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Abstract. We created a triaxial stellar system through the cold dissipationless collapse of
100,000 particles whose evolution was followed with a multipolar code. Once an equilibrium
system had been obtained, the multipolar expansion was freezed and smoothed in order to get

a stationary smooth potential. The resulting model was self-consistent and the orbits and
Lyapunov exponents could then be computed for a randomly selected sample of 3472 of the
bodies that make up the system. More than half of the orbits (52.7%) turned out to be chaotic.

Regular orbits were then classified using the frequency analysis automatic code of Carpintero
and Aguilar (1998, MNRAS 298(1), 1–21). We present plots of the distributions of the dif-
ferent kinds of orbits projected on the symmetry planes of the system. We distinguish chaotic

orbits with only one non-zero Lyapunov exponent from those with two non-zero exponents
and show that their spatial distributions differ, that of the former being more similar to the one
of the regular orbits. Most of the regular orbits are boxes and boxlets, but the minor axis tubes
play an important role filling in the wasp waists of the boxes and helping to give a lentil shape

to the system. We see no problem in building stable triaxial models with substantial amounts
of chaotic orbits; the difficulties found by other authors may be due not to a physical cause but
to a limitation of Schwarzschild’s method.
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1. Introduction

In a pioneering paper, later followed by others, Schwarzschild (1979) inves-
tigated self-consistent models of stellar systems by: (1) choosing a mass dis-
tribution; (2) finding the potential produced by that distribution; (3)
determining the orbits sustained by that potential; (4) finding in which pro-
portions those orbits should be added to yield the initial mass distribution.
Although the use of Schwarzschild’s method is widespread, it is a well known
fact in galactic dynamics that all methods have advantages and drawbacks,
so that the use of different methods is strongly advisable (e.g., Binney and
Tremaine, 1987). An alternative method was advanced by Sparke and Sell-
wood (1987) and followed, more recently, by Voglis et al. (2002).
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They employed N-body codes to create stationary stable systems, then
froze and smoothed the potential and, finally, they investigated the orbits of
samples of the bodies whose distributions produced those potentials.

We followed the second approach to successfully investigate the spatial
distribution of regular and chaotic stellar orbits inside self-consistent models
of elliptical galaxies (Muzzio, 2003) and galactic satellites (Muzzio and
Mosquera, 2004) but, in those works, no classification of the different kinds
of regular orbits was attempted. It was shown there, however, that chaotic
orbits with two non-zero Lyapunov exponents have spatial distributions
different from those with only one non-zero exponent, a result that could be
reasonably expected from the fact that they obey different number of iso-
lating integrals, but that is usually ignored when all orbits with at least one
non-zero exponent are bunched together (e.g., Merritt and Fridman, 1996;
Voglis et al., 2002; Carpintero et al., 2003).

Here we will apply the method of Muzzio (2003) and Muzzio and Mos-
quera (2004) to a self-consistent triaxial model but, in order to recognize the
different kinds of regular orbits, we will extend it using the automatic code of
Carpintero and Aguilar (1998), which has been improved for the present
work (see Section 2.4). We are particularly interested in checking the results
of Muzzio (2003) and Muzzio and Mosquera (2004), but also those of Voglis
et al. (2002) who reported a very high percentage of chaotic orbits (about
32%) even though their model galaxy is not cuspy as are other non-rotating
models where significant fractions of chaotic orbits have been found (e.g.,
Merritt and Fridman, 1996).

2. Methods and Models

2.1 TRIAXIAL STELLAR SYSTEM

In order to create a triaxial model with abundant chaotic orbits, we adopted
the rather simple recipe of Aguilar and Merritt (1990): randomly generate a
spherical distribution of particles with a density inversely proportional to the
distance to the center and a Gaussian distribution of velocities and let it
collapse; follow the evolution with a multipolar code and, if the initial
velocity dispersion was low enough (i.e., a cold collapse), you get a triaxial
distribution resembling an elliptical galaxy. L. A. Aguilar kindly let us use his
octupolar code, but we reduced it to the quadrupolar approximation, i.e., to
the original version of White (1983). Aguilar and Merritt (1990) had added
the octupole to avoid biasing the resulting relaxed system towards a prolate
configuration, as suggested by McGlynn (1984), but this is not a problem
here because the relaxed system is followed with a non-self-consistent code
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and, alternatively, we need to keep the code as simple as possible with a view
towards the next step (see the next subsection); that is why the quadrupolar
version was adopted here.

