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Abstract. This paper presents a comparative analysis of
the 2/1 and 3/2 asteroidal resonances based on several
analytical and numerical tools. The frequency map
analysis was used to obiain a refined estimation of the
chaotic transport. Fourier and wavelet analyses were
used to construct the web of inner resonances and
showed that they are the seat of the strongly unstable
motion observed in the numerical simulations. The
most regular regions in both resonances were classified.
A fast symplectic mapping allowed a number of direct
runs. over 10% years of the orbits initially in these
regions. The stability of orbiis over the age of the solar
system was discussed and compared to the distribution
of the ohserved asteroids in both resonances. 0 1993
Elscvier Science Lid. All rights reserved

1. Introduction

The main-belt astercid distribution is characterized by
wide gaps at the 2/1 and 3/1 resonances with Jupiter (and
narrower gaps at 5/2 and 7/3). On the other hand, an
mmporiant group of relatively large asteroids 1s found at
the 3/2 resonance. The problem of the gaps’ formation is
to be solved with the stringent condition that any mech-
anism able to deplete the gaps may not be efficient in
removing asteroids from the 3/2 resonant group. This
paper presents a comparative study of the resulis obtained
by us for these two resonances. It does not aim o be a
general review paper on these resenances; for that, the
reader is referred o the recent review on the asteroidal
resonances published by Michéle Moons (1997),

The gap in the 3/1 resonance could be explained in the
frame ol the planar restricted elliptic model Sun-Jupiter-
asteroid (Wisdom, 1982 ; Ferraz-Mello & Klafke, 1991 ;
see Ferraz-Mello er al., 1996), The surfaces of section in
this resonance showed three different rezimes of motion
and 2 strong chaos allowing an orbit to change from one
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regime to another, In these transitions, the eccentricity
may reach high values, the asteroid becomes planet cross-
ing. and a close approach to one of the inner planets
expels it from the resonance. However, the same model
failed to explain the 2/1 resonant gap. In this case, there
are regular motions at medium eccentricities enclosing the
chaotic region in low eccentricities and they do not allow
the eccentricity to grow (Froeschlé and Scholl, 1976 ; Fer-
raz-Mello, 1994a). The regular motion in medium eccen-
tricities is preserved even il long-period planetary per-
turbations of Jupiter’s motion are added to the model
(Morbidelli & Moons, 1993 )

When a non-planar 4-body model of the 2/1 resonance
is considered, signs of global chaeticity appear. The Lya-
punov times are, generally, in the range 10™'-10*" vears
(Ferraz-Mello, 19944) and the shortest time interval on
which the global transitions of orhbits happen is of the
order of several million years (Wisdom, 1987). Al vari-
ance, the Lyapunoy times calculated in the regular region
of the 3/2 resonance were by about 2 orders of magnitude
lurger (Ferraz-Mello 1994a,b) This was the first clue indi-
cating that the main difference between the 2/1 and 3/2
resonances is quantitative: both resonances are globally
chaotic, but unlike in the 2/1 resonance, the diffusion
speed in the 3/2 resonance is small enough and did not
allow the asteroids to be scatiered from the resonance in
the time elapsed since the formation of the solar system.

This was the starting point for the investigations
reported in this article.

2. Resonant web and diffusion maps

The first task wis to compute the position of the second-
ary, secular and Kozl resonances inside the 2/1 and 3/2
resonances in order to localize the sources of possible
strong instabilities. There are several alternative ways of
doing that. Figure | shows the comparison of the purely
analytical method developed by Simula er af. (1998), based
on the asymmetric expansion of the disturbing potential
(Ferraz-Mello & Sato, 1989 Roig ef al. 1998), and the
semi-numerical method of Henrard (Henrard 1990 ; Nes-
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Fig. 1. Comparison of frequencies calculated on the pericentric
hranches for the 2/1 and 3/2 resonance with analytical and
numecrical methods (see text)

vorny, 1997}, Using both methods, we compuled three
proper frequencies of the circular problem at the peri-
centric  branch: (1) the libration frequency [,
{m={p+ 14, —pi—in; p=1 for the 2/ resonance and
p =2 lor the 3/2 resonance); (2) the frequency of the
perihelion longitude 7~ ; and (3) the frequency of the node
longitude f. The frequencies have been computed using
i 3-2 model, with Jupiter moving in a circular orbit, The
correspondence of the results with the two methods is very
aood,

