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Abstract

A population of 23 asteroids is currently observed in a very unstable region of the main bef3 thiekivood gap. The small size of these
bodies—with the notable exception of (677) Aaltje 80 km)—as well as the computation of their dynamical lifetimes: (Bp < 172 Myr)
shows that they cannot be on their primordial orbits, but were recently injected in the resonance. The distribution of inclinations appears to be
bimodal, the two peaks being close tbéhd 10. We argue that the resonant population is constantly being replenished by the slow leakage
of asteroids from both the Koronig ¢~ 2°) and Eos [ ~ 10°) families, due to the drift of their semi-major axes, caused byYtnkovsky
effect. Assuming previously reported values for the Yarkovsky mean drift rate, we calculate the flux of family members needed to sustain
the currently observed population in steady state. The number densities with respect to semi-major axis of the observed members of both
families are in very good agreement with our calculations. The fact that (677) Aaltje is currently observed in the resonance is most likely an
exceptional event. This asteroid should not be genetically related to any of the above families. Its size and the eccentricity of its orbit suggest
that the Yarkovsky effect should have been less efficient in transporting this body to the resonance than close encounters with Ceres.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction body observed in this region, with = 9.3 andD ~ 30 km.
The small sizes of the resonant objects suggest that they
The 7/3 mean motion resonance with Jupiter (semi-major are not primordial, but should be fragments of collisionally
axis a ~ 2.956 AU) occurs at the location of one of the fa- eroded bodies. Moreover, thg¥resonance is a highly un-
mousKirkwood gaps in the distribution of asteroids. How-  stable region of the main asteroid belt. Previous numerical
ever, this gap is not completely void of asteroids, as a numberstudies have shown that the median dynamical lifetime of
of ~ 50 bodies are currently observed within or close to the objects initially placed in the resonance~20 Myr (Glad-
borders of the resonance. The distribution of these bodies, agnan et al., 1997). Hereafter we use the term “dynamical
a function of theirproper elements, is shown in Fig. 1. The lifetime” to denote the time it takes for an orbit to encounter
data are taken from the “numb.syn” catalogue of the AstDyS Jupiter within 15r4, wherery is the Hill sphere of Jupiter.
web servicé, where the values of numerically computed After an asteroid suffers such an encounter with Jupiter, it
(synthetic) proper elements (Milani and KneZgd003) can s swiftly ejected from the main belt. Given this short time
be found for all numbered asteroids. Th&#esonant pop-  scale, the probability that the currently observed resonant
ulation mostly consists of bodies with absolute magnitudes objects are on their primordial orbits is effectively null. The
in the range 13< H < 15 which, assuming their albedos question then is where do these bodies originate from.
to be 01 < A < 0.3, translate to diameters in the range  From Fig. 1, one can see that two big asteroid families lie
2km< D < 12km. Asteroid (677) Aaltje is the only “large” o ejther side of the resonance. These arekibrenis (with
semi-major axes < 2.955 AU) andEos (a > 2.955 AU)
mspondmg author. families. The family member; were identifi\ed by applying
E-mail address: tsiganis@obs-nice.fr (K. Tsiganis). a hierarchical clustering algorithm (Zappala et al., 1995) to
1 http://hamilton.dm.unipi.it/cgi- bin/astdys/astibo the AstDys data, with a code kindly provided to us by D.
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splits into a multiplet of; + 1 closely spaced resonances. Ina
first approximation, the resonances are equi-spaced in mean
motion space by an amount equal to the secular frequency of
the periheliongr, which translates to a small separatioain
sayda. For a given value of the asteroid’s eccentricitywe
can compute the width of each resonance,isayAag. The
volume of phase space covered by chaotic trajectories and
the transport properties of this set of trajectories is dictated
by the ratiosAay/da. Using a local expansion of the disturb-
0.20 I - ing function (see Murray and Dermott, 2000) and a series of
- ¢ canonical transformations, to express the Hamiltonian in lin-
ear proper elements (see also Murray and Holman, 1997), we
family members found thatAay > Sa for all 5 harmonics related to the/3
(677) Aaltje resonance. In this case, the dynamics of the resonance are
;‘:f;:ﬁ:::“"es similar to those of a modulated pendulum (see Morbidelli,
, , 2002), and the separatrix expands and contracts at a rate
— T T T equal to(w). The two curves plotted in Fig. 1 represent
the two extremes of the width of the/3 resonance, dur-
ing the modulation period. Note that, since the phase angle
of the asteroids is not specified on this plot, we cannot tell
which asteroid is in fact in the resonance. However, we can
be suré that asteroids inside the narrow “V” are in the res-
onance, and asteroids outside the wide “V” are not. As we
L can see on the plot, the Koronis and Eos families are termi-
2.94 2.95 2.96 2.97 2.98 nated at the borders of the resonance, as these are defined by
a, (AU) the wide separatrix. We also note that the members of both
families have a distribution of absolute magnitudes, which
Fig. 1. (Top) The distribution of bodies in the, e) plane of synthetic is very similar to the one of the resonant bodies. These ob-

proper elements. The data are taken from the AstDys data base. Only theseryational facts suggest that the two families could be the
objects that are dynamically affected by th&8#esonance and the mem- sources of the resonant population.

