the
otherhand,82R which passedts perijoveat 3:01R;in 1970,just
outsidethe cometaryRochelimit, may have su eredsomeef-
fect dueto the Jovian tides, even thoughit wasnot brokenup.
TakingR; for 82Pas0.73km (Lamyetal. 2004, andequal as
above,impliesthatthe 1 actingon 82P could be up to 7% of
thatfor SL9. If 82Pis a friable andfurthermorea looserubble-
pile object,theheatingenegy from continualJoviantidesmight
su ciently a ectthe comets nucleusstructureso asto allow
H>O0 ice, if presentto sublimateeven though82P is beyond
the usualheliocentricdistancefor H,O sublimation.If our hy-
potheticalscenarids true, suchtidal heatinge ectscouldtrig-
ger cometaryactiity on 82P and producean outhurst. In this
event,the comasizeandconsequenbrightnessvould peakser-
eraldays(or more)afterthemaximumtidal e ects.

Anotherintriguing pointis whetheror notothertidal e ects,
e.g.,tidal distortion andtidal torquesleadingto rotation state
changegScheeregtal. 2009, aredetectablen thelight-curve
obsenationsof the capturedQHCs.In the physicaldatabasef
cometarynuclei by Lamy et al. (2004, we cannotice a rather
high axis ratio (a=b > 1:6) andlong rotationperiod 50 hrin
thedatasetf 82R thoughaninterpretatiorin termsof suchtidal
e ectsis still speculatie.

4.4. Comets or asteroids?

At ary rate,we have consideredhereonly a smallsubsebf the
TSCevents focusingonthelong TSCsorbiters,for whichthere
still exist only limited available data. Thereforewe know little

aboutsuchuniqueandextraordinaryastronomicaévents,which
arestill full of ambiguitiesin addition,we do notknow whether
QHCsarecometsr asteroidsindeed severalQHCshave some-
timesbeendiscoveredor recoveredasasteroiddecausef their
cometanyactiity beingweak:e.g.,36P(= 1925QD = 1940RP),
39P (= 1950CR), 74P (= 1967EU = 1978NAg = 1981UH;3
=1982YG3), D/1977C1 (= 1977DV3), PI1999XN 120, P/2001
YX 127, and P/2003 CP;. Furtherobsenationsand researctfor

the QHCswill benecessaryo unlocktheir origin andnature.

Acknowledgments. We wish to thank Prof. A. Vitagliano for providing the
SOLEX packageWe arealsogratefulto ananorymousreviewer for usefulcom-
mentsthat improved the paper Part of this work was supportedby the 2008
domestidellowship of the AstronomicalSocietyof Japarfor KO.

References
AsphaugE., & Benz,W. 1994 ,Nature,370,120



6 Ohtsukeetal.: Quasi-Hildacomet147HKushida-Muramatsu

AsphaugE., & Benz,W. 1996,Icarus,121,225

Belbruno,E., & MarsdenB. G.1997,AJ,113,1433

BennerL. A. M., & McKinnon, W. B. 1995,Icarus,118,155

Brunini, A., Giordano,C. M., & OrellanaR. B. 1996,A&A, 314,977

CarusiA., & ValsecchiG. B. 1979,in Asteroids,ed.T. GehrelgUniv. Arizona
PressTucson),391

CarusiA., Kresak, L., PerozziE.,& ValsecchiG.B. 1985a,n IAU Collog.83,
Dynamicsof Comets:Their Origin and Evolution, ed. A. Carusi& G. B.
Valsecchi(D. Reidel,Dordrecht) 319

Carusi, A., Kresak, L., Perozzi,E., & Valsecchi,G. B. 1985b, Long-term
Evolution of Short-periodComets(AdamHilger, Bristol)

CarusiA., MarsdenB. G.,& ValsecchiG. B. 1994,Planet.SpaceSci., 42,663

ChodasP. W., & YeomansD. K. 1996,in IAU Collog. 156, The Collision of
CometShoemakrLevy 9 andJupiter ed.K. S. Noll, H. A. Weaver, & P.

