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The orbit of the asteroid 2953 Vysheslavia is currently locked
in a tiny chaotic zone very close to the 5:2 mean motion jovian
resonance. Its dynamical lifetime is estimated to be of the order of
only about 10 Myr. Since Vysheslavia is a member of the Koronis
family, such a short dynamical lifetime opens a variety of interest-
ing questions concerning its origin and evolution. A. Milani and P.
Farinella (1995, Icarus 115 209-212) considered a number of plau-
sible scenarios and suggested that most probably Vysheslavia is an
outcome of a recent secondary fragmentation event in the family.
Here we propose that Vysheslavia might have been placed on its
peculiar orbit by a slow inward drift of the semimajor axis due to
the Yarkovsky effect. Numerical simulations confirm that such evo-
lutionary processes can take 100-500 Myr, a period comparable to
but still shorter than the probable age of the family (on the order of a
Gyr), depending on the thermal properties of Vysheslavia’s surface,
the orientation of its spin axis, and its size. We have also integrated
orbits of the asteroids 7340 (1991 UA;) and 1993 FRsg, located very
close to but outside the chaotic zone that triggers Vysheslavia’s
orbit instability, and we show that the orbits of these asteroids
may also slowly evolve toward the chaotic zone. Such an erosion
of the asteroid families, caused by a slow leakage to the nearby
powerful resonances, could be fairly common in the main asteroid
belt.  © 2001 Academic Press

Key Words: asteroids; Yarkovsky effect; chaotic motion; dynam-
ical lifetime.

1. INTRODUCTION

In a broad sense, the aim of this paper is to contribute to tf
understanding of the evolution and fate of the asteroid fam
lies. Starting from birth, caused by a large collisional event i
the main asteroid belt, a typical family suffers various kind:
of “erosion” processes. The most obvious causes of such ¢
facement effects are collisional grinding (e.g., Marzarial.
1995, 1999) and chaotic diffusion (see Milani and Farinellz
1994, who studied the case of the Veritas family; also Milan
et al. 1997, Nesvorm'and Morbidelli 1998, Kneévic 1999),
but there are others. An interesting mechanism, recently pr
posed by Farinella and VokrouhligK1999), is the semimajor
axis diffusion of the Yarkovsky effect, which spreads out oth.
erwise closely packed family members. This nongravitationz
phenomenon, due to the recoil force of the thermal radiation ¢
an asteroid (e.g., Rubincam 1995, 1998; Farinetlal. 1998),
alters secularly the semimajor axes of small asteroids up to a fe
kilometers. Farinella and Vokrouhligk1999) observed that the
small members of the Astrid family exhibit a larger scatter o
the semimajor axes than the big members. Since the Yarkovs

*In the course of preparing this paper, Paolo Farinella passed away on Magffect is size dependent (larger mobility for small bodies), the
25, 2000. He was at the peak of his scientific productivity and was a driving for&%nduded that the Astrid data support the idea of the Yarkovs}

in shaping the scenario presented in this paper. This concept was only one of
the many innovative ideas of Paolo, whose scientific style combined creativﬁy

reading of the families. In this paper, we consider another ca

with deep physical insight and mathematical rigor. In publishing this paper, Wéhere the Yarkovsky mobility of small family members might

honor Paolo’s memory.
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result in observable consequences.
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The key argument for the present analysis derives from a phighly unlikely (encounters with Ceres, for example, typically
ticularly “lucky” position of the asteroid 2953 Vysheslavia, aesult in a total shift of about I§ AU in the semimajor axis
small member of the Koronis family (we estimate its size to baver the age of the Solar System, so that there is less than
about 15 km from the absolute magnitude and a typical geomptebability that a close enough encounter occurred in the la
ric albedo of 0.2 observed in the family). Milani and Farinelld00 Myr).

(1995) noticed that Vysheslavia is located in a tiny chaotic zoneln this paper we investigate the possible role of the thir
(about 103 AU wide) very close to the border of the strong 5 : Zamily-aging process mentioned above—the semimajor ax:
mean motion resonance with Jupiter, and that this peculiar lospreading by the Yarkovsky effect—in relation to the
tion makes the orbit of Vysheslavia rather unstable with respé¢ysheslavia case (some preliminary results of this analysis ha
to falling into the 5: 2 resonance. Given the very short lifetimedready been presented in Vokrouhljost al. 1999). In partic-
of bodies residing inside this resonance (Gladreial. 1997), ular, we would like to understand whether Vysheslavia, bein
and the probability of a Vysheslavia-like orbit transfer to thisriginally located further away from the 5: 2 resonance, coul
resonance (Milani and Farinella 1995), the expected dynamibtave been placed into its present orbit by a Yarkovsky driftin th
lifetime of this body is estimated to be on the order of abogemimajor axis. A typical timescale for such a process would t
10 Myr. This is an extremely short timescale, since Vysheslawi main concern here. Moreover, to better describe the mect
is a member of the Koronis family, whose age is, according tasm of delivery and capture by the tiny chaotic zone in whicl
the available evidence, presumably much longer, of the ordendfsheslavia is locked, we present also the integrations of t
1-2 Gyr (Chapmaret al. 1996, Greenbergt al. 1996, Giblin orbits of two other Koronis family asteroids, 7340 (1991 A
etal.1998). Milani and Farinella (1995), and later kie@icetal. and 1993 FRgs, that are located in the vicinity of this region (see
(1997), pointed out this apparent contradiction and suggest&deZevi¢ et al. 1997). We show that for these two bodies, onc
several possible solutions, but were unable to decisively dikey enter into the chaotic zone, the subsequent orbital evoluti
criminate between them. In fact, all of the plausible possibilitiesannot be predicted in a deterministic way; their orbits may re
seem to be related to the “family-aging processes” mentionethin locked in the region for a long time (of the order of tens o
above, while it appears that we can safely rule out the possiillions of years), or they may quickly cross it, drifting towards
bility that Vysheslavia is an interloper genetically unrelated tihe 5: 2 resonance with Jupiter. We estimate the probability «
the Koronis family. Both the spectroscopic analysis indicatingoth outcomes from a number of numerical simulations (eac
that Vysheslavia is an ordinary S-type asteroid, like other memf them starting from slightly different initial conditions), and
bers of the family (Bus 1999), and the interloper analysis of tlvee propose that the evolution we observed for the two sme
Koronis family (Migliorini et al. 1995) predicting very few in- asteroids might have happened in the past to Vysheslavia itse
terlopers of the size of Vysheslavia make this possibility very