bers of the Koronis and Eos families are shown. We distinguish between . . . .
(i) objects that are currently in resonance (solid squares) and (ii) objects that The genetic relationship between the resonant population
are close to the borders of the resonance (stars). Asteroid (677) Aaltie—the and the two families is supported by the distribution of bod-
largest resonant body—is represented by a solid circle. Finally, the open jes in the space of proper elements. As seen in Fig. 1, all
circles correspond to the members of the two families. (Middle) The same family bodies and most resonant bodies have eccentricities
objects as in (top), projected on tfie, sin) plane. The distinction be- . .

tween the lowf and high{ resonant groups is evident. (Bottom) The same n the. r'a'nge CO4§ es 01 A few resonant bodies have ec-
objects, projected on the(H) plane. Both families, as well as the resonant ~ C€Ntricities outside this interval, but this scatter should be
population, have very similar magnitude distributions. due to the chaotic evolution of orbits in the resonance. Even

more indicative is the distribution in inclination of the reso-
Nesvorny, and using previously reported values for the ve- Nant bodies. The projection of the asteroids on(thesin/)
locity cutoff, namelyv. = 60 ms? for the Koronis and plane { denotes the proper inclination of the asteroid’s or-
ve = 80 ms! for the Eos family? The background popu-  bit) is also shown in Fig. 1. The distribution dfappears
lation is not shown in Fig. 1, for clarity purposes. to be bimodal, the two peaks being/at- 2° and/ ~ 10°.

On the @, ¢) plot of Fig. 1 we have superimposed two These values are close to the corresponding mean values of
“V"-shaped curves. These curves represent the locus of thethe Koronis and the Eos family, respectively. We note that
separatrix of the 73 resonance, as computed in an integrable three asteroids—(8560) with sin= 0.235, (17452) with
resonance model. Let us adopt the planar elliptic three-bodysinI = 0.101 and (55501) with sih= 0.091—do not seem
problem as our basic model, and denote the eccentricity ofto obey this grouping. However we can imagine that these
Jupiter’s orbit bye’. As soon ag’ > 0, any mean motionres-  asteroids had in the past inclinations similar to those of the
onance(k + q)/k, of orderq (in our caseg =7 —3=4) two groups mentioned above, and have slowly drifted,in
while their trajectories were evolving chaotically inside the
resonance. In the following we show that this can indeed be
the case.

* m @ O

2 see http:/iwww.boulder.swri.edu/~davidn/familywe note that the
right-hand side of the Koronis family and the left-hand side of the Eos fam-
ily are not significantly modified for 5& v, < 60 and 60< v, < 80 (in
ms~1), respectively. For higher values af, both families artificially cross -
over the 73 resonance. 3 Remember though that this is a simplified model.


http://www.boulder.swri.edu/~davidn/family
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Given the short dynamical lifetime of bodies in thg37  four giant planets. The resonant asteroids were identified by
resonance, the presently observed objects should have beeimspecting the behavior of the critical argument of th& 7
injected into the resonance quite recently 100 Myr). resonancey = 7./ — 3» — 4w () is the mean longitude and
However, the ages of both the Koronis and the Eos fami- & the longitude of perihelion of the asteroid; primed ele-
lies exceed 1 Gyr (see Marzari et al., 1999; Bottke et al., ments refer to Jupiter). We remind the reader that iis
2001; Vokrounhlicky et al., 2002). Hence, the presently ob- a slow angle, whose behavior changes erratically from libra-
served resonant bodies could not have been emplaced injon to circulation, then the orbit is inside the stochastic layer
the resonance immediately after the original family form- of the resonance. On the other handy ifs a fastly circulat-
ing events. Therefore, we need to find a mechanism thatjng angle, the orbit is out of the resonance zone. We found
constantly injects bodies into the’J resonance, thus sus-  hat 23 bodies (including (677) Aaltje) are presently in the
taining the resonant population in a sort of steady state. iesonance, while 26 bodies are close to the borders of the res-
Giyen their small si_zes,_these objects suffer significant vari- 5nance (see Fig. 1), sineecirculates, but not very fast. Note
ations of their semi-major axes, due to ffkovsky effect that all 23 resonant asteroids follow chaotic orbits, a prop-