We started by randomly distributing 100,000 particles following a 1=r law
within a sphere of unit radius. Both the gravitational constant, G, and the
total mass were taken equal to 1. The velocities were randomly chosen from a
spherical Gaussian distribution, but the radial component was discarded and
only the tangential component was retained. As the most chaotic model of
Voglis et al. (2002) is the most triaxial one, we chose several values of the
velocity dispersion that would yield values of the random kinetical energy
similar to the ones that, according to Aguilar and Merritt, led to strongly
triaxial systems. We followed the collapses with the quadrupolar code and
examined the results; we finally chose a case where the initial value of the
random kinetic energy was 0.25% of the initial value of the potential energy
(i.e., rnd ¼ log½2Trnd=W� ¼ �2:3 in the notation of Aguilar and Merritt).
The collapse time in this case was about 1 time unit (t.u., hereafter) and we
followed the evolution of the system for a total of 12.5 t.u.; energy was
conserved to 0.1%.

The system so obtained was rotated in order to have the x, y and z axes
parallel to the largest, intermediate and smallest axes of the moment of inertia
ellipsoid, respectively, and it was centered on its center of mass; only the 80%
most strongly bound particles were used for this step. All the particles with
positive energy were eliminated, so that only 89,618 particles remained in the
system, but their masses were increased so as to keep the total mass equal to
one. The process was iterated once, resulting in a system of 89,509 particles.

The crossing time (Tcr, hereafter) was 0.574 t.u. at this stage. We evolved
the system again, using the quadrupolar code, for 10Tcr to let it relax. The
resulting system presented some unrealistic extensions along the main axis
direction, so that the process of rotation and centering was repeated, elimi-
nating this time the 3% less bound particles to get a final system of 86,818
particles. It was evolved once more for another 10Tcr (the value of the Tcr was
not altered, because the eliminated particles had energies very close to zero)
and Figure 1 shows the final result.

Considering the 20, 40%,. . . most tightly bound particles, we computed
the different moments of inertia which, as we have a unit mass, are equal to
the mean square values of the respective coordinates and their square roots
can be taken as the semi-axes of the distribution of those particles. Table I
provides the values of the main semi-axis, and the ratios of the other two axes
to the main one.

We obtained the projected distribution of the particles on the (x)y) and
(x)z) planes. Then, following Aguilar and Merritt (1990), we adopted fixed
axial ratios equal to those of the 80% most tightly bound particles and
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Figure 1. Projections of our model on the (x)z) and (x–y) planes; the x, y and z axes are
oriented along, respectively, the major, intermediate and minor axes of the system.
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computed the surface density of the particles in elliptical coronae that con-
tained 1/50 of the total number of particles each. Figure 2 presents the results
and we can see that they follow reasonably well a de Vaucouleurs law, just as
Aguilar and Merritt had found for their models. Since the axial ratios change
with the distance to the center, as shown by Table I, and we had used fixed
values, we repeated the procedure using the axial ratios corresponding to the
20% most tightly bound particles, but we found only minor differences with
the results shown in Figure 2.

2.2. SMOOTH STATIONARY POTENTIAL

As a result of the procedures described in the previous subsection we ended
up with a self-consistent triaxial stellar model: we have the positions and

TABLE I

Flattening of our model.

Bound (%) a b/a c/a

20 0.040 0.45 0.35
40 0.064 0.49 0.34
60 0.085 0.59 0.37

80 0.123 0.61 0.40
100 0.275 0.75 0.52
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Figure 2. The surface density of our model against the 1/4 power of the elliptical radius, as
demanded by the de Vaucouleurs law.
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velocities of the point masses (i.e., the distribution function); these point
masses, in turn, create a gravitational potential such that, in it, the distri-
bution of those bodies and the potential itself remain stationary. Neverthe-
less, the N-body potential is neither smooth nor stationary so that, in order to
be able to compute orbits and Lyapunov exponents, we froze the potential
and represented it with the quadrupolar approximation (an equivalent
expression was used by Schwarzschild, 1979):

UðrÞ ¼ f00ðpÞ þ fxxðpÞx2 � ðfxxðpÞ � fzzðpÞÞy2 þ fzzðpÞz2; ð1Þ

where p is the softened radius, given by

p2 ¼ r2 þ �2 ð2Þ

with the softening parameter, �, equal to 0.01. The f values were computed
from the N-body distribution and fitted with equations of the form:

fðpÞ ¼ C=ðpj þ qjÞk; ð3Þ

where the values C, j, q and k were obtained from the fitting.
The square root of the mean square percentual difference between the