The calculated frequencies allowed us to find the
location of the main inner resonances - /[, = & (k integer)
are the so-called secondary resonances, f, = g: is the secu-
lar resonance vs, fiy = 5, is the secular resonance vy, and
Jow = fais the Korai resonance, This was done in the whole
phase space (and not just on the pericentric branch) using
a purely numerical method : the outpul of a numerical
integration was submitted to a low-pass filter in order to
cut out the short-period terms (less than 80-100 years)
and the three proper frequencies were then computed by
means of Fourier and wavelet transforms (Michichenko
and Ferraz-Mello, 1995; Michichenko and Mesvorny,
1996). For the fixed initial value of the inclination (I, = 37)
and 7, = A, = AQ, = (), these frequencies are smooth
functions of two quantities ; the initial eceentricity and
SEMI=MAJOT AXIS.

Considering this evaluation of the proper frequencies,
the webs of the main secular and secondary resonances
were drawn in both the 2/1 and 3/2 resonances (Fig. 2.

f.lf. denotes the secondary resonances, the thick lines

indicate the borders of the mean-motion resonances, and
the line denoted ‘7 indicates the pericentric branch of
stationary solutions of the restricted problem,

The high-eccentricity region is dominated by the secular
resonances: We show the location of the vs secular res-
onance ; the v, and Kozal resonances are not plotted in
the figure due to the fact that their numerical evaluation
is complicated by strongly chaotic motion in these regions.
Instead, we drawn the lower boundary of the overlapping
vs, v, and Kozai resonances (marked “L in Fig. 2). All
solutions with initial conditions chosen above this curve
show strongly chaptic motion charactenized by large
mereases of the eccentricity and inclination followed by
last escape of the asteroid from the resonance, This chao-
tic region is often called “pericentnc complex of secular
resonances’ (Morbidelli and Moons. 1993 ; Henrard e al.
19953,

In both 2/1 and 3/2 resonances, several important inner
resonances occur below the lower boundary of the per-
centric complex of secular resonances. The low-eccen-
tricity regions are characterized by presence of the sec-
ondary resonances of the kind f/f. (Lemaitre and
Henrard, 1990). In the 2/1 resonance plane, we have plot-
ted the %, 7. * and } secondary resonances, whereas, in the
3/2 resonance, we have plotted the ‘? ‘: and : secondary
resonances. The dashed line shows the lower boundary of
the region occupied by secondary resonances. This region
is usually called ‘complex of secondary resonances’ and,
as we will see later, it is dominated by strongly chaotic
motion in the case of the 2/1 resonance,

Comparing the middle-eccentricity regions of the 2/1
and 372 resonances, the main difference between them is
clearly noted. In the 2/1 resonance, this region is crossed
by the very important v, secular resonance, while in the
case of the 3/2 resonance, this secular resonance lies in the
zone of the pericentric complex of secular resonances (due
to this faet, the numerical determination ol its position,
in the 3/2 resonance, is difficult).

Mow, having fulfilled the first task. the calculation of
the resonant web, we turn our attention to the deter-
mination of the actual diffusion speed in both the 2/ and
3/2 resonances using the frequency map analysis (Laskar,
1996), To achicve this, we define sets of initial conditions
intheplane f =0, 7 = 0, Ain = U and AQ = 0. Each initial
condition wasintegrated in the restricted four-body model
with Jupiter and Saturn on their real orbits vsing the
symmetric multistep method (Quinlan and Tremaine,
1990). The low-pass filier of Quinn ef al. (1991) was
applied to the variable cexpi1® (1 =/ —1). which was
then decomposed into harmonies wsing the FMFET (Fre-
quency Modified Fourier Transform) method of Sid-
lichovsky and Nesvorny (1997) in two subsequent lime
intervals of 4 x 10° years with an overlap of 2 x 107 years.

The absolute value of the relative change of the leading
frequency f,, in the spectra (normalized to 10° years) was
used as a measure of the local diffusion speed. The black
squares in Fig. 3a (2/1 resonance) correspond to the tra-
jectories with 8/,/f, > 10°* and the small crosses to
1077 = df./fn= 107" (the big gray squares forming the
central gray arca in high eccentricities and the gray areas
al both sides of the rectangle. delimiting the high-eccen-
tricity set, are highly chaotic orbits which quickly escaped
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Fig. 2. (a) 2/1 resonance: (a, ¢)-plane of initial conditions for fixed £, = 37,
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Fig. 3. The diffusion portrait of the 2/1 and 3/2 resonances in the representative plane with f = 0. For