(Farinella and Vokrouhlicky, 1999). We remind the reader oy 150 reported in the AstDys catalogue, and no permanent
that the Yarkovsky effect refers to a recoil force that acts on |y -:or< were found. For all these orbitsis changing er-

spinning bodies as they re-emit the absorbed solar radiation
The role played by the Yarkovsky effect in shaping the
Koronis and Eos families was recently demonstrated (Bot-
tke et al., 2001; Vokrouhlicky et al., 2002). It explains the
“V"-shaped distribution of members in the, H) plane, the
footprint of a size-dependent evolution, from which a quite

accurate estimate of the family ages can be deduced. Also,I N riodic variations of are related to the evolution of
it explains asymmetries produced in tle e, I) distribu- ong-periodic variations o are retated 1o the evolution o

tion, as family members are forced to cross high-order reso- and reflect a displacement of the center of libration. The

nances. Given these results, the Yarkovsky effect seems to b&ort-periodic, small-amplitude, variationsef which cor-
the most promising mechanism for explaining the presently rela.te with the var|at|op§ cn‘ are related to librations about
observed population of/3-resonant bodies. the instantaneous equilibrium. .

The long-term dynamics of orbits in the’J resonance We mtggrated the orbits of the 23 resonqnt and. 20 ne|.gh-
are studied in Section 2. As expected, the real bodies have?0ring objects for 100 Myr. We excluded neighboring orbits
short dynamical lifetimes. An analysis of a large set of fic- that seem to follow stable orbits. The reason for following
titious resonant particles shows that, for inclinations similar the orbits of the neighboring objects is to examine the diffu-
to those of the two families, the resonance has a vanishinglysive region around the/3 resonance. Experience shows that
small zone of stable librations. The long-term dynamics of Orbits starting very close to a resonance can later on fall into
two sets of fictitious objects, representing bodies that were the resonance, due to slow chaotic diffusion (see Guillens et
injected into the resonance with Koronis-like or Eos-like ec- al., 2002).
centricities and inclinations, are also studied. The results  Inthis run, 20 out of the 23 resonant bodies, as well as 11
confirm the short dynamical lifetimes found for the real neighboring ones, encountered Jupiter before the end of the
resonant asteroids. In Section 3 we show that the diurnalintegration time. The integration continued for the remaining
Yarkovsky effect could provide a flux of family members 3 resonant bodies, which also escaped within 172 Myr. The
that would be enough to keep the observed resonant pop-dynamical lifetimes of these asteroids are given in Tables 1
ulation in steady state. Our conclusions are given in Sec-and 2. As was expected, thg37resonance pumps the eccen-
tion 4. tricities of their orbits up to Jupiter-crossing values.7).

The typical dynamical behavior of resonant particles can be
seen in Fig. 3. Botle andi undergo slow chaotic diffusion,

ratically from libration to circulation, and the changes are
correlated with the variations of the semi-major axisThis
behavior, for the orbit of (677) Aaltje, can be seen in Fig. 2.
As one can see in Fig. 2 there are two basic time scales
governing the evolution of. This is a consequence of the
modulated pendulum-like dynamics mentioned before. The

2. Dynamicsin the 7/3 resonance up to a point when the orbit enters into a highly unstable
. region. A phase of large secular oscillations of the eccentric-
2.1. The observed population ity follows, until the asteroid suffers a close encounter with

) ) Jupiter, which extracts it from the main belt. The median dy-
Using the AstDys data, we selected a setaf00 objects  pamjcal lifetime of this population is 19.3 Myr, i.e., the same

in the vicinity of the 73 resonance (with.22 AU < a < as the one found by Gladman et al. (1997), while the mean
2.99 AU) and performed a numerical integration of their or- | 41,e is 38.4 My#

bits, for a time span corresponding to 200,000 years. All our

integrations were performed using the symplectic integrator

of Wisdom and HOIman (1991), as itis implemented in the 4 The median dynamical lifetime is the time needed for 50% of the pop-
SWIFT package (Levison and Duncan, 1994). The model yjation to escape, while the mean dynamical lifetime is the arithmetic mean,
accounted for the gravitational perturbations exerted by thei.e.,>"; 7o ;/N, whereN the total number of particles amd=1,..., N.
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Fig. 2. Time evolution of the critical argument, and the semi-major axig, of (677) Aaltje. The behavior of suggests that the motion is chaotic and that
the 7/3 resonance is responsible for this chaos. The variationsabbut the valueres= 2.9556 AU are correlated with the variationsof
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Fig. 3. Time evolution ok andi for 7/3-resonant orbits. (a) A Koronis-like particle, and (b) an Eos-like particle. The values of both elements undergo slow
diffusion, until the orbit enters a “fast” chaotic path; the eccentricity then quickly increase®td and the asteroid suffers a close encounter with Jupiter,
which ejects it from the resonance. For Eos-like particles, the inclination also changes by large amounts, once the particle has enteredrégiamstable
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Table 1
Orbital and physical properties of the resonant asteroids studied in this pa-
per