N-body and the smoothed potential was 0.51%, so that we may conclude
that the potential is approximated very well with our equations. The f00ðpÞ,
fxxðpÞ and fzzðpÞ functions depend on the distribution of particles and can
thus be used to control the stationarity of the system as follows. All the
particles in the model were allowed to evolve in the smoothed potential for
400Tcr and the f00ðpÞ, fxxðpÞ and fzzðpÞ functions were evaluated from the
distribution of particles at several times; we then combined together the
results from the initial instant and two other times and fitted our inter-
polating equation to them. The square roots of the mean square percentual
errors of the fittings are then a measure of the structural changes suffered
by the system in the time intervals considered. Table II gives the results and
we see that there are no significant differences among the dispersions ob-
tained combining the results of 0, 1 and 2 Tcr, of 0, 10 and 20 Tcr, of 0, 100
and 200 Tcr and of 0, 200 and 400 Tcr. Moreover, an examination of the

TABLE II

Square roots of the mean square percentual errors of the fitting to the combined results from
three different times.

Function/cross times 0/1/2 0/10/20 0/100/200 0/200/400
f00 (p) 0.33% 0.32% 0.33% 0.34%
fxx (p) 2.4% 2.5% 2.6% 2.7%

fzz (p) 2.3% 2.2% 2.8% 2.7%
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plots of ln p vs. ln fðpÞ showed that the deviations were not systematical:
some sector of the curve may rise for a certain time only to fall back later
on so that, aside from statistical changes, the system remains indeed sta-
tionary.

2.3. LYAPUNOV EXPONENTS

Orbits and Lyapunov exponents in the smooth stationary potential can
now be computed using the LIAMAG routine that implements the method of
Bennetin et al. (1980); its original version was prepared by Magnenat (1985)
and later on it was adapted to standard FORTRAN by Udry and Pfenniger
(1988). It is important to recall that although Lyapunov exponents are de-
fined for an infinite time interval, they can only be numerically computed
over finite intervals (see Contopoulos, 2002 and references therein). Fol-
lowing Voglis et al. (2002), we will call them finite time Lyapunov charac-
teristic numbers (FT-LCNs hereafter). Since the time intervals used for the
computations are finite, the FT-LCNs cannot attain zero values, and their
minimum values are only of the order of ln T=T, where T is the total inte-
gration interval. A limiting value can thus be established and, for the sake of
brevity, we will hereafter regard as zero (non-zero) those values of the FT-
LCNs that are below (above) that limiting value (see, e.g., Carpintero et al.,
2003 for details).

The phase space volume and the orbital energy are conserved in our
model, so that we only need to investigate the largest and the second largest
FT-LCNs (Lmax and Lint, respectively, hereafter): if they are both zero, the
orbit is regular, while if at least one of them is non-zero the orbit is chaotic.
Pettini and Vulpiani (1984) distinguished between weak (only one non-zero
FT-LCN) and strong chaos (two non-zero FT-LCNs), indicating that the
fractal dimension of the orbit was smaller for the former. Since the terms
weak and strong chaos have also been used in connection with the value of
the Lmax only (Contopoulos, 2002), we prefer to follow Muzzio (2003) and, if
Lint is zero and Lmax is not, to call the orbit partially chaotic and if the two
largest FT-LCNs are non-zero to call it fully chaotic. The presence of local
integrals (or pseudo-integrals) in certain regions of phase space (in addition
to energy that is conserved everywhere) is revealed by the zero FT-LCNs:
fully chaotic orbits conserve only energy, partially chaotic orbits have one
additional isolating integral and regular orbits obey a total of three. Thus,
different spatial distributions can be expected for the different kinds of orbits,
as a consequence of the limits imposed by the different isolating integrals that
they obey, and that was corroborated by Muzzio (2003) and Muzzio and
Mosquera (2004).
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2.4. FREQUENCY ANALYSIS

In order to find out the main families of regular orbits present in our potential,
the orbits found to be regular according to the values of the FT-LCNs were
classified with the aid of the frequency analysis automatic code of Carpintero
and Aguilar (1998) (which is based on a method proposed by Binney and
Spergel, 1982, 1984), with the frequencies extracted by means of the algorithm
implemented byWachlin and Ferraz-Mello (1998) following an idea of Laskar
(1990). This new feature of the classifier computes the natural frequencies of
the regular orbits with greater precision than the oldermethod, thus improving
the chances of finding out conmensurabilities between those frequencies. The
price we have to pay for this improvement is a lower spectral resolution caused
by the use of a Hanning window on the data. This is the reason why a fraction
of the regular orbits could not be classified into families, for those orbits had
frequencies close enough to prevent the classifier to work properly.