unlikely. 2. NUMERICAL SIMULATIONS

According to Milani and Farinella (1995) the present location
and lifetime of Vysheslavia can be best explained by assumingWe have implemented both variants of the Yarkovsky effec
that it is an outcome of a secondary fragmentation of a lar¢@iurnal and seasonal) in a number of different numerical inte
(possibly originally the largest) member of the Koronis familgrators. For a precise formulation of the corresponding accele
that occurred several tens of Myr ago. Such a catastrophic evatibns, and the way in which we have incorporated them into tt
might have placed Vysheslavia into its present orbit, but givaodes, see Bm({1999) or Bra; Vokrouhlicky, and Farinella in
the estimated sizes of Vysheslavia and its hypothetical par@néparation. Long-term evolution studies usually profit from (o
body (30-70 km), there is only abog6% probability that such even require) a fast integrator based on a mapping method. F
acollision occurred in the past 100 Myr. Moreover, if this was thihat reason, we have implemented the Yarkovsky effect in t
case, Vysheslavia's spectrum should be less altered by the spaei#trmvs3  integrator (e.g., Levison and Duncan 1994; ir
weathering processes and should differ slightly from the typivhat follows, we use the designatiewiftrmvs3  or swift
cal spectrum of the older Koronis members; also related to teeen for our modified version of this integrator). It should be
assumed recent collisional origin of Vysheslavia is its possibfeted that due to weak dissipation through the Yarkovsky effe
state of nonprincipal axis rotation that might produce a complétxe symplecticity of the integrator is violated (as itis, in fact, any
photometric curve (Harris 1994). Vysheslavia was observed fway because of handling the close encounters with planets). \
two nights only very recently by Léarounoa’(personal com- may mention papers by Malhotra (1994), Codeatal. (1997),
munication, 2000). Apart from the fact that the amplitude of thend Mikkola (1998), in which the authors consider a simila
lightcurve is small (only 0.2 magnitude), which may mean thgiossibility of including nonconservative phenomena in the orig
Vysheslavia is a moderately elongated object, no conclusidnally symplectic integrators (our method corresponds to that
can be drawn yet. On the other hand, Vysheslavia might haedeiroet al. (1997) and Mikkola (1998)). We have carefully
been placed into its present orbit by a nondisruptive collisidasted to ensure that the integrator reproduces analytical rest
against the asteroid itself or by a close encounter with Ceres, buhen available) of the semimajor axis secular evolution. As
Milani and Farinella (1995) again found these scenarios to bleck of the results with the modifisviftrmvs3  integrator,
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we also performed some simulations using other integrators, inThere are two major unknown parameters related to Yarkovs|
particular (i) the Bulirsh—Stoer integrator (Presal. 1994) and effect modeling: (i) the thermal parameters (the thermal condu
(i) the ORBITY integrator kindly provided by A. Milani. The tivity) of the Vysheslavia surface and (ii) its rotation state (ori-
latter was used by Milani and Farinella (1995) and Ksa¢  entation of the spin axis and rotation period). Being aware of th
et al.(1997) in the previous integrations of Vysheslavia. caveat we tried to span the realistic values of these paramete
Since Vysheslavia is located at the outer edge of the 5ti2particular, we performed simulations with different spin axis
jovian mean motion resonance, we typically include in our irerientations, using two different values of the surface condu
tegrations the outer planets only (except for Pluto). Their iniivity (one at the low end of the plausible range, and the other :
tial state vectors and masses were taken from the JPL DE4B8 high end). We draw our conclusions only after considerin
ephemerides, while for the integrated asteroids (2953 Vysdll the results obtained with the full range of values for thes
eslavia, 7340 (1991 UA, and 1993 FR) the initial oscu- quantities. In any case, we believe that taking into account tt
lating elements were taken from Bowell's catalogue (Bowe¥arkovsky effect, even with the unconstrained parameters (al
et al. 1994). All the initial data correspond to the epoch ofpanning their physically reasonable values), is more realist
JD2451400.5. Whenever only four outer planets were used in dlian not taking the Yarkovsky effect into account at all.
simulations, the initial data have been corrected for the indirectin order to properly model the Yarkovsky effect, we use
effect of the inner planets (the so-called “barycentric correthe formulation developed by Vokrouhligkgt al. (2000) and
tion”; see Milani and Kneévi¢ 1992, 1994). We typically used BroZ, Vokrouhlick/, and Farinella (in preparation). Since both
atimestep of 36 days, but in several cases where precision oftheéants—the diurnal and the seasonal (see, e.g., Faritala
integration was of particular concern we also used a shorter st&p98; Vokrouhlick/ 1999)—of the Yarkovsky effect have been
To check the robustness of conclusions based on the simufecluded in our code, we can span the entire range of possik
tions that include the giant planets only, we have performed twalues of the surface thermal conductivity. Remember that tt
separate series of tests. First, by propagating the orbits backarkovsky acceleration in the low conductivity regime is domi-
time, we verified that the state vectors of the integrated astaated by the diurnal variant, while the high conductivity regime
oids match the initial conditions used by Milani and Farinellss dominated by the seasonal variant (see also Table V). Ti
(1995) and Kneévic et al.(1997) if referred to the epochs givenlSO observations reported byllér and Lagerros (1999) sug-
by these authors. Next, we have also included perturbatiagesst that a comparably higher weight should be given to the ca
of the inner Solar System planets in our integrations. As eaf low surface conductivity (since nearly all asteroids observe
pected, their influence is small at Vysheslavia's distance, aby ISO do indicate a very low value for this parameter). Such
the main conclusions derived from the integrations with giambnclusion is supported by further observations (such as that
planets only do not change. The single major difference in tiéhobos) indicating that surfaces of small bodies in the solar sy
integrations with and without the inner planets is the shortegm might have aregolith (insulating) cover and/or exhibit a higl
lifetime of bodies that eventually terminated in the 5:2 reslegree of porosity (induced probably by numerous microim
onance in the former case. This observation concurs with thacts). We can thus assuride= 0.0015 W/m/K to be the most
conclusion of Gladmast al. (1997) that the 5: 2 residing bod-probable value of the Vysheslavia surface conductivity (this i
ies are removed principally by close encounters with the innére lunar regolith value, Rubincam 1995, that also roughly co
planets. responds to the measurements reported bllféviand Lagerros
Realizing that the “anomalous” fluctuation of Vysheslavia’4999). Nevertheless, we performed a series of test integratio
semimajor axis due to a close encounter with a sufficiently masith considerably higher surface conductivity= 1 W/m/K,
sive perturber could have placed it onto its peculiar orbit (seéhich correspondsto a solid rock surface (Yomogida and Matsi
Section 1), we have performed another series of tests that 1883). In passing we mention that the linearized formulation ¢
cluded gravitational effects of the asteroids Ceres and Palldg Yarkovsky effect may not be appropriate for very high eccer
The results of these tests seem to confirm the negative condtigity orbits (see, e.g., Vokrouhligkand Farinella 1998a, 1999,
sion by Milani and Farinella (1995), notably that the scenari®pitale and Greenberg 2000). This drawback is, however, n
assuming Vysheslavia’s orbit to be strongly affected by Ceresvisry important for our conclusions, which are based on tran:
unlikely. port of asteroids to the 5: 2 resonance on low-eccentricity orbi
In order to check the proposed scenario, we performed simu{gypically e < 0.2 in our simulations).
tions with and without the Yarkovsky effect; the latter essentially The strength of the Yarkovsky effect depends sensitively o
coincide with the previous work of Milani and Farinella (1995}he orientation of the spin axis and the rotation period of the boc
and Knegevi€ et al. (1997). Let us emphasize that by doing s¢Rubincam 1995, 1998, Farineaal. 1998). Unfortunately, we
we actually do not compare two equally plausible approachesirrently have no explicitinformation about these parameters fi
Rather we compare a more complete, and thus more realiséither Vysheslavia or 7340 (1991 Wpand 1993 Fizs. We have
model (with the Yarkovsky effect included) with a less completéhus performed a series of simulations with varying assumptior
and less realistic model (the purely gravitational model, withoabout the orientation of their spin axes. As for the rotation perioc
the Yarkovsky effect). we assumed it to be 5 h as a typical value observed in the fami
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(Binzel et al. 1989)? Surface geometric albedo was taken to be TABLE |