Number ap ep sinlp H Tp (Myr)
(677) 2.956 0.080 0.169 9 7.7
(7400) 2.956 0.069 0.028 m 193
(8119) 2.956 0.140 0.014 m 24
(8422) 2.956 0.108 0.033 m 80
(8560) 2.956 0.056 0.235 w 109
(13309) 2.957 0.073 0.181 »m 129
(15459) 2.955 0.109 0.024 m 128
(17452) 2.956 0.034 0.101 m 213
(19626) 2.956 0.058 0.041 » 269
(22001) 2.956 0.091 0.017 m 80
(23041) 2.954 0.088 0.068 m 262
(23777) 2.956 0.077 0.180 B 49
(24450) 2.956 0.105 0.023 m 115
(25259) 2.956 0.038 0.028 m 1720
(26541) 2.956 0.029 0.032 m 478
(26584) 2.956 0.077 0.155 13 42
(28832) 2.956 0.082 0.053 el 839
(31253) 2.956 0.079 0.052 m 1522
(36688) 2.956 0.034 0.046 wm 333
(43575) 2.956 0.045 0.179 » 1412
(46728) 2.955 0.083 0.177 B 7.9
(50877) 2.957 0.056 0.045 3 428
(55501) 2.955 0.115 0.091 m 241

The asteroid’s designation, proper elements(and!), the absolute mag-
nitude, H, and the dynamical lifetime of its orbit are shown.

Table 2
The same as in Table 1, but for the neighboring asteroids
Number ap ep sinlp H Tp (Myr)
(16354) 2.958 0.052 0.041 13.7 .83
(18470) 2.954 0.072 0.035 135 49
(31082) 2.959 0.067 0.167 13.7 .33
(32603) 2.960 0.036 0.163 13.9 46
(32675) 2.957 0.124 0.021 14.7 11
(38432) 2.960 0.045 0.164 13.9 .27
(40090) 2.960 0.056 0.178 14.2 23
(40986) 2.960 0.064 0.151 14.1 22
(43146) 2.960 0.064 0.150 12.8 .36
(45616) 2.954 0.060 0.045 14.1 .67
(51976) 2.957 0.076 0.052 13.5 97
(4258) 2.959 0.044 0.054 11.9
(4441) 2.958 0.042 0.026 13.0
(23538) 2.959 0.045 0.036 13.9
(25627) 2.958 0.034 0.093 12.9
(25768) 2.954 0.069 0.035 14.2
(30488) 2.953 0.074 0.035 13.8
(32660) 2.954 0.062 0.036 145
(35612) 2.954 0.056 0.036 14.0
(38557) 2.960 0.065 0.040 14.1
(40703) 2.953 0.019 0.168 14.3
(40810) 2.960 0.062 0.056 15.1
(43713) 2.953 0.036 0.152 14.6
(50878) 2.954 0.044 0.036 13.9
(52031) 2.954 0.066 0.026 15.9
(52531) 2.958 0.033 0.143 13.3

The ones below the line, did not escape within 100 Myr but were not inte-
grated for longer time.

135

2.2. Stability of resonant orbits

A numerical exploration of the dynamics in thg37reso-
nance was made for the two proper inclination values men-
tioned before, namely = 2° and = 10°. Our initial con-
ditions covered a region of osculating elements around the
center of the resonance. However, we performed a small
trick in order to be able to make comparisons with the distri-
bution of the real asteroids in the space of proper elements.
We set initially 2 = £2’ andio = iy + I, wheres2 denotes
the longitude of the nodeg the initial value of the osculat-
ing inclination, ! the desired value of the proper inclination
and primed elements refer to Jupiter. Also, the argument of
perihelion,w, and the mean anomaly/, were chosen by
settingw = @’ ando = . This value ofo corresponds
to the center of libration of the/8 resonance. The initial
value of the osculating eccentricity was givendgy= e + e,
wheree; ~ 0.035 is the forced eccentricity at the location of
the 7/3 resonance, in the framework of the three-body prob-
lem, ande is the desired value of the proper eccentricity. For
each value off a set of 620 orbits was chosen, placed on
a 31x 20 grid in the(a, e) plane, with 2943< a < 2.968
and 0< e < 0.22. Of course, the values efand are only
approximations of the real proper values of the resulting or-
bits. As a test, we performed more runs, changing the initial
values ofe and by small amounts, but the global stability
portrait of the resonance was practically unchanged.

The variational equations were integrated fgg =
1 Myr, in order to compute the values of the maximal Lya-
punov exponenty, i.e., the asymptotic mean rate of ex-
ponential divergence of initially near-by orbits (Oseledec,
1968, see also Lichtenberg and Lieberman, 1983). We re-
mind the reader that positive values pfindicate chaotic
motion, whiley ~ 0 implies regular motion. The equations
were solved using the swift_lyap2 driver of the SWIFT pack-
age, which does not apply a periodic renormalization of the
displacement vector. This code is appropriate for problems
in which there are no close encounters, as in our case. As
a test we computegr for the 23 resonant asteroids and
the resulting values are in close agreement with the ones
given in the AstDys database. The solution of the variational
equations, more specifically the norm of the displacement
vectord(t), was recorded every 1000 years, and the value
of y was obtained by performing a linear least-squares fit
on In[d(z)/d(0)]. In principle, the computation of the re-
quires infinite time. However, an integration time span of
~10-y~Lis enough for an accurate determination. The 23
resonant objects have Lyapunov timBs= y~1 ~ 10000
years. This value of is of the order of the secular period
of @, a result typical for a resonance with the dynamics of
a modulated pendulum. Thus, the time span chosen for this
experimentis~ 100- 7. As we move further outside the res-
onance zone, the computation yiels~ fint, which should
not be taken as a positive indication for chaotic motion. In
fact, the correlation coefficient, which measures the quality
of the least squares fit, drops from 90-99% (for chaotic or-
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bits) to < 30%, as the oscillations af(r) dominate overany = modulated pendulum approximation. Note that no stability