3. Results

3.1. FINITE TIME LYAPUNOV CHARACTERISTIC NUMBERS

We randomly selected a total of 3472 particles from our model to follow their
orbits and compute their FT-LCNs. The Hubble time is of the order of
between 200Tcr and 1000Tcr for a galaxy similar to our system, that is, be-
tween 115 and 575 t.u.; therefore, in order to find all the orbits with
Lyapunov times shorter than 575 t.u. we need to be able to recognize as
chaotic FT-LCNs as small as about 0.0017 (t.u.)�1, so that we adopted
integration intervals of 10,000 t.u. The normalization interval was taken as
1 t.u. and the requested precision was 10�15; energy was conserved to better
than 10�12 at the end of the integration.

Figure 3 shows the FT-LCNs against the reduced energy in the notation of
Carpintero et al. (2003), that is, the orbital energy, E, divided by the potential
energy at the galactic center (W0 ¼ �7:0435); notice that low values of the
reduced energy correspond to stars that can reach long distances from the
center of the system, while high values correspond to those that always re-
main close to that center. We see that there are no chaotic orbits with reduced
energies larger than 0.90, which is reasonable because the forces are essen-
tially linear in the central region. Below that limit, only partially chaotic
orbits can be found in addition to regular ones until we reach a reduced
energy of 0.82, below which non-zero Lint values and, with them, fully chaotic
orbits, begin to appear. A similar behavior was found by Muzzio (2001) and
by Muzzio and Mosquera (2004) in their galactic satellite models.
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In order to obtain the limiting value that separates zero from non-zero
values of the FT-LCNs, we used enlarged plots of the FT-LCN values of
Figure 3, as well as plots of Lmax vs. Lint, and also longer integrations, just as
Carpintero et al. (2003) did. In that way, we found a limiting value of
0.00155 (t.u)�1. Thus, in what follows we will regard as fully chaotic those
orbits that have both Lmax and Lint larger than 0.00155, and as partially
chaotic those that have Lmax larger, and Lint smaller, than 0.00155. With
those definitions, 1644 (47.3%) of our orbits turned out to be regular, 308
(8.9%) partially chaotic and 1520 (43.8%) fully chaotic. In that sense, we
have not only confirmed the high percentage of chaotic orbits found by
Voglis et al. (2002) in a non-cuspy model, but we have found an even higher
percentage (52.7%)!

Figure 4 shows the projections of the distributions of the regular, partially
chaotic and fully chaotic orbits on the ðx�yÞ and ðx�zÞ planes; in order to
increase the number of points, 11 positions at 1000 t.u. intervals were plotted
for each orbit.We notice that particles on partially chaotic orbits yield a spatial
distribution different from that corresponding to fully chaotic orbits and more
akin to the one of regular orbits. This result confirms those of Muzzio (2003)
and Muzzio and Mosquera (2004) and shows that partially and fully chaotic
orbits should not be combined together in galactic dynamics studies.

Muzzio and Mosquera found that, when chaotic orbits were sorted
according to whether they had high or low FT-LCN values, different spatial
distributions were found. Accordingly, and separately for the partially and
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Figure 3. The two largest FT-LCNs vs. reduced orbital energy; filled and open circles cor-
respond, respectively, to the largest and to the second largest FT-LCNs.

ORBITS IN A SELF-CONSISTENT TRIAXIAL STELLAR SYSTEM 181



fully chaotic orbits, we sorted the orbits in five energy bins with the same
number of orbits in each one; we found the median of Lmax for each bin and
we classified the chaotic orbits as having low or high Lmax according to
whether their Lmax was lower or higher than the corresponding median,
respectively. Figure 5 shows, in the same way as Figure 4, the distributions of
the fully chaotic orbits with low and high Lmax values and we notice that the
former have a more triaxial distribution that the latter, confirming the results
of Muzzio and Mosquera. No significant differences were found instead
between the partially chaotic orbits with low and high Lmax values, probably
because both the values and the range of Lmax are much smaller for them
than for fully chaotic orbits.

