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Abstract. We have investigated the possibility of main belt as- Motivated by the above, we have carried out a numeric
teroids being trapped in the 1:1 resonance with other asteroisisarch for known objects which are able to or currently a
Using contemporary mass estimates for the large asteroidsd@djorbiting with large main-belt asteroids, and in particular (
Ceres, (2) Pallas and (4) Vesta, it is found that four asteroids &eres, (2) Pallas and (4) Vesta.
temporarily trapped in such resonances with Ceres and VestaWe have identified four such objects, two for Ceres al
during numerical integrations spannifig< 10° yr. In particu- two for Vesta, for which we observe numerous occasions
lar, the asteroid (1372) Haremari is likely to be co-orbiting wittemporary capture into the co-orbital resonance over a spa
Ceres at the present time. The corresponding libration peridck 10° yr. One of those objects, (1372) Haremari, is probab
is found to bes 10° yr. The implications of our results for thetransiting from tadpole to horseshoe libration with respect
general dynamical evolution of minor bodies and these asteroftisres at present.
in particular is discussed.

Key words: celestial mechanics, stellar dynamics —minor plar?-' Large asteroids as perturbing bodies
ets, asteroids The largest asteroids are massive enough to perturb each o
passing asteroids and even planets. These perturbations ha
fact been used for the purpose of mass determination, for ex
_ ple, in the cases of (4) Vesta (Hertz 1968), (1) Ceres (Schub)
1. Introduction 1971) and (2) Pallas (SchubArt 1975).

Since the discovery of the first Jupiter Trojan by Max Wolf in  Standish & Hellings[(1989) improved upon these earli
1906, co-orbital motion has been observed in a variety of locaf&{€rminations by using Viking lander radio science data
in the solar system. These include: the saturnian satellites Jafggsure the effect of these three asteroids on the motion
and Epimetheus (Dollflis 1957; Fountain & Larson 1977, 1978ars: _
which move in a stable horseshoe configuration with respect to Hilton (1999, hereafter H99) re-determined the masses
each other (Harrington & Seidelmann 1981; Dermott & Murraif€Se three asteroids. He showed that the slow change in
11981; Yoder et al. 1983) the Mars Trojan (5261) Eureka (Bowéﬁlatlve mean Iopgltude between Ceres and Pallgs render
et al.[1990; Mikkola et al. 1994) and, more recently, the Earfi@ss determination procedure for these two asteroids depen
co-orbital (3753) Cruithne (Wiegert et B, 1997). Cruithne’s dy?2n €ach other. _ _ _
namical behaviour is markedly different from what has been N the context of co-orbital motion, the above result is n
observed in the other cases mainly due to the large eccentriSiyPrising. The radius of Ceres’ Hill sphere= _(:“/3)1/3 (n
and inclination of its orbit (Wiegert et &l. 1998; Namoggp_elng the aster0|d.—Sun mass r.atlo) and the Q|fference in th
This type of resonant behaviour is shared by comets (Marsd&gPective osculating semi-major axes are within one order
[1970; Benest et dl. 1980) as well as other near-Earth asterd¥Rgnitude of each othgr. Atthe very least, this suggests_that
(Namouni et al. 1999; Christdu 2000). search s_hould be carried out using a model that contmths_
Recently, Yu & Tremainé (1999) and Nesviiet al. (2000) these objgcts. He_regfter,_ we shall refer to these Iarge asterqd
demonstrated Pluto’s ability to trap other Edgeworth-Kuiper béigcondaries, to distinguish them from the co-orbital candida
objects (EKOs) in co-orbital motion with itself. These object&hich we regard as massless particles.
are members of thBlutino subgroup of EKOs (Jewitt & Luu
[1996) sharing Pluto’s motion inside the 3:2 interior mean motief |nitial search strategy
resonance with Neptune (Cohen & Hubbard 1965).