nearly zero-slope linear trend. This is also the reason why, region appears to exist around the center of the resonance,

for some orbits, we gefi > fjnt. at least at this resolution. This fact argues against the pos-
Figure 4 shows a graphical representation of the results.sibility that the resonant bodies were “trapped” for billions

The value of the logarithm ofi (in years) is coded on a  of years in some stable region inside the resonance, from

grey-scale map, according to the scale shown in the figure.which they have slowly diffused away. The valueZf in-

Evidently, the resonance is globally chaotic, the valueg of ~ creases, as the resonance center is approached, but all orbits

being quite small. The “V’-shaped white region, in which around it are still chaotic, withy < 4 x 10* yr. This re-

the orbits have 1yr < 7. < 10* yr, almost coincides with  sult holds for both values df. A notable difference between

the separatrix-swept zone, as the latter is predicted by thethe two plots is that, fof = 10°, the small-eccentricity re-

log(T) (1=2°)

B2 - 70
Bl - 62
0.20 Bls6 - 54
38 - 46
30 - 38
0.15
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Fig. 4. Grey-scale maps of 16§ ), for I = 2° (top) and/ = 10° (bottom). The scale is shown on the plot. The resonance appears to be globally chaotic and
no region of stable librations is visible, at this resolution. The most chaotic region (white), associated with the separatrix-swept zone, laeeaer for
I =10°, extending to all values af in the range 0.04-0.1.
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gion of the resonance (@ < e < 0.15) is more chaotic than As stated in Section 1, we assume that all resonance
for I = 2°. This suggests that small-eccentricity orbits with bodies initially had inclinations eithek = 2° or I = 10°.
Eos-like inclinations should reach the high-eccentricity re- Eos-like particles can actually reach inclinations as high as

gion faster than asteroids with Koronis-like inclinations. 16°, as seen in Fig. 3. Moreover, 24% of the Koronis-like
fictitious resonant particles rea¢sin/) = 0.1, as the eccen-
2.3. Long-termevolution for 7 = 2° and I = 10° tricity increases, and spend 2—-20 Myr in this state, before

they escape. An example of this is shown in Fig. 6. Thus, in-

Two sets, of 84 resonant particles each, were selected tocllnatlons similar to those of asteroids (17452) and (55501)

. . - ) can be reached by chaotic diffusion inside the resonance.
study the dynamical behavior of fictitious resonant “mem- A o e
; X . : These results justify our initial two-group classification.
bers” of the Koronis and Eos families. Both sets of particles oy . . .
L oL In the beginning of this section we stated that our choice
had initial proper eccentricities in the rang@8< ¢ < 0.10 - o . .
L . of initial conditions only approximates the desired proper
(as beforegg = er 4+ ¢) and semi-major axes in the range o X
P values ofe and/. However, the two groups of fictitious parti-
2.9535 AU< a < 2.9555 AU. The proper inclinations were . .
: o oo cles accurately represent the evolution of the real population,
selected in the range’ b < I < 2°.5 for Koronis-like ob- o !
jects and 9 < / < 11° for Eos-like objects (again on a statistical level. If we use the values(@H) obtained
J,, N Th = 't'\I | for th t] £ th 9 | 0 in this section, we can compute the weighed averaggof
i + 1. _'he inftial values Tor he rest of Ine angies Were o, 1y4th inclination groups. The weighing factors are the
chosen in the same way as in the previous run.

Th bits of th h s of particl int ted number of observed bodies in each inclination group. The
' € OTbILS of Inese two Sets of particles were integrate resulting weighed average @b has a value of 40.5 Myr,
until they encountered Jupiter within5ky. Figure 5 shows

. i ; which is very close to the value obtained in Section 2.1
the results of this experiment. Both populations decayed fast(38_4 Myr) from integrating the 23 resonant bodies.
and all particles escaped within 340 Myr. We note that the
decay of both groups is very well fitted by an exponential law
and no tail of long-lived objects appears to exist. Along with 3. The Yarkovsky drift of family members
the result shown in Fig. 4, this also suggests that the mea-
sure of the set of regular resonant orbits is negligible. If this
was not the case, small “island” chains surrounded by the