the 2/1 resonance, the black sguares correspond to 8.0 = 1077

10-2 = 8flfs =

w &0 = 1077, small erosses 1o 10

0.64 0.65
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d

in 107 years, small crosses 1o

0 and vouds Lo Bl = 10 1 For the 3/2 resonance, the black sgquares correspond
>8> 1070

and voids 10 87,0, < 107", The gray area

corresponds to the escape orbits. (Taken from MNesvorny and Ferraz-Mello, 1997)

from the resonance). The rest, which was left blank, 15 the
most stable area with 8,7, < 10", In the case of the 3/2
resonance, which is apparently more regular, the small
crosses were reserved for 1077 = 81,1, = 10 " (Fig. 3b).

The comparison of Figs 3a and 2a, centered at the 2/]
resenance, reveals several interesting characteristics of this
resonance. The low-eccentricity chaps is associated with
the overlap of the low-order secondary resonances. The
chaos in high eccentricities (¢ = 0.4) originates from the
v, v and Kowzai resonance and, together with the chaos
near separatrices. enclose the chaotic, bul comparatively
more stable area. This more stable area is located at
approximately 025 <¢ <04 in the center (A) and
extends to a wider range in eccentricity when the ampli-
tude of libration increases (B), The stable arca B has a low-

eccentricity V-shaped prolongation at roughly a = 0.638
going as low as ¢ =0.1. The typical relative frequency
change (normalized to 10° years) ranges here from 107*
to slightly less than 10 . The areas A and B are separated
by a narrow ridge of faster diffusion, which can be ident-
ified with the secular resonance vy, (Fig. 2a). This res-
onance forms an arc touching the complex of secondary
resonances it about ¢ = 0.2, Regions A and B are some-
times called *central depleted zone” and *Zhongguo family
zone’ (Michtchenko and Ferraz-Mello, 1997).

An additional detailed study showed that the most
stable and compact regions in the resonance, where on
average 4/, < 10 * are: 1) centered at e= 0.3 and
a=10.63, and 2) between 0.635 and 0.641 in semi-major
axis and between 0.1% and 0.23 in eccentricity. These are
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the places where one should most likely expect to find
asteroids (with low inclinations) lucky enough to survive
for a long time inside Lhe resonance.

In the case of the 3/2 resonance (Figs 3b and 2b), the
most regular area A+ B is not split into two paris by v,
and it is much more regular than that of the 2/1 resonance.
The whole arca centered at e = 0.25 around the pericentric
branch exhibits much slower diffusion than anywhere in
the 2/1 resonance. The asteroids of the Hilda group are
located in this central stable area of the 3,2 resonance.
The diffusion over 10° vears is 80,/f. = 10~* here, which
would gualitatively mean less than a 107 change in 1
Giyr, 1s apparently not sulficient for substantial transitions
it the phase space. Consequently, the observed asteroidal
population should be dynamically primordial,

Asg in the casze of the 2/] resonance, we have computed
the diffusion poriraits in the model with four outer
planets. This did not bring any substantial change to Fig.
3, and proved that the diffusion rates calculated in the
model with only Jupiter and Saturn approximate well with
reality.

The position o minor bodies obtained from Bowell's
catalogue (Bowell er al. 1994) remaining inside the res-
onance boundanes over, at least, some thousand years,
were recalculated on the corresponding (a, ¢)-planes.
There are about 160 members of the Hilda group, 86 of
which are numbered or multi-opposition enes, and about
100 asteroids in the 2/1 resonance, from which only 13
minor bodies are numbered or multi-oppoesition ones. In
Fig. 2. their positions are marked either by crosses, if the
asteroidal motion seems to be regular over 10 Myr, or
by full circles. when asteroidal motion is chaotic. The
consideration of the non-numbered real bodies must be
done with caution due to their poorly determined orbits,
Certainly these orbits need to be confirmed by means of
additional observations; thus, in this paper, we consider
only the numbered and multi-opposition asteroids of
Bowell's catalogue.

1. Depleted regions

The distribution of the asteroids inside the resonant
regions confirms our initial assumption about the import-
ance of the inner resonances on the depletion process, In
hoth resonances, the asteronds avoid the high-eccentricity
region of strongly chaotic motion where the overlap of
¥a, Vo and Kozal resonances provokes large increase ol
eccentricity and eventual escape. It is worth mentioning
that the chaotic motion in high eccentricities already
appears in the restricted three-body model.