The reason for the different distributions of orbits with low and high FT-
LCNs is that FT-LCNs are computed over, albeit large, finite time intervals.
During those intervals the orbit samples different regions of phase space,
behaving more or less chaotically according to the sampled region (see, e.g.,
Kandrup and Mahon, 1994). Clearly, not even for fully chaotic orbits does
the distribution function depend on energy alone.

3.2. REGULAR ORBITS

The 1644 regular orbits were classified using the improved code of Car-
pintero and Aguilar (1998) integrating each orbit over an interval equal to

Figure 4. The spatial distribution of the regular (left), partially chaotic (middle) and fully

chaotic (right) orbits in our model.
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1000 times the corresponding orbital period. Due to the presence of unre-
solvable lines in their spectra, 252 orbits (i.e., 15.3% of the regular orbits, or
7.3% of all the orbits) could not be classified. Our classification scheme is
condensed in three digits: the first one gives the number of fundamental
frequencies that could be isolated, the second one gives the number of
resonances found and the third one indicates whether the orbit is a box or
boxlet (0), an x tube (1), an y tube (2) or a z tube (3). Table III gives the
results of the classification.

It would be nice if regular orbits that could not be classified were just a
random sample of all the regular orbits, but a little reflection suggests that the
fooling of the frequency analysis may be caused by some property of the
orbits that cannot be classified, so that they are probably not. Figure 6 shows
the distributions of the regular orbits that could and that could not be
classified and, in fact, some differences are apparent between them.

Figures 7 and 8 show the distributions of boxes and boxlets that, together,
make up about 70% of the regular orbits and more than 30% of all orbits.
Their distributions do not differ much one from another and they are
undoubtedly the main contributors to the triaxial shape of the system.

The z tubes make up only about 15% of the regular orbits and 7% of all the
orbits and their distribution is shown in Figure 9. Comparing this figure with
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Figure 5. The spatial distributions of the fully chaotic orbits with low (left) and high (right)
values of their FT-LCNs in our model.
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Figures 7 and 8 we see that, despite their relatively small number, the z tubes
play an important function, helping to fill in the wasp-waists of the boxes and
also contributing to model the lentil shape on the ðx�zÞ projection.

The x tubes account for only 2.5% of the regular orbits, or 1.2% of all the
orbits, and their presence is limited to the central regions only as shown in
Figure 10.
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Figure 6. The spatial distributions of the regular orbits that could (left) and that could not

(right) be classified in our model.

TABLE III

Numbers and percentages of the different classes of regular orbits.

Class Number Perc. regular Perc. total Description

300 710 43.2 20.4 Box
310 319 19.4 9.2 Open boxlet
313 191 11.6 5.5 Open z tube

213 46 2.8 1.3 Thin z tube
210 45 2.7 1.3 Open boxlet
311 41 2.5 1.2 Open x tube
320 16 1.0 0.5 Open boxlet

Other 24 1.5 0.7 Various

Total 1392 84.7 40.1
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Figure 7. The spatial distributions of the boxes 300 (left) and boxlets 310 (right) in our model.
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Figure 8. The spatial distributions of the boxlets 210 (left) and 320 (right) in our model.
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Figure 9. The spatial distributions of the z tubes 313 (left) and 213 (right) in our model.
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Figure 10. The spatial distributions of the x tubes 311 in our model.
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4. Discussion

We confirm the results of Muzzio (2003) and Muzzio and Mosquera (2004) in
the sense that partially and fully chaotic orbits have indeed different spatial
distributions. Although sometimes only the largest Lyapunov exponent is
computed (e.g., Voglis et al., 2002), which does not allow to recognize par-
tially and fully chaotic orbits, other times all the exponents are obtained but,
nevertheless, both partially and fully chaotic orbits are bunched together
(e.g., Merritt and Fridman, 1996). We ought to recognize that we ourselves
have been guilty of both sins (e.g., Carpintero et al., 2003), but it is now clear
that these procedures should be avoided and that partially and fully chaotic
orbits should be recognized and investigated separately.

It is worth recalling that Goodman and Schwarzschild (1981) found what
they then called semi-stochastic orbits in a triaxial potential, whose cause they
could not understand. Although they did not use Lyapunov exponents and
characterized the orbits in a different way (they used a sort of surface of
section method in three dimensions), the properties they found for those
orbits make reasonable to identify them with what we call partially chaotic
orbits. Another valuable reference is offered by the work of Contopoulos
et al. (1978), who investigated the number of isolating integrals in a Ham-
iltonian system with three degrees of freedom. They only computed the
maximum Lyapunov exponent, but they also constructed formal integrals
and their results indicate that the orbits in their big sea and small seas are,
respectively, our fully and partially chaotic orbits.