“ghosts” of invariant sets (cantori) would inhibit transport, large-inclination group containy = 6 bodies. Given the

leading to non-diffusive behavior (see Metzler and Klafter, values of(Tp) computed above, the flux of bodies from each

2000) and a Iong-livepl tgil. Eos-like particl.es escaped mu_Ch family, needed to keep the observed populations of resonant
faster than the Koronis-like ones, a behavior consistent with objects in steady state, is

the results shown in Fig. 4. The mean dynamical lifetime for
Koronis-like objects ig7p) = 52.8 Myr, while for Eos-like Fss N (1)
objects(Tp) = 12.4 Myr. We note that all escaping orbits (Tp)
show the same evolution ef i.e., the one already described je. 0.48 and 0.30 bodies per Myr, for members of the Ko-
in the case of the observed resonant bodies (see Fig. 3).  ronjs and the Eos family, respectively. The question now is
whether the Yarkovsky effect can match this flux.

L LI e — The mean drift rate of the semi-major axisBf= 1 km-
= "Koronis" bodies due to the Yarkovsky effect id\a)/t = 1/t =

o "Eos" 2.7 x 100* AUMyr~1. For D > 1 km, the drift rate is
approximately inversely proportional t® (Farinella and
Vokrouhlicky, 1999). Assuming that Koronis-like resonant
T bodies (i.e.l ~ 2°) have the same albedo as Koronis itself
(A =0.28) and Eos-like bodied (~ 10°) the albedo of Eos
4 (A = 0.14), the mean diameters of the currently observed
resonant groups are 4.6 and 6.4 km, respectively. Therefore,
171 =587x 10" AUMyr~1 and 422 x 107% AU Myr 1,
respectively. These numbers are computed, assuming that
the obliquity of the asteroid’s spin axi8, is either O or

Excluding (677) Aaltje, the small-inclination group of
the resonant population contains= 16 bodies, while the

1.0

0.8 14

0.6 |-t

PSUI’V(t)

0.4

0.2

0.0 i 18C°. For the Koronis family, there are observational ev-
00 5.0x10" 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10 idence that this is indeed the case (Slivan, 2002). On the
time (yrs) other hand, assuming random obliquities in f@gr ] inter-

Fig. 5. The survival probabilityPsung: . as a function of time, for the two val, the above mentioned drift rate should be multiplied by

2 ~
sets of Koronis-like and Eos-like particles, placed in th8 Tesonance. ((cost)) = 77/4“' 0-785-' . o ]
Psurv decays exponentially with time, for both populations. The corre- The mean time, required for an asteroid to drift in semi-

sponding mean values of dynamical lifetime are shown on the plot. major axis byba, is (Tgiiit) = 8a - T Myr. Denoting byN (8a)
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Fig. 6. Time evolution ot andi for a Koronis-like fictitious particle. Note that the inclination can reach a mean val(i¢ €f6°.5, about 20 Myr before the
eccentricity starts to undergo wild oscillations. 24% of Koronis-like particles follow similar evolution.

the number of bodies within a distanée from the border Table 3

of the resonance, the mean flux into the resonance is Replenishment of the/3-resonant groups by the Koronis and Eos families,
due to the Yarkovsky effect
_ NGa) @  Gow  News (D) (Tp) Fes Nvar(3a)
2(Turift)” km)  (Myn  (Myrh
16 4.6 52.8 0.48 19-24 (Koronis)

where the factor 2 in the denominator is due to the fact that
asteroids can drift towards smaller or larger valuesg wiith —
the same probability. Since we ask for the steady state solu-The two resonant groups are labeled by their typical value. dfops de-

. , notes the number of bodies that are currently observed in each group, and
tion, we imposef.. = Fssand solve forN (3a). The result the next column gives their mean diameter, for an albedo equal to that of
is that, to explain the observed resonant group-at2°, 19— (158) Koronis or (221) Eos, respectively. The next two columns give the
24 bodies per 0.002 AU should be currently observed in the mean dynamical lifetime of Koronis-like and Eos-like particles injected
Koronis family. Similarly, for thel ~ 10° group, we should into resonance, and the flux needed to keep the observed population in
be observing 45-57 bodies per 0.002 AU in the Eos family. 5*2% 52, The [ et ghes he umberof oy e e
The lower bounds of these estimates corresporiditeing F4, to be equal to the steady state value.
either @ or 18, while the upper bounds are computed for
randomized values af. The results are summarized in Ta-
ble 3. Figure 6 shows the observed distribution of the members

The above calculations are true, if we consider only the of the Koronis and Eos families im, binned to 0.002 AU.
diurnal and not theseasonal variant of the Yarkovsky effect,  The horizontal lines mark the estimates we arrived at by cal-
the latter leading to a secular drift aftowards smaller val-  culating the drift due to the Yarkovsky effect. As we can
ues. However, the seasonal effect is much weaker than thesee, the agreement between the number density of observed
diurnal one, especially for obliquities much different than asteroids away from the nominal resonance locatigg