equal to 0.2 and the thermal emissivity to 0.9. From these values Orbital Parameters of the Close Clones (CC)*

we have derived Vysheslavia’s radius of approximately 7.5 km. Code A2 (x10- AU) e (x10)

Similarly, we got 2.8 km for the 7340 (1991 YAradius and

3 km for the radius of 1993 K. Given these values, we may ca 0 0

estimate a collisional lifetime of these asteroids to be at leastcco, 41 0

1 Gyr (even 1.4 Gyr for Vysheslavia). Our longest integrations cc, 42 0

with the Yarkovsky effect accounted for a span of 0.5 Gyr, that cco, 43 0

is, significantly less than the collisional lifetime. Yet, we shall o= 0 15

demonstrate that the Yarkovsky effect has the capability to shiftCng 0 110

quite significantly the semimajor axes of these objects. ccit 15
As mentioned above, Vysheslavia’s orbit is currently locked cct 1 45

in achaotic zone. In principle, any individual orbitin such a zone
quickly loses its deterministic meaning, with a typical timescale 2 The increments refer to the nominal orbital elements of the asteroid.

for this to occur characterized by the Lyapounov time. Previous i i
numerical experiments (e.g., Milaat al. 1997) demonstrated computational expenses, however, we defined the close clor

that a typical Lyapounov time of the strongly chaotic orbits iHy slightly modifying the initigl ;emimajor axis and ecc’e.nt'ri.c—
the main asteroid belt is on the order of20C* years. The Lya- 'Y ONly. Table | gives the variations of the close clones’ initial
pounov time for the Vysheslavia orbitis27 kyr (see, e.g., the SEMiMajor axes and eccentricities with respect to the nomin
AstDyS Web page maintained in Pisa by A. Milani), indicatind’alues for the real asteroid itself. Second, we also introduce

that the degree of chaoticity in Vysheslavia’s vicinity is some:°Mewhat less close neighbors—hereaiter referred to as the

what smaller than that in the most chaotic zones of the main btéqipus neighbors (FN)—whose orbits are supposed to map

(as in the 5:2 resonance). However, the indicated LyapounXVShESIaVia zone on a broader scale. In particular, their sen

time of Vysheslavia s still very short with respect to our integrdl"J0" @xes spanned the entire chaotic zone (about 0.001 /

tions, which typically cover a time span that i<16 2.5 x 10* wide). Increments of their initial semimajor axes and eccentric
longer. Most of the simulations presented in this paper thus hdJ&S With respect to those of the real asteroids are given in Tak
In Vysheslavia's case, the most distantf\body is located

a statistical meaning only. To explore the stochastic characteHs- ide the chaofi h ina both (i
tics of the chaotic zone in which Vysheslavia is located, we usipt OUts_' € the chaotic Zone, thus repre_'_sentlng oth (i) a su
the well-known technique of the “fictitious neighbors” (e.g.able delimiter of the chaotic zone and (ii) a suitable probe t

Milani and Farinella 1995). However, we introduced these ficfilarify the role of the Yarkovsky perturbations in contrast to the
tious neighbors not only for Vysheslavia itself, but also for thdravitational effects only.
objects on stable orbits, such as the two above-mentioned asée{-
0ids 7340 (1991 UA) and 1993 FRgs; by integrating their orbits =
with the Yarkovsky effect accounted for, we expected to be ableBefore considering the influence of the Yarkovsky effects o
to observe and follow the evolutionary paths of currently stablee orbits of the Koronis family asteroids in question, we pet
bodies drifting toward the chaotic zone. formed integrations where these effects have not been includs
Two levels of “zooming” were used in these simulations. FirsT,he purpose of the integrations was twofold: (i) to check ou
to trace statistically the fate of a given orbit, we introduced vesgoftware and integration procedure by comparison with prev
close neighbors, which we refer to as the “close clones” (CQ)us results (notably Milani and Farinella 1995, Kgei et al.
These are assumed to be so tightly clustered around a given
orbit that an averaging over their evolutionary states would ex-
press the corresponding statistical uncertainty of the orbit it-
self. Notice that the close clones cover aboutauBcertainty

Integrations without the Yarkovsky Effect

TABLE I
Orbital Parameters of the Fictitious Neighbors (FN)?2

) e . oL ¢ Code Aa (x107% AU) Ae(x107%)
area (in both semimajor axis and eccentricity) resulting from
the current orbit determination (see, e.g., the AstDyS page atrFng 0 0
http://newton.dm.unipi.it/ asteroid/). For the sake of minimizing FN9, +5 0
FNO, +10 0
21n the final stages of preparation of this paper we learned of photomet- FNO, +15 0
ric observations made by ISarouno® (2000, personal communication). She FNgl 0 45

observed Vysheslavia on Jan 15/16/17, 2000, at the St. Veran Observatory inFNiz 0 110
France. A preliminary reduction of the lightcurve indicates a rotation period of il