We have used JPL's HORIZONS ephemeris tool (Giorgini

* Present address: Surrey Space Centre, University of Surrey, Guilal. [1996) to select those numbered asteroids with semi-m
ford GU2 7XH, United Kingdom (a.christou@eim.surrey.ac.uk)  axes within one Hill parametet)(distance of the secondary a
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Table 1. Dynamical and physical parameters of the asteroids of interest in this paper. The respective secondaries are shown in bold. Colur
2-7 give osculating elements on November 18, 1999 (JD2451500.5) as given by the Asteroid Orbital Elements Database (Bowell et al. 19!
available electronically &tp://ftp.lowell.edu/pub/elgb/astorb.html. Column 8 refers to the current formal uncertainty in the objects’ position.
Columrs 9 & 10 proride secondary mass estimates as reported by H99 and Standish & HéEIlngs (1989)pveéthots given as superscripts.

The last column gives the value of Hill's parameter derived using H99’s mass estimates.

a I w Q M 1o p(H99) 4 (SH89) €
Object (AU) e ©) ©) ©) () unc.(’)  (x10'0)  (x10') (x10%
(1) Ceres 2.76632 0.0783 10.58 73.92 80.50 356.65 0.04.39%0:0¢ 502 5.27
(1372) Haremari ~ 2.76586 0.1494 16.43 87.81 327.78 292.87 0.12 - - -
(8877) Rentaro 276604 0.0924 258 140.95 331.17 188.69 0.42 - - -
(2) Pallas 277235 0.2296 34.85 310.26 173.20 343.46 0.059%0:05 1 402 3.76
(4) Vesta 2.36153 0.0900 7.13 149.60 103.95 328.93 0.0L69%0 1 15403 3.83
(855) Newcombia 2.36118 0.1802 10.91 232.78 17.47 336.21 0.13 - - -

(4608) 1988 BW3  2.36210 0.2193 7.45 202.38 203.41 138.64 0.08 - - -

the epoch JD2451500.5. This procedure yielded 23 asteraidsults from subtracting three standard deviations from the for-
for Ceres, 6 for Pallas and 17 for Vesta. The candidate asteraiasr. In all of our10 yr integrations we find the energy constant
were then integrated backwards and forwards, progressivelytimbe preserved down to 1 partif'®. This implies that the mo-
creasing the timespan of the integrations frof to 10° yr tion of the large asteroids — crucial for the purposes of this study
guided by the expected conjunction perifid,; > 47/ (3ne) — does not suffer from significant numerical dissipation.
with the secondaryr(is the mean motion).
The integration method employed was a 12th order Rungg-
Kutta—Nystrom (RKN) (Dormand et al._1987) with an outpu%Z' General comments
step of40 yr. In this and the following section we concern ourselves with a
phenomenological study of the asteroids’ motion. A detailed
analysis of the underlying dynamics is currently under progress
4. Results and will be reported in a forthcoming paper. The two Ceres co-
4.1. Co-orbiting asteroids orbitals execute multiple librations of the horseshoe or tadpole
type while the objects associated with Vesta less so, presum-
Progressive elimination of candidates reduced the list sizeat9|y due to Vesta’s smaller mass. In all cases, these temporary
four (Table1). One of these asteroids, (1372) Haremari, exhibjifs ations appear in- 90% of our 10° yr integrations up to this
horseshoe libration with Ceres in the immediate future with gint.
period of~ 10° yr. For the remainder of the sample, namely ¢ s observed that the variations introduced in our dynam-
(855) Newcombia, (4608) 1988 BW3 and (8877) Rentaro, théy model as described in the previous section do not affect
relative mean 1ongitud&AA = Ausieroid — Asecondary CIFCU-  the overall efficiency of resonance capture; the time spent in
lated with a period of the same order. Extended integrationsat resonance as a fraction of the integration timespan does not
these asteroids far10° yr showed that they all undergo periodghange appreciably. However, the addition of Pallas in particu-
whereA\ is involved in horseshoe or tadpole libration. _lar causes small changes in the time seried affor the Ceres
In order to assert the reality of this result we have carriggy_orpitals which propagate with time and become noticeable
out alarge number of these extended integrations using avar{%/lca”y ~ 2 x 10° yr after the beginning of each integration.
of physical models and also two different integration schemegese result in the history of resonant libration (horseshoe or
the RKN method already mentioned and the SWRNMVS3  t5qpole) to be different between the two models from that point
symplectic integration code available in the public domain (Legnward until the end of the integration. The introduced varia-
ison & Duncari 1994). The model of the Solar System that Wgns in the mass of Vesta have a similar effect on the motion of
employed included all planets from Venus to Neptune. the co-orbitals of that asteroid.
We have integrated the motion of the Ceres candidates Regarding the dynamical studies of the Plutinos by Yu &
Tremaine [(1999) and Nervoyret al. [2000) we note two sig-