The low-cecentricity depleted region is caused by the
overlap of the secondary resonances of the kind ff, = &
(secondury resonances complex); diffusion processes
inside these regions are similar for both resonances. In
Fig. 4, we show the chaotic diffusion of solutions with
initial conditions inside the secondary resonances
complexes. The rapd transition across the overlapping
zones produces the slow chaotic diffusion of the orbits
along the band of overlapping resonances. Starting near
the pericentric branch and at small inclinations, the orbits
suffer & random walk in amplitude of libration and in

inclination. The escape of an asteroid occurs when s
orbit approaches the resonance border indicated by the
thick curve. Due to random character of this process, the
escape lime varies between several 107 and 10° years. For
example, in Fig. 4, the cscape happens after about 73
millicn years in the 2/1 resonance case, and, after only 10
million years in the 3/2 resonance case.

The extension of the frequency map analysis to a large
range in inclination shows that the low- and high-eccen-
tricity domains of Fast difusion, seen in Fig. 3, meet al
high inclinations (Nesvorny & Ferraz-Mello, 1997). This
phenomenon had already been detected by Henrard er af.
( 1995), who showed that this *bridge’ explains the resulis
of the long-term integrations showing large increase of
the eccentricity, alter an imporlant increase in inclination
(Wisdom, 1987). The same behaviour was obsarved in
many other simulations ( Ferruz-Mello and Michichenko,
1997, This “bridge’ is the second important diffusion path,
which leads to cmptying the secondary resonances
complex.

Asitisnoted in Fig. 2, the important difference between
the two mean-motion resonances is the presence of the v,
secular resonance in the middle-eccentricity region of the
2/1 resonance, whereas, for 3/2 resonance, v, lies inside
the high-cecentricity chaotic zone. The evolution of orbits
near v, is characterized by a large increase of inclination
(up to 20°) and chaotic diffusion along the vy, resonant
line: during this diffusion, the solution is driven to the
domain of influence of the v and Kozai resonances, where
a huge increase in eccentricily oceurs,

In the case of the 3/2 resonance, the members of the
Hilda group are concentrated in the central zone of the
phase spage that is free from the actions of the inner
resonances, In the 2/1 resonance, the depleted central
region, corresponding to solutions with small amplitude
of libration, is actually a puzzle. In low-order analytical
theories, this region seems 1o be stable (Henrard et al.,
1995), Mumerical simulations done by Morbidelli {1996)
point out that solutions with initial conditions inside
this region can survive even | Gyr, notwithstanding the
chaotic behavior.

4. Observed resonant nhjects

The analysis of about 30,000 orbits in Bowell's catalogue
has shown 86 numbered and multi-opposition members
in the Hilda group and 13 numbered and multi-opposition
asteroids inside the Hecuba gap. The identification cri-
terion was Lhe oscillation of the asteroidal semi-major axis
ahout the value corresponding to the exact resonance
during, at least, 10° vears.

The majority of the asteroids in Hilda group are pen-
centric librators and stay in the middle-eccentricity region
(0.1 < ¢ < 0.35) of the 3/2 resonance, lar from the inner
resonances. The dynamics of these asteroids is stable over
very long time intervals, We have found two members of
this group with clearly chaotic behaviour. In Fig. 2b, their
positions are plotted by full circles. The diffusion due to
the proximity o the secondary resonances complex (sce
Fig. 4b) may explain the non-existence of the low-eccen-
tricity librating astercids in the Hilda group.
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The six members of the Hilda group situated below the
secondary resonances complex are alternators for which
the angles & and Ad circulate and librate about 0, alter-
nately. They are (334) Chicago, (1256) Normannia, (4196)
Shuya, 1981 EF48, 1985 QX4 and 1996 AQ3. Two aster-
oids of this group show chaotic behaviour ((334) Chicago
and 1996 AO3). Figure 5 shows the power spectra of
the semi-major axes of the (334) Chicago (a) and (1256)
Normannia (b). The power spectrum of Chicago contains
the broad-band components that are typical for chamic
motion ; the power spectrum of {1236) Normannia is char-
actenized by well-separated spectral lines,

In the 2/1 resonance there are seven numbered and six
multi-opposition asterpids. (3789) Zhongeuo, 1975 85X,
1990 THT, 1993 SK.3 and 1994 UDI| are members of the
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Zhonggue group. Two asteroids, (4177) 1987 851 and
1981 EX11. are in the vy, secular resonance, (3688) Navajo
is mear vy, the other asteroids have clearly transition
orhits,