6.29+ 0.05 h, roughly consistent with our assumption. The amplitude of the FNy 5 +5
lightcurve is only about 0.2 magnitude which may indicate only a moderately FN*1 -5 +5
elongated shape of Vysheslavia. Unfortunately, this single observation cannot

reveal any information about the Vysheslavia spin axis orientation. @ The increments refer to the nominal orbital elements of the asteroid.
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1997) and (ii) to contrast these results with those including the TABLE 111

Yarkovsky effect. As far as the first item is concerned, we pri- Vysheslavia’s Median Lifetime (in Myr) against the Fall into the
marily wanted to verify reliability of the results obtained withb : 2 Resonance Computed from Integration of Fictitious Neighbors
theswift  integrator. This is a very important issue, since wand Close Clones in Various Simulations®

need to perform very long integrations (several hundred Myr) Int NY Y(y = 135) Y(y iso.)
with the Yarkovsky effects included. As mentioned above, the

swift  integrator profits in terms of speed from its mappingcCs swift 14.1 10.6 13.9
structure, buswift is also known to be less precise in the BS 129 10.7 10.3
short term than the slower standard integrators (especially s SB"é'ﬁ 12‘% ?; li'g

cause if does not correctly reproduce the short-periodic part of

the perturbaupn; e.g., see M_|Ch_e| and Va'_SeCCh| 1996)- On the Three cases are considered: (i) the gravitational interaction with planets or
other hand, since Vysheslavia is located in a chaotic zone, wigout the Yarkovsky perturbation (NY), (ii) the Yarkovsky perturbation with
cannot infer results of a firmly deterministic value anyway, buite obliquity of all particles set to 133Y(y = 135)], and (iii) the Yarkovsky

we still need to be sure that the results obtained withsthi& perturbation with the obliquity of the particles isotropic P¥{so.)]. Two types
. L . f integrators (Int column) are also compareds(ijiftrmvs3  (and its corres-
integrator are at least statistically correct (i.e., about the saﬁb% ding extension to include the Yarkovsky perturbation), and (ii) the

fraction of orbits reaching the same terminal state within a cofgiirsh  —Stoer (BS) integrator. The case of CCs is more relevant for the
parable timespan). The comparison of results obtained with theticular orbit of Vysheslavia. A good correspondence to the FN results ir
standard, highly precise integrators over shorter timespans (tyitates a large degree of chaotic mixing at Vysheslavia's location inside tt
cally tens of Myr) and those obtained with th&ift  integrator chaotic zone.
thus serves to assess credibility of the long-term results obtained
by means of thewift integrator itself. of 12.1 Myr, a value which matches well the results of Milani
Figure 1 shows the mean semimajor axes of Vysheslavia aanttl Farinella (1995). Table Ill lists the median time of fall in to
its 14 fictitious neighbors (see Table Il) as a function of timéhe 5: 2 resonance in all Vysheslavia integrations. Despite tt
obtained by means of trewiftrmvs3  code. We notice the short median dynamical lifetime in the chaotic zone, some of th
chaotic zone between 2.8275 AU and 2.829 AU in the semmieighbors may remain captured there for a remarkably long tirr
major axis that has been found by Milani and Farinella (1995200 Myr for the Fl\ﬂ; see Fig. 1). The F&g body, originally
Vysheslavia and its FNs originally residing in this zone (that iut just above the chaotic zone, seems to have a very stable ol
all except Fl\is) fallinto the 5: 2 resonance after a median timavithout any noticeable variations of the mean semimajor axi

SWIFT_RMVS3 (4445, 2953—rmvsf) — (2953) Vysheslavia and FMs, no Yarkovsky

(ot o .
2 |12 : _
o _ : A

".r'a-:.

AR s 00

L}

mean o [AU]

2.82

o] 20 40 60 BO 100 120 140
t [Myr]

FIG. 1. Mean semimajor axis (in AU) vs time (in Myr) for Vysheslavia (grey curve) and its 14 fictitious neighbors (FN). Perturbations due to outer pl
are included, while the Yarkovsky effect is not considered in this simulation. Note the chaotic zone characterized by about 0.001 AU randomsflofctiatio
semimajor axis. Vysheslavia and FNs originally placed in this zone fall in the 5: 2 resonance (centered at about 2.823 AU—see the dashed Yine}hipicall
10 Myr.
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Notice also a “symmetric” chaotic zone on the opposite side ef al. (1997), considering a fictitious neighbor still closer to the
the 5: 2 resonance, bracketed by 2.818 AU and 2.820 AU in tBe2 resonance detected the chaotic behavior (placing a body
semimajor axis, where a chaotic behavior occurs very similarttee same location, we found the same behavior), but by usi
that in the zone where the present Vysheslavia’s orbit residasigger displacement of the semimajor axis for the 199&FR
One of our objects (F[)KF) was temporarily captured in that zone=Ns, they overlooked (skipped) the tiny chaotic zone indicate
before finally falling into the 5: 2 resonance. above.

We have repeated the above simulation using the Bulirsh—-Generally, however, we can conclude that the results we o
Stoer integrator with the same initial conditions and dynamictdined using both the classi@ullirsh —Stoer integrator and
model and covering a time span of 50 Myr. We found qualitdheswift agree very well with the previous findings of Milani
tively similar results with a median time to fall into the resonancand Farinella (1995) and Krevi¢ et al. (1997).
of 6.6 Myr. The difference of the median times to fall into the
5:2 resonance found in the two integrations is well within thé.2. Integrations with the Yarkovsky Effect

uncertainty due to the small statistical sample of objects. Outyq mentioned above. we do not have precise knowledge

of the integrated 15 FNs only about 4-5 define effectively thefe, hecessary parameters that tune the Yarkovsky effect. F
mediantime, and this is too few. Some of the FNs already lie 1@ e thermal conductivity, we therefore always performe
close to the bottom part of the chaotic zone, so that they fall infgy; otherwise identical integrations with a low and a high valu
the 5:2 resonance in a very short time (in both the simulatiqg s parameter. The chosen values approximately bracket t
with SW|ftrm\{33 and with theBulirsh ~ —Stoer lntegra- interval of physically admissible values, with the lower conduc
tor). Othe_rs !le near_the upper border of_the chaotic zone Mty appearing more likely to represent reality, according t
they persist in our simulation for a long time. What thus majpe |50 measurements. However, we did not notice any rea
ters is that the two results have the same order of magnituglg o ant difference between the simulations with the low an
Due to their chaotic nature, the individual orbits of Vysheslavyﬁgh values of surface thermal conductivity of the bodies, apa
and its FNs were different from those in the previous ?’imUIatiQFbm a longer timescale in the latter case. For the sake of illu:
(except, again, for the P‘ﬂ body that has a stal_ale orbit). AISO’t_ration we list in Table IV the estimated maximum secular drif
some of the FNs were temporarily captured in the Symmeti¢ o semimajor axis (we assume zero obliquity for the diurn:
chaotic zone centered at about 2'819 AU. , variant and ninety degrees obliquity for the seasonal variant