— using the two different mass estimates for Ceres report(adnllrfllcant differences between the respective dynamical regimes
Standish & Hellings (1989) and H99 given in Table 1. P y 9 '

: . : : In the case of the Plutinos the main external forcing is due
— with and without perturbations by Pallas using the mass ) ; ; ,
. . 0 the 3:2 mean motion resonance with Neptune and the Kozai
estimate reported in H99. ; S
resonance. Here the leading perturbation is the planetary secular

For the integrations involving the Vesta candidates we have [RICiNg. Moreover, in our case the co-orbital and forcing periods
cluded Ceres and Pallas with masses from H99. Due to the lafj@ N0t well separated. This last feature of the dynamics may
uncertainty in the mass of Vesta we have carried out tests usif§Sent problems for secular theories which assume adiabatic
both the formal mass estimate and a reduced Vesta mass wHR/gfiance as, for example, Morais (1999).
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4.3. The motion of (1372) Haremari -

The integrations corresponding to the nominal orbit of one of/r\ ;2

the asteroids, (1372) Haremari, exhibited libration into the 1:1=
resonance with Ceres at the present epoch. The relative medh -os
longitude of the asteroid at present is close&6°. s 1o

It is of interest to determine the sensitivity of the present 5o
dynamical state of Haremari on the observational uncertainties -
ofits orbit. To this end, we have generated 6 dynamical “clones’g,
of the asteroid (denoted hyX, £V, £2) by adding and sub- & o
tracting to its initial spatial co-ordinates a quantity equal to 3~
times its1 — o ephemeris uncertainty given in Table 1. These
clones were then integrated with the RKN code 4or0° yr
using a dynamical model which included all 8 major planets'N -120
as well as Ceres, Pallas and Vesta. A similar method was used
by Michel (1997) in his integrations of the near-Earth asteroid™
(4660) Nereus.

It. was fognd that out O.f the 7_|ntegr§1ted CI.Ones (6.5 plus ﬂ?Ze|g. 1. Dynamical evolution of clone -X corresponding to asteroiq
”Om'”a' orbit) only one dld. r_10t Ilb_rate n the_* Imme_d|ate p_a%:?a Haremari over a timespan #fx 10° yr. Displayed quanti-
while all clones are C°‘°rb'“”,9 W'th Cer.es in the immedia s are the semi-major exis (top panel) and mean longitude (botta
future. In all cases, the asteroid resides in the resonance foFé'HeD relative to the secondary.
least50% of the integrated timespan. Thus it appears highly
probable that this asteroid is presently a Ceres co-orbital. o ) )

The general characteristics of the resonant motion may Y&P€ars promising, more work is clearly needed to ascertain
demonstrated by an example. Elg 1 shows the evolution of flgchanism giving rise to this feature.
relative semimajor axi8, = (a1372 — aCeres) /@Ceres @and the
relative mean longitude corresponding to clone -X as a functign Discussion

of time.
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This work has demonstrated that large asteroids such as

The clone transits from tadpole (libration @&\ near c 4) Vest itai I teroids in th
o [e]
—60 )to horseshoe motionX\ avoiding the secondary ét). eres or (4) Vesta can maintain smafler asteroids in the g
orbital resonance at least temporarily.

The residence interval in each libration mode is several times . .
One may wonder whether such capture is possible or e

10> yr while the libration period varies between 10" and significant for interplanetary matter in a broader size spectru
9 x 10* yr. A further two of the clones undergo the same tran .9 P y P

tion neart = 0 leading us to suspect that this may be the mo qview of the many unknowns of this problem —to be clarifief
. o 9 pect y Ey more detailed work — the following should be regarded &
likely evolution for the actual asteroid.