90°. Thus, for time scales comparable to the ones dictatedon one hand, and the number density calculated above, on
by the dynamics in the /B resonance, we can neglect the the other, is very good. However, while the number density
seasonal effect in an order of magnitude estimate of the drift of family members is almost constant away from the res-
rate. onance, it drops significantly as the resonance borders are

lO° 6 6.4 12.4 0.30 45-57 (Eos)
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Fig. 7. Histogram of the number of observed members of the Koronis and Eos families, binned to 0.002 AU. The Koronis fami9 hasmbers per bin,

while the Eos family has- 50 members per bin. These numbers decrease as the separatrix of the resonance is approached. The horizontal lines mark the values
needed for the Yarkovsky flux to keep the observed bimodal resonant population in a steady state. The agreement between the observed and the calculate
values shows that the Yarkovsky effect is responsible for replenishing/heeg8onance such that, at any time, the resonance contains approximately (i) the
same number of resonant bodies as currently observed and (ii) the same number of asteroids in each of the two currently observed inclination groups.

approached. This is a consequence of the fact that the mo+the population of both the resonance zone as well as of the
tion in the vicinity of the resonance borders is also chaotic. neighboring families should be biased in the same way.
Consequently, asteroids withir 0.015 AU from the res-

onance borders tend to slowly migrate in proper elements

space (chaotic diffusion), falling into the resonance on a 4. Conclusions

timescale shorter than the one dictated by the Yarkovsky

drift time, (Tgri). This was shown by Guillens et al. (2002) The small sizes and short dynamical lifetime of the bodies
for objects in the vicinity of the AL resonance. In our case, N the 7/3 resonance suggest that this population is not pri-
we find an observational asymmetry, i.e., chaotic diffusion mordial. These asteroids should have been injected into the

is more important for Eos members than for Koronis mem- "ésonance quite recently. The two major candidate sources

bers. This agrees with our results on the degree of chaosOf these bodies are the Koronis and Eos families. As these

in the 7/3 resonance as a function of the inclination, pre- two f.amilie](s havle ages .tha|t< exc;]elleill GBIH (Marzarri] et al,
sented above (see Fig. 4). In this framework, if we want to 1999; Bottke et al., 2001; Vokrouhlicky et al., 2002), the cur-

correctly evaluate the number of asteroids supplied by the rently observed resonant bodies could n'ot. have bgen placed
in the resonance at the epochs of the original family forma-
Yarkovsky effect to the resonance, we need to measure the

L . ) ... tionevents.
qu>$ of asteroids into the region characterized .by chaotic d'.f' We investigated the idea that the resonant population is
fusion, and not the flux into the resonance itself. For this

. . constantly being replenished by the members of the two fam-
reason, we should “shift” the boundaries of the resonance y grep y

b ; h inal bord ilies, through a constant drift in semi-major axis caused by
y ~0.015 AU away from the nominal resonance borders. the Yarkovsky effect. We calculated the flux of bodies re-

In doing this we implicitely assume that all bodies enter- g, ing from this drift and our computations show that the
ing the diffusive neighborhood will eventually fall into the ., mber of observed family members in the vicinity of the
resonance, neglecting the possibility of their collisional dis- resonance is in very good agreement with the one needed to
ruption in the diffusion zone. This should not be a severe keep the currently observed resonant population in steady
simplification, given that the typical collisional lifetime for  gtate. Unfortunately, apart from (677) Aaltje, the spectral

D > 1 km bodies islcol > 350 Myr. (See Fig. 7.) properties of the resonant objects are not known at present,
Note that, throughout this paragraph, we have comparedsp we cannot compare them to those of (158) Koronis and
the population ofobserved resonant bodies, with theb- (221) Eos.

served family members. This avoids problems coming from Up to this point we have excluded (677) Aaltje from our

possible observation biases. Since the region we study has &tudy. The reason is that this object is unlikely to be related
total width of only 0.05 AU and the absolute magnitudes of with the considered families. In fact, because of its large size,
all objects are in the same range @2 < 15, see Fig. 1),  the Yarkovsky effect could not have moved this body more
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than Q01 AU over the lifetime of the Solar System, but fam- Bus, S.J., Binzel, R.P., 2002. Phase Il of the small main-belt asteroid spec-
ily members of comparable size are much further from the troscopic survey. A feature-based taxonomy. Icarus 158, 146-177.
7/3 resonance than this amount. Moreover. this body de- Carruba, V., Burns, J.A., Bottke, W., Nesvorny, D., 2003. Orbital evolu-

spite belonaind to the high-inclination aroun of the resonant tion of the Gefion and Adeona asteroid families: close encounters with
p ging g g p massive asteroids and the Yarkovsky effect. Icarus 162, 308-327.

population (the one supposedly of Eos-family origin), it has Farinella, P., Vokrouhlicky, D., 1999. Semi-major axis mobility of asteroid
a spectral type (Sl) that is different from that of (221) Eos (K) fragments. Science 283, 1507-1510.