Much better agreement of the two integrators (in terms of thge varkovsky effect). We recall that the diurnal variant scale

median time to fall into the 5: 2 resonance) is found for the C|°$8ughly asx cosy and the seasonal variant roughlycasir? y
clones (see Table Ill). Here all 15 particles contribute to the de{'

- : e e wherey is the obliquity).
nition of the median and this is already a good statistical sampleyya are also lacking information about the orientation of th

In particular, the median time to fall into the 5: 2 resonance ng)in axes of Vysheslavia, 7340 (1991 JAand 1993 FRs.
found to be 14.1 Myr with the swiftintegrator and 12.9 Myrwitmence, we again performed two series of simulations: (i) a:

the Bulirsh - —Stoer  integrator. Comparison with the corre-g ming the initial obliquity of the spin axes of all bodies to be
qund!ng medians for FNS lndlcate.s.that the chaotic mixing %50 and (ii) assuming an isotropical distribution of the spir
orbits in the whole zone is very efficient, so that the statisticgl o5 in space. In the former case, we integrated the orbits
properties of the orbits very close to that of Vysheslavia matghe asteroids and of all their fictitious neighbors (from Table I1)

the corresponding statistics taken over orbits departing fromajje i the latter case we integrated the orbits of the asteroi
much broader region.

Finally, we noted that the mean lifetime of particles that
droppedin the 5:2 resonance was on the order of 10 Myr in
all the integrations. We shall comment more on this issue in
Section 2.3.1 where the inclusion of the perturbations caused(g

TABLE IV
Estimated Maximum Values of the Semimajor Axis Secular Drift
X/dt) Due to the Diurnal and Seasonal Variants of the Yarkovsky

inner planets is discussed. . . Effect for the Three Asteroids Considered in This Paper?
We have also integrated, using bathift andBulirsh —
Stoer integrators, the orbits of 7340 (1991 WAand 1993 K =00015W/m/K K =01WmK K =1WmK

FRsg and their FNs. The results of these integrations agreed..cid Dpiurnal
fairly well. The asteroid 7340 (1991 UAlies close to another

Seasonal Diurnal Seasonal Diurnal Season:

tiny chaotic zone between 2.8329 AU and 2.8335 AU. Some @fsheslavia 17.1 0.2 7.2 2.1 2.3 5.8
its FNs that were placed in this chaotic zone remained captufé1 U  45.8 0.6 19.2 5.5 60 155
in it for the entire timespan of the integration (200 Myr). Thé%93FRs 428 06 17.9 52 56 144

asteroid 1993 FR itself is placed just at the upper boundary of

this chaofi d might aet t il tured in it with aUnits are 106 AU/Myr; the seasonal drift is always negative, while the di-
IS chaotic zone and might get temporarily captured in It Withz, may be either positive or negative. Three values of the surface conductiv

O_Ut bei.ng ejected to the 5: 2 resonance. cher FNs that !ie OWtare considered; of these the firsk— 0.0015 W/m/K—is the most likely
side this zone have remarkably stable orbits. Note thaz&wi€™ for km-sized objects. Other parameters are given in the text.
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SWIFT_RMVSY (4+90, 2953-1) — (2953) Vysheslavia and FNs, regolith, gamma=135 deg
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FIG.2. Mean semimajor axis (in AU) vs time (in Myr) for Vysheslavia (grey curve) and its 14 fictitious neighbors. Planetary perturbations (four outer pl
only) and the Yarkovsky effect are included. A low-conductive surfé&e=0.0015 W/m/K) is assumed and the initial obliquity is set to 135

only, but with 15 different (spatially isotropic) orientations ofas in the Vysheslavia case are assumed. Note that these b
the spin axis for each of them. ies are further away from the 5:2 resonance and that none
2.2.1. Fixed orientation of the spin axesLet us first note them have fallen there in the course of the 200 Myr integratio
that the 135initial obliquity (assumed throughout this section)vithout the Yarkovsky effect; some fictitious neighbors of 1991
leads to an average decrease of the semimajor axis of the i, e.g., FN,, and the asteroid 1993 Bfitself exhibited tem-
grated orbits even in cases dominated by the diurnal Yarkovgigrary chaotic behavior, but the range of their semimajor axi
effect (when the surface conductivity is low). We have chosdhuctuations was smaller than in the Vysheslavia case. These |
this value of the obliquity to force drifting of nearby objects tosults changed completely when the Yarkovsky effect was addé
ward the 5: 2 resonance, in order to perform a statistical stuigiyo our simulation: all the bodies reached the 5:2 resonan
of the leakage of the Koronis family members and the familyithin 55 to 180 Myr, for the most part by a smooth drift in the
aging process. However, the F3alue of the initial obliquity semimajor axis due to the Yarkovsky effect. Some of the FN
does not maximize either the diurnal or the seasonal Yarkovskitially placed above Vysheslavia’'s chaotic zone were trappe
mobility. in it for a while before the final fall, while others just quickly
Figure 2 shows the evolution of the mean semimajor axis pgssed through on their way to the 5:2 resonance. The typic
a function of time for Vysheslavia and its 14 FNs. Both planesemimajor axis interval crossed by these bodies@5 km)
tary and Yarkovsky effects are included and a low value of sumas 29 x 103 AU per 100 Myr, which corresponds well to the
face conductivity is assumedk (= 0.0015 W/m/K). The gen- previous analytical estimates (Farinedtzal. 1998, Farinella and
eral characteristics of the results have not changed significariykrouhlicky 1999, Bottkeet al.2000) and also to the data given
(though a somewhat shorter the median time to fall into the 5 ir2 Table IV. In a Gyr, comparable to the lifetime of the Koronis
resonance was observed: in the substantial case of CCs famsily and still shorter than the estimated collisional lifetime,
Myr compared to 14.1 Myr without the Yarkovsky effect, se¢hese objects may thus shift as much as 0.029 AU, which turi
Table 111), except for the behavior of the Egl particle. In con- out to be larger by at least one order of magnitude than the ra
trast to the stable behavior shown in Fig. 1 when only the plalom fluctuations due to the encounters with Ceres and Pall
etary effects were included, the body now reaches the chadtiee below).
zone within 25 Myr due to the Yarkovsky mobility. We also no- Qualitatively the same results were obtained when the pri
tice that, in contrast with Fig. 1, none of the integrated object#ous simulations were repeated with the high value for sul
stayed in the chaotic zone longer than 35 Myr. face conductivity K = 1 W/m/K). A slower drift by a factor
Figures 3 and 4 show the semimajor axis mobility of the asf about 2.2 was the only quantitative difference between the:
teroids 7340 (1991 UA and 1993 FR; and their 28 FNs. The integrations, which again is in good agreement with the previol
same thermal parameters and initial orientation of the spin aigalytical estimates.
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FIG.3. The same as Fig. 2 but for 7340 (1991 #JArey curve) and its 14 fictitious neighbors.