5. Effect of the 5/2 great inequality

To determine the importance of different dynamical mech-
anisms dcting in the 2/1 and 3/2 resonances, we need to
perform simulations of a great number of initial con-
ditions over 4 long interval of time (of the order of the age
of the Solar System). In order to overcome the practical
difficulties of this task, we constructed a symplectic map-
ping for the asteroidal resonant motion (Ferraz-Mello,
1997 Roig, 1997), using an implicit first-order scheme
similir to that of Hadjidemetriou (1991). In this mapping,
the averaged disturbing potential was replaced by the
first terms of its high-eccentricity asymmetric expansion
(Ferraz-Mello and Sato, 1989; Roig er al. 1998). This
mapping allows the inclusion or exclusion of each of the
long-period variations of the orbit of Jupiter arising from
the main secular perturbations of the other planets and
from the great inequality (GI) associated with the near
3/2 commensurability between the mean motions of Jup-
iter and Saturn. The main result of the performed experi-
ments was Lo discover the important role played by the
Gl on the acceleration of the diffusive mechanisms, spe-
cially in the central region of the 2/1 resonance, Figure 6
shows the initial conditions of astercids that escape from
the 2/1 resomance alter a large eccentricity increase
e = 0L5) in a 10%years simulation using a 3-D model.
In Fig. 6a we took into account only the main sccular
variations in the orbit of Jupiter, and in Fig. 6b we added
the main Gl-associated perturbations in mean longitude,
eccentricity and perihelion. The influence of these Gl-
associated perturbations was studied with more detail per-
forming some ‘ad-hoc” changes in the value of the GI-
period. Wecover an interval of Gl-periods from 200-1000
yr (the actual value 1s 883 vears) and we observed that, in
the central region of the 2/1 resonance, the number of
cscapes increase when the Gl-period comes closer to the
libration period in the resonance which 15 ~440 yr (Fig.
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Fig, 6. Results of the mupping. Objects that escape from the 271 resonance {circles) in less than 1°
years. The dashed region indicates the grid of initial conditions tested. We also show the pericentric
branch (). the separatnees (8, 5., and the position of some secular and secondary resonunces, The
curve L is the lowest limit of the pericentric complex of secular resonances, {a) Theee-dimensional
model considering just secular variations in the orbit of Jupiter. (k) The same model, but now adding
the variations arising from the GL. (c) The same as (b}, bul now adjusiing the Gl-period 1o the value
of the libration period in the resonance (about 440 years)

Ge). A similar mechanism scems 1o act in the 3/2 res-
onance ; however, 1t 18 not efficient for the depletion of the
Hilda group.

The influence ol the Gl-associated perturbations in the
2/1 resonance was also verified with precise numerical
integrations using a four-body model (Michtchenko and
Ferraz-Mello, 1997), In this case, the variations in the Gl-
period were done by means of slight changes in the initial
orbit of Jupiter. In fact, it is enough te move Jupiter along
its orbit by few tens of degrees, keeping all nther osculating
elements unaltered, to decrease the Gl-period to the hall
of is present value. It is worth stressing that the shift
affects only the eritical Gl-frequency (2ny,— Sng,). All
other important frequencies have only very small vari-
ations, which do not have any effect in the final qualitative
result (see Michtchenko and Ferraz-Mello, 1997}, Choos-
ing the value of the Gl-period comparable to the value of
the libration period allowed simulations to be made in
which the diffusion was accelerated. In these simulations,
objects escape in a few tens of Myr. Experiments were
done with a Gl-period ol about 440 years, but il is worth
neting that the Fourier spectrum of the asteroidal orbit
maodifies siznificantly even with smaller changes in the
Gl-period (for instance 650 years), Consequently, some
mechanisms of planetary migration {Fernandez and Ip,
|996) may have affected the period of the GI and thus,
contributed 1o a fast depletion of the Hecuba gap in the
past. However, it must be emphasized that, in the central
part of the 2/1 resonance, the diffusion exists even with
the present value of the Gl-period.

In Fig, 7. two solutions corresponding to both the cur-
rent and the modified configuration of the Jupiter—Saturn
system are shown. The initial conditions of both solutions
differ only by the value of the initial mean anomaly of
Saturn. The first solution n Fig. 7a. corresponding to the
actual positions of Jupiter and Saturn, shows a very slow

outward diffusion. In the other one (Fig. Tbh), cor-
responding to the modified system, the diffusion is faster,
and the arbit reaches the region of the v, secular reson-
ance after 10 Myr: the asteroid escapes from the 2/1
resonance in about 25 Myr.