(see Bus and Binzel, 2002). As a plausible scenario explain-Gladman, B., Migliorini, F., Morbidelli, A., Zappala, V., Michel, P., Cellino,
ing the presence of (677) Aaltje in the’? resonance, we A., Froeschlé, C., Levison, H.F., Bailey, M., Duncan, M., 1997. Dy-

. . . namical lifetimes of objects injected into asteroid belt resonances. Sci-
note that its orbit leads to close approaches with Ceres. Ac- -2 67 501 ) )

Cor_ding t(_) Nesvorny et al. (2002), the mean Changg of semi- gyillens, S.A., Vieira Martins, R., Gomes, R.S., 2002. A global study of the
major axis, due to close encounters with Ceres, is almost  3: 1 resonance neighborhood: a search for unstable asteroids. Astron.
an order of magnitude greater than the change due to the J.124,2322-2331.

Yarkovsky effect. for an object of this size. Moreover, Car- Levison, H.F., Duncan, M., 1994. The long-term dynamical behavior of

. short-period comets. Icarus 108, 18-36.
ruba etal. (2003) have shown that encounters with Ceres are‘Lich'[enberg, A.J., Lieberman, M.A., 1983. Regular and Stochastic Motion.

very effective (in terms o:ﬁa) for objects Iogated between Springer-Verlag, New York.

the 52 and 73 mean motion resonances, with- 0.1-0.15 Marzari, F., Farinella, P., Davis, D.R., 1999. Origin, aging, and death of
and/ ~ 15°. Given these results, we think that encounters  asteroid families. Icarus 142, 63-77.

with Ceres are more likely to have transported (677) Aaltje Metzler, R., Klafter, J., 2000. The random walk’s guide to anomalous dif-

. fusion: a fractional dynamics approach. Phys. Rep. 339, 1-77.
into the resonance, than the Yarkovsky effect. In any Case’Milani, A., Knezevt, Z., 2003. The determination of asteroid proper el-

j[he fa_Ct_that there is no significant source~080 km bOd'. ements. In: Bottke, W.F., Cellino, A., Paolichi, P., Binzel, R.P. (Eds.),
ies within 0.1 AU from the 73 resonance, makes us think Asteroids IIl. Univ. of Arizona Press, Tucson, pp. 603—612.
that the current presence of a body of this size in ti@ 7 Morbidelli, A., 2002. Modern Celestial Mechanics: Aspects of Solar Sys-

resonance is an exceptional event. tem Dynamics. Taylor & Francis, London.
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Murray, N., Holman, M., 1997. Diffusive chaos in the outer asteroid belt.
Acknowledgments Astron. J. 114, 1246-1259.
Nesvorny, D., Morbidelli, A., Vokrouhlicky, D., Bottke, W.F., Broz, M.,

We thank Hans Scholl, Fernando Roig, and an anony- 2002. The Flora family: a case of the dynamically dispersed collisional

. . : ; ; ? Icarus 157, 155-172.
mous referee for a critical reading of the first version of thi swarm ’ o .
ous referee for a critical reading of the first version o S Oseledec, V.I., 1968. The multiplicative ergodic theorem: the Lyapunov

paper and a series of comments that .|mpr_ov.ed the presen- characteristic numbers of dynamical systems. Trans. Mosc. Soc. 19,
tation of this work. The work of K. Tsiganis is supported 197.
by an EU Marie Curie Individual Fellowship, under contract Slivan, S.M., 2002. Spin vector alignment of Koronis family asteroids. Na-

No. HPMF-CT-2002-01972. ture 419, 49-51.
Vokrouhlicky, D., Broz, M., Morbidelli, A., Bottke, W.F., Nesvorny, D.,
Lazzaro, D., Rivkin, A.S., 2002. Yarkovsky footprints in the Eos family.
In: Asteroids, Comets, Meteors, p. 115. Abstracts Book.
References Wisdom, J., Holman, M., 1991. Symplectic maps for fiébody problem.
Astron. J. 102, 1528-1538.
Bottke, W.F., Vokrouhlicky, D., Broz, M., Nesvorny, D., Morbidelli, A., Zappala, V., Bendjoya, Ph., Cellino, A., Farinella, P., Froeschlé, C., 1995.
2001. Dynamical spreading of asteroid families by the Yarkovsky effect. Asteroid families: search of a 12,487-asteroid sample using two differ-
Science 294, 1693-1696. ent clustering techniques. Icarus 116, 291-314.



	Short-lived asteroids in the 7/3 Kirkwood gap and their relationship to the Koronis and Eos families
	Introduction
	Dynamics in the 7/3 resonance
	The observed population
	Stability of resonant orbits
	Long-term evolution for I=2° and I=10°

	The Yarkovsky drift of family members
	Conclusions
	Acknowledgments
	References