Note that all the results of this and of all other simulationanalytical theory (Mokrouhlick1998, 1999), in such a case the
(many more than it was possible to report herein) can be foundsamimajor axis secular decrease or increase depends on the
http://sirrah.troja.mff.cuni.cz/ ~“mira/mp/. entation of the body’s spin axis with respect to the orbital plant

If the obliquity value is betweerr90° and 180 the orbit decays,

2.2.2. Isotropic distribution of the spin axesThe Yarkovsky while in the complementary half-space orientation of the spi
mobility is dominated by the diurnal variant of the effect whelaxis the semimajor axis increases. In order to assess the tra
low surface conductivity is assumed. As is well known frorport of Koronis family members toward the 5: 2 resonance, i

SWIFT_RMVSY (4490, 2053—1) — 1993 FR58 and FNs, regolith, gamma=135 deg
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FIG. 4. The same as Fig. 2 but for 1993 §RXgrey curve) and its 14 fictitious neighbors. Despite a possibly long-lasting capture in the chaotic zone
2.833 AU, all particles eventually fall in the 5: 2 resonance.
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SWIFT_RMVSY (4+90, 2953-2) — (2953) Vysheslavia and FNs, regolith, isospin
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FIG.5. Mean semimajor axis (in AU) vs. time (in Myr) for 15 fictitious “Vysheslavia-like” asteroids. The initial conditions of each of the integrated bo
correspond to Vysheslavia. The same physical characteristics are assumed (notably the ldwv+xaD@)15 W/m/K of the surface conductivity), except for
orientations of the spin axis. The latter are distributed isotropically in space by taking equidistant steps in cosine of the initial obliquity.

Section 2.2.1 above we have assumed ¥86obliquity (note responding median time in the simulation where the Yarkovsk
that the very fact that Vysheslavia is currently located in theffect was neglected. This can be easily understood, since h
chaotic zone actually indicates that the obliquity of its spin axtf the objects are drifting outward from the 5 : 2 resonance, tht
is probably=90). However, it might also be interesting to invespreventing a rapid fall.
tigate the role of the Yarkovsky effect in the overall “mixing” of Figures 6 and 7 show the same results as Fig. 5 but for 73:
the small Koronis family members at the edge of this resonan€&991 UAy) and 1993 Fiss. Contrary to the case of Vysheslavia,
To that purpose we performed another set of simulations, whéxaf of the orbits, as expected, now shift toward the larger va
we assumed isotropic distribution of the spin axes of the intees of the semimajor axes. Temporary interaction with wea
grated asteroids (no fictitious neighbors assumed in this cagesonances might be noticed, but it is the overall Yarkovsky mc
Since we do not have any information about the real orientatibility of the two asteroids in the course of time that turns ou
of the spin axes of Vysheslavia, 7340 (1991 )/or 1993 FRg, to be the most interesting result of this test. Starting from th
each of the integrated “particles” might be a viable representsame location in the Koronis family, the two fastest “particles’
tion of the real body. shifting in opposite directions build up in a Gyr of time their
Figure 5 shows the mean semimajor axis versus time for thrutual distance to as much as 0.07 AU, which is a fair fractiol
15 Vysheslavia-like objects with various orientations of the spiof the total semimajor axis range occupied by this otherwis
axis. A low value of the surface conductivitik (= 0.0015 W/ rather elongated family. Let us emphasize one more time th
m/K) has been assumed and perturbations by the outer plavetsare dealing with objects about 7.5 km in size.
were included. No significant difference between these resultsAs in Section 2.2.1 above, we have repeated all the abo
and those in Figs. 1 and 2 was observed. None of the “particlessthulations for the case of the high surface conductiviy=¢
escaped from the chaotic zone toward the stable region of th&V/m/K). The seasonal variant of the Yarkovsky effect ther
Koronis family at higher values of the semimajor axis, in spite afominates the semimajor axis mobility and most of the orbit
the fact that half of the objects havag/dt)yak > 0. Thisis due decay toward smaller valuesafThe results are thus very sim-
to the fact that the Yarkovsky drift for bodies of this size is rathelar to those we found with the low value of surface therma
small, and that therefore it has been overwhelmed and maskedductivity and the initial obliquity in the 90o 180 range,
by the corresponding chaotic wandering. As in the previous simrly the timescale is again “stretched” by a factor of about 2.
ulations, a majority of the bodies ultimately suffered an abrugtie to a slower seasonal mobility. An example is shown in Fig. ¢
fall into the 5:2 resonance, with a median time of the fall ovhere 15 objects with initially the same orbital parameters &
13.9 Myr (for CCs, see Table Ill). This value is closer to the coi#340 (1991 UA), but with isotropic spin axes, are shown. Only
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SWIFT_RMVSY (4+90, 2953-2) — (7340) and FNs, regolith, isospin
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FIG.6. The same as Fig. 5 but for the asteroid 7340 (199%)UBontrary to the Vysheslavia case, some particles may now escape from the chaotic re
after a very long-lasting period of capture.

when the obliquity is set to zero, and hence the seasonal variar2.3.1. Terrestrial planetsincluded.We firstadd to the simu-
of the Yarkovsky effect vanishes, is there a very slow upwatdtion the perturbations due to the inner planets (Mercury throug

drift due to the diurnal variant (grey particle). Mars). Figure 9 shows the mean semimajor axis of Vysheslav
and its 14 FNs as a function of time. One obvious differenc
23 Additional Tests between these results and the results presented in Fig. 1 is

different residence time in the 5: 2 resonance. While in the ca

Hereafter we shall verify that our conclusions from the pravhere only four outer planets were considered (Fig. 1) the bo
vious sections warrant several modifications of the (necessai#g could stay in the 5:2 resonance typically for tens of Myi
simplified) dynamical model we used above. in the integration where all the planets were considered (Fig. !