We found a fraction of chaotic orbits even higher than that of the Q model
of Voglis et al. (2002), which shows that strongly triaxial models do not need
to be cuspy to have large fractions of chaotic orbits. This leads us to the
problem discussed by several authors, notably by Merrit (e.g., Merritt and
Fridman, 1996; Merritt, 1997) for the case of cuspy triaxial galaxies, of
whether an stable self-consistent model that includes high fractions of chaotic
orbits can be built. The impossibility to build such models in certain cases
(e.g., strongly triaxial and strongly cuspy models) has been attributed to the
mixing and diffusion of the chaotic orbits but we think, instead, that it is
simply due to a limitation of Schwarzschild’s method: you cannot get what
you have not put there beforehand; let us discuss this important point more
thoroughly.

Chaotic orbits visit different regions of the phase space allowed to them
and, in so doing, their behavior may be closer to, or further from, that of
regular orbits, their FT-LCNs adopting, respectively, lower or higher values
in those regions (e.g., Kandrup and Mahon, 1994) and that is, essentially,
what our Figure 5 shows. Now, it is very important to recall that, as the
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FT-LCNs change with the time interval considered, had we considered an-
other interval, the figure would have been the same, but the orbits contrib-
uting to the low- and high-Lmax sections would not. Let us assume now that
we try to build a strongly triaxial stellar model with Schwarzschild’s method
using these orbits. Had we selected an initial mass model with axial ratios
corresponding to strong triaxiality, as Merritt and Fridman (1996) did, we
could have perfectly well included a significant quantity of the chaotic orbits
from the left side of Figure 5, but we would have had little or no room from
those from the right side, whose more spherical distribution conspires against
triaxiality. What will then happen when we let evolve such a model? As time
goes by, the chaotic orbits we included will begin to behave more chaotically,
i.e., like those on the right-hand side of Figure 5 and, clearly, the system will
move from triaxiality towards a more spherical shape, i.e., it will not be
stationary. The key to get a stationary system would have been to include
also orbits from the right-hand side of Figure 5 in our model because, as time
goes by, they would have begun to behave more regularly and they would
have replaced the other ones.

In other words: what is impossible to build is a purely triaxial self-con-
sistent model with chaotic orbits; one needs to have also a more spherical
subsystem (a halo) where one can put the chaotic orbits with high FT-LCNs
that will replace those with low FT-LCNs (that contribute to the triaxial
shape) when the latter begin to behave more chaotically. Our model has
varying axial ratios, as shown by Table I, and an important contribution
from the fully chaotic orbits to its more spherical subsystem, as shown by
Figure 4; the Q model of Voglis et al. (2002) had similar properties. In all
likelihood, it is the lack of the more or less spherical subsystem (which serves
as a reservoir of chaotic orbits) what caused the failure of Merritt and
Fridman to build stationary models with significant amounts of such orbits.
In other words, as indicated above, Schwarzschild’s method cannot create a
more spherical subsystem if it has not been put in the original model
beforehand. Obviously, this does not invalidate the method, it just stresses
what we indicated in the Section 1: all methods have advantages and draw-
backs, it is wise to use different methods to compensate the drawbacks of one
with the advantages of another.

Our results show that the method presented here is an effective tool to
investigate the orbital structure of stellar systems and, being based in dif-
ferent principles than that of Schwarzschild, it offers a welcome test to
previous results, for example, the difficulty to build models including chaotic
orbits. The substantial percentage of regular orbits that could not be
automatically classified (15.3% of the regular orbits, or 7.3% of the total
number of orbits) seems to be rather disappointing, but Athanassoula (2004,
private communication) informed us that, when using spectral analysis for
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orbit classification, she had similar percentages of failures. Nevertheless, we
plan to continue improving the original code of Carpintero and Aguilar
(1998) to try to reduce those percentages. Besides, the long integration times
demanded by the computation of the FT-LCNs are rather unsatisfactory,
not only for the computing times involved, but also because they extend
over intervals much larger than the Hubble time. Therefore, another
improvement we plan to introduce is to replace them in future applications
by the Mean Exponential Growth of Nearby Orbits (MEGNO), introduced
by Cincotta and Sim�o (2000) and Cincotta et al. (2003), which needs shorter
integration times.
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