_ D. Feldman(CambridgeUniv. PressCambridge)1

Cuk,M., & Burns,J. A. 2004,Icarus,167,369

Dahlgren M., & Lagerkvist,C.-1. 1995,A&A, 302,907

Dahlgren M., Lagerkvist,C.-I., FitzsimmonsA., etal. 1997,A&A, 323,606

De SanctisM. C., Lazzarin,M., Barucci,M. A,, etal. 2000,A&A, 354,1086

Di Sisto,R. P, Brunini, A., Dirani, L. D., & Orellana,R. B. 2005, Icarus,174,
81

Emel'yanenkb, N. Yu. 2003,Astron.Vest.,37,174

FitzsimmonsA., Dahlgren M., Lagerkvist,C.-1., etal. 1994,A&A, 282,634

Franklin,F., Lecar M., & Murison,M. 1993,AJ, 105,2336

Gil-Hutton, R., & Brunini, A. 2000,Icarus,145,382

Gil-Hutton, R., & Brunini, A. 2008, Icarus,193,567

Grav, T., Holman,M. J.,GladmanB. J.,& AksnesK. 2003,Icarus,166,33

GreenD. W. E. 1993,lAU Circ.,5903

GreenD. W. E. 2000,lAU Circ., 7507

Hahn,G., & Lagerkvist,C. -I1. 1999,Icarus,140,462

Hénon,M. 1970,A&A, 9,24

Howell, K. C.,MarchandB. G.,& Lo, M. W. 2001,J. Astronaut.Sci.,49,539

Huang,T.-Y., & InnanenK. A. 1983,AJ, 88,1537

Ip, W.-H. 1976,Ap&SS, 44,373

Jawitt, D. C.2002,AJ,123,1039

Jewitt, D., & HaghighipourN. 2007, ARA&A, 45,261

Kary, D. M., & Dones|. 1996,Icarus,121,207

Kinoshita,H., & Nakai,H. 2007,Celest Mech.Dyn. Astron.,98,181

Koon,W. S.,Lo, M. W., MarsdenJ.E.,& RossS.D. 2001,CelestMech.Dyn.
Astron.,81,27

Kresak, L. 1979,in Asteroids,ed.T. GehrelgUniv. ArizonaPress;Tucson) 289

Kronk, G. W. 2008, http://cometography.com/pcomets/147p.html

Lamy, P. L., Toth,l., Ferrandez)Y. R., & Weaver, H. A. 2004,in Cometsll, ed.
M. C. FestouH. U. Keller, & H. A. Weaver (Univ. ArizonaPress;Tucson),
223

Levison, H. F. 1996,in ASP Conf. Ser 107, Completingthe Inventory of the
Solar System,ed. T. W. Rettig, & J. M. Hahn (Astron. Soc. Paci ¢, San
Francisco)173

Licandro,J.,Alvarez-CandalA., deLeon,J.,etal. 2008,A&A, 481,861

Luu,J.1991,AJ,102,1213

MarsdenB. G.1962,ASPLea ets, 8,375

Murison,M. 1989,AJ, 98,2346

Nakano,S.2002,0AA ComputingSec.Circ, NK 910

Nakano,S.2005,0AA ComputingSec.Circ, NK 1271

Nakano,S.,& MarsdenB. G. 1993,IAU Circ., 5800

Neswrny, D., & Ferraz-Mello,S.1997,Icarus,130,247

Neswrny, D., Alvarellos,J. L. A., Dones,L., & Levison,H. F. 2003,AJ, 126,
398

Neswrny, D., Vokrouhlicky, D., & Morbidelli, A. 2007,AJ, 133,1962

Rickman,H. 1979,in IAU Symp.81, Dynamicsof the SolarSystemed.R. L.
DuncombgD. Reidel,Dordrecht),293

Scheeres). J.,Marzari,F., & Rossi,A. 2004,Icarus,170,312

Schubart]). 1968,AJ, 73,99

Schubart]).1982,A&A, 114,200

Schubart]J.1991,A&A, 241,297

Scotti,J. V., & Melosh,H. J.1993,Nature, 365,733

SekaninaZ., & Yeomansp. K. 1985,AJ, 90, 2335

Sitarski,G. 1995,Acta Astron.,45,419

TancrediG. 1995,A&A, 299,288

TancrediG., Lindgren,M., & Rickman,H. 1990,A&A, 239,375

Tanikava, K. 1983,CelestMech.,29,367

Toth, 1. 2006,A&A, 448,1191

Vitagliano,A. 1997,CelestMech.Dyn. Astron.,66,293

Wiegert,P, InnanenK., & Mikkola, S.2000,AJ, 119,1978

Yoshikava, M. 1989,A&A, 213,436

Zellner, B., ThirunagariA., & BenderD. 1985,Icarus,62,505



Ohtsukeetal.: Quasi-Hildacomet147HKushida-Muramatsu

Table 1. Initial parametersf QHCs82RGehrels3, 111RHelin-Roman-Crocétt, andP/1996R2 Lagerkvist(equinoxJ2000)

object 82pP 111P 1996R2
osculationepoch(TT) 2002Mar 27.0 2004Dec21.0 19960ct08.0
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 ascendinghode 239:62851 91 :93769 40 :24084
inclinationi 1:12654 4 :23300 2 :60532
numberof astrometrigositions 103 126 135
astrometriarc 19750ct27-2002Mar 08 1989Jan03-2001Sep20 1996Aug 12-1997Jan12