SWIFT_RMVSY (4490, 2953—-2) — 1993 FR58 and FNs, regolith, isospin
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FIG.7. The same as Fig. 5 but for the asteroid 19934R
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SWIFT_RMVSY (4+90, 2953—2) — (7340) and FNs, basalt, isospin
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FIG.8. The same as Fig. 6 but for bodies with a higher value of surface thermal condudtivityl W/m/K). Except for the grey particle (corresponding
to zero obliquity), the dominating seasonal contribution from the seasonal variant of the Yarkovsky effect drags the orbits to smaller valeesiogjoe axis.
The strength of the drift is smaller than in the diurnal-dominated situation in the Fig. 6. Notice a long-lasting capture of the grey particlg ichéhetitreone,
where the asteroid 1993 B&is currently located.

the typical residence time is about one Myr. We have verifiadell with recent results of Gladmaeat al. (1997). On the other

that the principal mechanism that removes particles from thand, and what is most important in the context of our work, th
5:2 resonance is a close encounter with one of the inner saj@neral dynamical picture of Vysheslavia itself and of its clone
system planets (mainly Earth and Venus). These findings agseems to be insensitive to adding the inner solar system plan

SWIFT_RMVS3 (8+15, 2953—ipl) — (2953) Vysheslavia and FNs, inner planels
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FIG.9. Mean semimajor axis (in AU) vs. time (in Myr) for Vysheslavia and its 14 fictitious neighbors. As in Fig. 1, the Yarkovsky effect is not include
this simulation, but perturbations due to all the planets (except Pluto) are considered. Note the much shorter lifetime of the objects residiily iethed : 2
resonance.
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to the model. In particular, Vysheslavia’s chaotic zone locati@pproaches are very short (typically a day), so that a “blind” aj
is well preserved. This indicates that the chaotic zone, relatedplccation of an integrator likewift  might result in misleading
the resonance effects due to the outer planets, has been well oepacorrect conclusions (by definition a close approach to or
resented by the four-body problem with appropriately applieaf the perturbing bodies is a “short-periodic” effect). Either a to
barycentric correction. The median time to fall in the 5: 2 re$eng integration timestep from the previous simulations is kep
onance is 10.9 Myr, very close to the value obtained with ttend then the close approaches are not well represented, or
perturbing influence of the four outer planets only (Table IIIHill sphere of the gravitational influence of the massive asteroic
We may thus conclude that adding the inner solar system bodress forced to be too large, which means the symplecticity of tt
does not significantly alter our previous results. swift was largely violated (by the time we did most of the sim-
2.3.2. The possible role of Ceres and Pallag.he main as- ulations we were not aware of the availability of the symplecti
teroid belt, where Vysheslavia is located, represents a vast regaiegrators that permit a correct modelling of the close encoul
voir of much less massive perturbers than the inner plandists; see e.g., Chambers 1999). Because of this problem, we h
However, the possibility of close encounters with these bodigdegrated the orbit of Vysheslavia and its 14 FNs (and similarl
may in part balance the deficiency in their mass as far as the tdtalthe asteroids 7340 (1991 Ypand 1993 Fis) in the gravita-
effect on the Vysheslavia orbitis concerned. Since the most m#enal field of 8 planets (except Pluto), and of Ceres and Pallas |
sive asteroids, Ceres and Pallas, might already closely approasimg theBulirsh —Stoer integrator (the Yarkovsky pertur-
Vysheslavia, we decided to perform a test that consists of incluzktion was not considered in this case). Obviously, tight contr
ing these two asteroids and all the planets (except Pluto) in airthe numerical precision results in large expenses for comp
simulation. Masses and osculating elements of these asteraat®on time. The integrations presented in this section took mu
were taken from Bowell’s catalogue (Bowell al. 1994). more CPU time than all the other integrations reported above
Before commenting on the results of the numerical simula- Figure 10 shows the mean semimajor axes of all integrate
tions, let us derive a simple estimate of the expected effect. lastteroids (and their FNs) during the 20-Myr time interval. Th
us assume that Vysheslavia is on a circular orbit and a pesgsults are basically similar to those reported in Section 2.3.
turber of massn’ (expressed as a fraction of the solar massjhere the perturbations of all 8 planets were considered. Ho\
is on a nearby circular orbit, so that the ratio of their semimaver, a closer look at the orbits that are not locked in a seeming
jor axesa = @'/a is smaller but very close to unity. Then onechaotic zone reveals semimajor-axis long-term fluctuations
might estimate a variatioda of the semimajor axia of Vysh- the level of abouk 103 AU. As discussed above, these fluctua-
eslavia related to the conjunction encounter with the perturli@ns are induced by the gravitational influence of the two ma:
as fa/a) ~ 2m'/(1 —a)/(1 — «¥?) ~ 2 x 1078 AU (the nu- sive asteroids considered in the simulation (Ceres and Palla
merical value pertains to Ceres). Even smaller variations of thi¢e can also see rapid jumps in the semimajor axes of some p
semimajor axis are expected due to the interaction with othtésles (e.g., FI; of 7340 at about 15.3 Myr) that are triggered
members of the Koronis family, though the duration of the cotpy very close encounters with Ceres or Pallas. Notice, howeve
junction is quite different because of their smaller distance. Noteat none these effects is large enough to place Vysheslavi
however, that this is just the lowest order-of-magnitude estimateighbor FN 5, originally above the chaotic zone, in the chaotic
of the effect. When approximating the orbits (of both the perone. The average time to fall into the 5: 2 resonance comput
turber and the perturbed asteroid) by precessing ellipses, feeVysheslavia and its fictitious neighbors is 11.6 Myr, esser
might get a better analytical estimate of the effects, but in thiglly the same amount of time as in the integration without th
case we will instead directly perform a complete numerical simgravitational influence of Ceres and Pallas.
ulation. We shall thus see in the following that the gravitational Because of the somewhat shorter timespan of the previo
influence of massive asteroids on the orbits of smaller objestisnulation, we have integrated three FNs, notabIﬁENVysh-
(like Vysheslavia) is composed of (i) random, very small-scatslavia, FN ; of 7340 (1991 UA), and Fl\?ﬁ of 1993 FRg, over
fluctuations in the semimajor axis that can accumulate ovemanuch longer timespan. Their orbits were again integrated |
longer time, giving rise to a sort of chaotic diffusion (see Fig. 113he Bulirsh —Stoer integrator with gravitational effects of
and (ii) abrupt changes in the semimajor axis resulting from8aplanets and the 2 massive asteroids. Resulting evolution
close encounter (both Ceres and Pallas eccentricities are lafgemean semimajor axes, that now covers 100 Myr, is shov
enough to cross the Vysheslavia region). Milani and Farinelila Fig. 11. Note again that the semimajor axis of Vysheslavia
(1995) estimated that a close encounter with Ceres resulting ingighbor FN, fluctuates at the level of 18 AU, but this is
more than 0.001 AU shift of Vysheslavia’'s semimajor axis anstill not enough to get trapped by the chaotic zone. Strictl
occurring in the last 100 Myr is not very likely. We shall try tospeaking we cannot exclude the possibility that Vysheslav
investigate this conjecture by direct numerical integration.  has been transferred to its present location by the gravitatior
Numerical integration with the massive asteroids that manfluence of Ceres or Pallas, but the fact that we did not ot
approach very close to the orbits of integrated objects (esgrve this occurring in our integration puts a limit on its corre
the closest detected approaches to Vysheslavia or to its clospending probability. There are three interesting features to |
were at about 1. x 10~* AU) is a delicate problem. The closenoted in Fig. 11: (i) an abrupt change in the semimajor axis ¢
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BS (10445, 2953—cpObsf) — (2953) Vysheslavia, (7340), 1993 FR5B and FNs, with Ceres and Pallas
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FIG. 10. Mean semimajor axis (in AU) vs. time (in Myr) for Vysheslavia, 7340 (1991,)JA993 FRg, and their 42 fictitious neighbors defined in
Table Il (the asteroid 1993 R and its clones are grey). Perturbations due to all the planets (except Pluto) and two massive asteroids (Ceres and Pal
considered. Note the tiny, long-term fluctuatiossl(0—3 AU) and occasional jumps of the semimajor axes of the previously perfectly stable orbits. Both effe
are due to the gravitational influence of Ceres and Pallas. This simulation was performed Bithirste —Stoer integrator.