Note that the oscillation of, that accompanies this type Ofpossibilities to be investigated rather than definitive stateme
motion isnot symmetric with rerspectm)r = 0. Instead, the axis Collisionally generated dust grains can be temporarily ca

: 5 tured in mean motion resonances with planets (Dermott
of symmetry appears to be displaced upwardg kyl0—°. We al - Liou & ZooK 1995). However, the narrow width of
have also noted a smaller negative displacement in the Casﬁq%;lz?o,nam regions combinéd with thé long libration period
(8877) Rentaro. No such asymmetryis visible in ourintegratiogosr the cases examined here would argue against resonant g
of the Vesta co-orbitals.

We have systematically eliminated a number of possibtllére' .
. On the other hand, the Yarkovsky effect operating on metr
causes for this asymmetry such as the effects of Pallas, a numer-
. i . oo . sized fragments (e.g. Bottke et @l. 1998) should make capt
ical artifact due to the sparse sampling or indirect pertubations . . - . - ;
. . L9 . : -possible for a non-negligible fraction of the existing populatio

by Jupiter. We believe the explanation lies with the differenti Lo : . .
For the asteroids in the size range investigated here,

precession of the longitude of pericentrebetween the aster- . : )
. . ? ) . L . gration towards the co-orbital resonance may be induced
oids and their respective secondaries. A similar situation arlsgt?s e . .
in the presence of an oblate central body (Greenberg 1981) stow diffusive processes known to operate in the main belt su
. . . . L - Y i i 1998 -
The respective periods of circulation 8¢ 21 and24 x 103 as three-body resonances (NesyognMorbidelli 1998, Mor

yr for (1372) Haremari, (8877) Rentaro and (1) Ceres Whi%deIII & Nesvorry[1999). For example, in the inner planet re

those for (855) Newcombia, (4608) 1988 BW3 and (4) Vesta fon, an observed slow migration of the semi-major axis of a

37,36 and35 x 103 yr respectively. Application of Kepler’s third e'r0|ds leads to their tempprary cpture into the 1.1 resona
: . i s s with Earth and Venus (Christou 2000).
l&g%’%'gi?‘g_egigrc?gség; g:\;xjgo_;?gﬁiggé)_ virﬁr? a ];(()ar(as Thus, the present dynamical state of those main belt as
A o ; . a9 olids as revealed in this work does not necessarily suppor
inrelative size and sign with the observed asymmetries but oy &netic relationship with their secondaries. The same conc

within a factor of two. Thus, although this line of investigatiorg. . ; . ; .
sion is reached by inspection of their respective proper eleme
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as computed by Milani & Kngevic (1994); these four asteroidsFountain, J. W., Larson, S. M., 1977, Sci 197, 915

are not related to the Ceres and Vesta groupings of Zapp@&buntain, J. W., Larson, S. M., 1978, Icarus 36, 92

et al. [1995). It is unclear whether the interaction with such@orgini, J. D., Yeomans, D. K., Chamberlin, A. B., Chodas, P. W.,
low-mass secondary over a significant fraction of the age of the Jacobson, R. A, Keesey, M. S., Lieske, J. H., Ostro, S. J., Standish,

Solar System can expel the asteroid from its original Iocationén E. g" Wlizmblegg’lRAg\léalzi% BAAS 28(3), 1158
proper element space. reenberg, R., , ,

Therefore, we tentatively conclude that these asteroids cﬁaemngton, R. S., Seidelmann, P K., 1981, lcarus 47, 97
i

. . .~ Hettz, H. G., 1968, Sci 160, 299
physically unrelated to Ceres or Vesta. Further work in this iiton, J. L., 1999, AJ 117, 1077

rection, and in particular the long-term dynamics of such oBayitt, D., Luu, J., 1996, The Plutinos. In: Rettig, T. W., Hahn, J. M.
jects, should provide a clearer picture of their origin. (eds.) Proc. PASP Conf. 107, Completing the inventory of the solar

) ) system, p. 255
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