9629days(26.36yr) 4643days(12.71yr) 153days(0.42yr)
RMS residual 079 086 0076

sourcereference JPL12 Nakano(2005) JPL18
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Table 2. Long TSClorbiterdataof QHCs82R 111R and1996R2

object TSCduration no. min. heliocentricorbit& perijove time® dist® V,f
(TT) revd  EpP Li to L; transitiorf (TT) (AU) (kms 1)
82P 1966Dec11-1974Jul11 1 2:80 2:3! 3:2 1970Aug 15.6  0.0014(3.01Ry) 34.25
7.58yr L! Ly 1973Mar24.9 0.041(85.16Ry) 9.18
111P 1967Jan25-1985Jul 08 3 3:20 3:2! 3:2 19690ct14.4  0.057(119.4R;) 5.00
18.45yr Lyl Ly 1972Sep03.2  0.175(336.4R)) 2.33
1976Apr11.2 0.012(24.31Ry) 11.85
1979Jul18.6  0.211(442.4R)) 2.11
1980Nov 17.0 0.201(421.1Ry) 2.20
1983Aug10.1 0.063(131.7R;)  4.74
1996R2 1983Sep07-1993Juni3 1 3:28 7:13! 8:5 1987Mar 19.7 0.0074(15.53R;) 14.92
9.77yr L! Ly 1990Jun28.8  0.169(352.7Ry) 2.78
1992Sep18.5 0.325(680.0R;) 1.82

& numberof completedull revolutionsaboutJupiter

b minimumE; in AU * —occurredon 1970July 30 for 82R 1976Februaryl1 for 111P and1987March 15 for 1996R2

¢ Transitionassociateavith the TSC: rstly , theJovian MMR (heliocentricorbit) the cometis closesto immediatelybefordafterthe TSC;and

secondlythe; pointnearwhichthe cometpassestthestarfendof the TSCphase.

¢4 time of perijove passagén TT
€ perijove distancean AU andalsoin Ry
jovicentricvelocityin km s * at perijove

—
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Table 3. Quasi-Hildacomets

NumberedQHCs:

36PWhipple 39R0term# 74R'Smirnova-Cherykh  77RLongmore
82RGehrels3* 111RHelin-Roman-Croo#tt* 117RHelin-Roman-Alul  129AShoemakr-Levy 3
135FShoemakrLevy 8  147HKushida-Muramatsu

Unnumbered)HCs:

D/1977C1(Ski -Kosai) D/1993F2(ShoemakrLevy 9)¥ P/1996R2 (Lagerkvist}?  P/1999XN 15, (Catalina)
P/2001YX 127 (LINEAR)  P/2003CP; (LINEAR-NEAT) P/200208 (NEAT) P/2004F3 (NEAT)

@ notincludedin Toth's (2006 QHC list
# involvedin previously known TSC
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Table 4. Initial parametersf QHC 147HKushida-Muramats(equinoxJ2000)andtheir 1 errorestimategNakano2002)

osculationepoch(TT) 2001May 11.0
periheliontime T (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 ascendinghode 93 :69336 0 :00044
inclinationi 2 :36694 0 :00004
numberof astrometrigpositions 197
astrometricarc 1993Dec08-2002Mar 20
3024days(8.28yr)

RMS residual 0°°85
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Table 5. Long TSCdataof QHC 147P

TSCduration no. min. heliocentricorbit & perijove time dist. V;
(TT) rev.  Eg L; to L; transition (TT) (AU) (kms 1)
1949May 14-1961Jul15 2 278 3:41 8:5 1952Aug 26.633  0.007035%%4 (14.6T2%R))  15.45152
(= JDT 2433056*97 0:01 L! L 1955Jan18.8%8,  0.0273%%013(57.052%R,))  7.590%
JDT 2437495.5) 1960Jan20.86 0:02 0.220(460.60 0:11R;) 2.73
1217323 yr

& occurredon 1955May 28.0(JDT 2435255.5) 6 days

11
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Fig. 1. SimulatedT SCtrajectoriedor 82R 111R and1996R2. Plotsshav x-y projectionspver 1 AU squarepntotheheliocentricorbital planeof
Jupiterin thejovicentricrotatingframewherethe sunis alwaysin thedirectionof the x-axis.Thearrawsindicatethedirectionof time (opposite
to thedirectionof theintegrations which wentbackwardsin time).
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0.5

Fig. 2. 3D-view of 147P5 trajectoryduring TSC in the jovicentric rotating frame covering 1 AU square.The vertical lines, spacedat 10-day
intervals,eachconnecta positionof the cometon thetrajectorywith its projectionontothe x-y plane.
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Fig. 3. x-y andx-z projectionsof TSCtrajectoriedor 243clonesgeneratedrom 147P They underwentong TSCs,completingtwo full revolutions
aboutJupiterduringthe L, ! L; transition.The dispersionof their trajectoriescorresponds$o 1 errorin the orbit determinationHencewe
concludethatthereal 147Pindeedexperiencedalong TSClorbitereventin the mid-20thcentury
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Fig. 4. Variationsof rj; E;; E  andT; of 243 clonesof 147Pin andaroundtheirinterval of TSC,wherer; = jovicentricdistance(in AU); E; and

E = jovicentricandheliocentricKeplerenegy, respectiely; T; = TisserandparameterThe abscissdor all the plots covers2431596.51945
May 21.0TT) to 2438095.5§1963March07.0TT), thetime for which the nominal147Pwaswithin 2 AU of Jupiter