Vysheslavia’s Flﬁ3 at about 5.1 Myr, (ii) a similar change inthese cases we have detected a very close encounter of the
the semimajor axis of Fi\; that belongs to 1993 R at about tegrated orbit with Ceres. The minimum separation of the tw
97.5 Myr, and (iii) the identical effect in the semimajor axidodies was only 1 x 1074 AU in the last case. Also, due to
of FN9; that belongs to 1993 R at about 68.2 Myr. In all chaoticity of the orbits, the close encounter of 7340’9 KNt

BS (10+3, 2953—cp2bsf) — (2953), (7340) and 1993 FRS8 FNs, with Ceres and Pallos
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FIG.11. Thesame as Fig. 10 but for alonger timespan. Only three bodies are conside{’pgdrﬂ%f)lsheslavia—curve 1, F‘i\g of 7340 (1991 UA)—curve 2,
and Fl\?#3 of 1993 FRg—curve 3. Note the three deepest close encounters of the integrated particles with Ceres that both resulted in a significant chang
semimajor axis: (i) particle 1 at about 5.1 Myr, (ii) particle 2 at about 97.5 Myr, and (iii) particle 3 at about 68.2 Myr. The closest approach tati@etieisdn
case was 1 x 10~ AU only.
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BS (10+3, 2953—cpObsf) — (1) Ceres, (2) Pallas
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FIG. 12. Long-term evolution of the mean semimajor axes of Ceres and Pallas (time in Myr at the abscissa). Note the difference between the stable
of the Ceres semimajor axis (lower curve) and the chaotic fluctuations of the Pallas semimajor axis (upper curve). The latter seems to be lodkedlmatgimi
zone (width of about 0.0008 AU) as Vysheslavia. This chaotic region seems to be associated with the high-order 18 : 7 resonance with Jupiter.

approximately 15.3 Myr (see Fig. 10) is not reproduced in thaxis. These are just the most obvious possibilities; future obse
integration. The noticeable4.0001-0.001 AU) changes of thevations may help to evaluate them.
semimajor axis require very close encounters with a small crossin a forthcoming paper we present an additional, though ir
section, so that two different integrations preserve the statisticlidect, argument favoring the Yarkovsky-driven origin of the
characteristics of the encounters only. Note that we have udégsheslavia orbit. Notably, we have identified about a doze
two different computers (with different Fortran compilers) t@ther asteroids, most probably Koronis members, that are |
perform the simulations in Figs. 10 and 11. cated in or very close to Vysheslavia’s chaotic zone. These o
A by-product of our investigation is an interesting findingects are smaller, typically 4-8.5 km in size, thus representing
about the orbit of Pallas. Figure 12 shows the mean seminmere numerous category of family members, which should al
jor axis of Ceres and Pallas as a function of time in the courbave faster Yarkovsky mobility of semimajor axes. It is natura
of 20 Myr as obtained from the integration that includes all this expect that at any given time some of these bodies will k
planets (except Pluto). In contrast to the orbit of Ceres, which dpeated in Vysheslavia’s chaotic zone. On the other hand, the
pears to be very stable, the semimajor axis of Pallas undergobgects are large enough to place stronger constraints on th
chaotic fluctuations on the order of 0.0008 ASidlichovsk/i own and Vysheslavia’s collisional origin (as the possible off
(1999) pointed out that Pallas is located in the high-order 18 spring of the recent, secondary collision in the family), makin
resonance with Jupiter and this seems responsible for the dtis hypothesis less probable.
served chaos. Our conjecture is that other asteroid families located ver
close to the powerful main-belt resonances might suffer a kir
of Yarkovsky erosion similar to that of the Koronis family. Of
particular interest could be the Maria and Hestia families the
There may be several reasons Vysheslavia's orbit is maee located very close to the 3 : 1 mean motion jovian resonan
evolved than the orbits of 7340 (1991 WAand 1993 FRs: and possibly even the Themis and Hygiea families located clo
(i) it might be originally placed closer to the 5:2 resonanc® the 2:1 mean motion jovian resonance (e.g., see Zapp:
(since 7340 (1991 U4 and 1993 Fiss are smaller object, they et al. 1995, 1997). In fact, the inner part of the Maria family,
might arrive at the 5 : 2 proximity by drifting from a farther orig-for example, is even cut by the 3: 1 resonance, so that a signi
inal location) and/or (i) its spin axis orientation and the rotazant number of originally created bodies must have been plac
tion period results in faster Yarkovsky mobility of the semimajaright there or very close to it. A detailed study of the process «

2.4. Evolutionary Implications and Future Work
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