6. Conclusions

There is a slight difference in the diffusion timescales of
the resonances 3/2 and 2/1. Even il the dynamics of the
two resonances is very similar, the diffusion timescale in
the 3/2 resonanee is much smaller (by a factor larger than
10, or even 100), The mechanisms that have depleted the
2/1 resonance will take a time much longer than the age
of the solar system to produce similar effects in the 32
resonance, The results obtained with the frequency map
analysis thus confirmed the conclusions of Ferraz-Mello
(1994a.b) concerning the robustness of the Hilda group
of asteroids.

The Hecuba gap in the 2/1 resonance is not completely
depleted. This gap is only partial. There are, at least, 5
asteroids on very regular orbits: (3789) Zhongguo, 1975
SX. 1990 THT, 1993 SK3 and 1994 UDI. These asterosds
are small (the largest of them. Zhongguo, is certainly less
than 20 km in diameter); at variance, most of the known
asterpids in the 3/2 resonance have more than 50 km
{some of them reaching about 200 km). There are eight
other asteroids in the 2/1 resonance in irregular orbits,
They belong Lo the resonance only temporarily and are
bound to escape in times in the range 10°-107 years.

There is a well-established structure in the 2/1 resonance
defined by the secondary and secular resonances. We may
deline several domains with different dynamics:

(A) The low-diMusion domain in the middle of the res-
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Fig. 7. Chaotic diffusion of two solutions starting near peri-
centric branch, for 2/1 resonance. (a) Solution caleuluted for
actual position of Jupiter and Saturn over 200 Myrs. (b) Solution
for which the value of the mean semi-major axis of Jupiter
altered of 107" AU. Escape of asteroid occurs after 23 Myr,
{Taken from Michichenko and Ferraz-Mello, 1997)

pnance. It s located above the line of the vy, resonance
and no asteroid was found inside it. This domain 1s
strongly affected by Gl-associted perturbations of
Jupiter orbit.

(B) The low-diffusion demain below the v, line and
between this line and the lower boundary of the peri-
centric complex of secular resonances, In the middle
of the region, there are § asteroids of Zhongguo
group,

(C') The region below the sccondary resonances. This
region is usually considered as not belonging o the
2/1 resonance since the critical angle is no longer
librating there. However, there is no dynamical (or
topological) separation between these orbits and the
adjacent ones where the critical angle librates (Ferraz-
Mello, 1984). This domain is much more regular than
the regions (A) and (B), but few asteroids are there.

The existence of asteroids in (B) and their complete
absence in (A) is an open guestion. Morbidelli (1996)
conjectured that this fact may be related to the existence
of the Themis family formed by fragmentation of a larger
asteroid some | Gyr ago. Indeed, the sizes of the asteroids

of Zhongguo group are estimated as generally no larger
than 10-20 km.

The structure of the 3/2 resonance has an important
difference with respect to the one described above: the
secular resonance v,, i5 above the Kozai resonance and
does not split the low-diffusion region in two parts as in
the 2/1 resonance. The asteroids of the 3/2 resonance are
in the domain that corresponds to A+ B.

Simulations with a modified Gl-period have given a
handful of new resulis : (a) The arcas (A) and (B) in the
2/1 resonance crunch to about hall-size, their parts in
larger eccentricities being the most affected : (b) Simular
simulations in the 3/2-resonance show no appreciable
modifications (simulations with the symplectic map only
showed some minor effects when the Gl-period was low-
cred to below 300 years). The contrasting results in the
2/1 and 3,2 resonance must be due to the very different
spectral composition of these resonances even in the case
of Jupiter in a fixed ellipse (see Michichenko and Ferraz-
Mello, 1995): (¢) Simulations over hundreds of million
years show typical patterns for 2/1-solutions starting with
very small libration amplitude (that is, inarea (AJ): Dur-
ing a long time, the orbital eccentricity and inclination
have enly small changes, while the amplitude of libration
increases ; when this amplitude becomes large and
approaches the v, respnance line, the inclination begins Lo
increase and the asteroid reaches the so-called pericentric
complex formed by the Kozai and v, resonances. where
the variations of the elements become erratic and the
asteroid leaves the resonance.
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