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INTRODUCTION

From 1999 to 2003, several groups of astronomers
from the Arizona, Hawaii, and Cambridge Universities
discovered 46 new Jovian satellites (http://cfa-
www.harvard.edu/iau/mpc.html; http://cfa-www.har-
vard.edu/iau/cbat.html). All satellites are distant and have
been arbitrarily divided into six groups: Themisto, Hima-
lia, Carpo (prograde motion) and Ananke, Carme,
Pasithee (retrograde motion). The satellite orbits are irreg-
ular (with high eccentricities and inclinations) and, being
far from the planet, are strongly perturbed by the Sun.

In 2002, Marsden and Jacobson (Sheppard et al.,
2002) presented orbital parameters for the first 11 dis-
covered satellites that were improved from the then
available observations; and only in 2005 was the paper
by Emelyanov (2005) published where the orbits for all
of the satellites known to date were determined. In their
papers, the authors resort to the standard least-squares
method (LSM) to improve orbital parameters from
available observations; the quality of orbital parameters
is traditionally estimated from the root-mean-square
(rms) error obtained from the residuals of the calculated
and observed positions for a celestial body.

In general, however, the rms error cannot be a suffi-
cient characteristic of the quality, notably for the satel-
lites for which the times of observations are distributed
in a short interval and the observations themselves
cover only a short orbital arc.

The point is that the closeness of the true and calcu-
lated orbital parameters is determined in such problems
not so much by the rms error as by the corresponding
covariance matrix. The latter depends not only on the
rms error, but also, mainly, on peculiarities in the distri-
bution of observations.

Therefore, for a more intensive study of the quality
of LSM estimates, one usually resorts to simulating the
so-called regions of possible motions (Milani, 1999;
Bordovitsyna et al., 2001; Muinonen et al., 2006),
where not one LSM orbit, but the whole family of the

most probable orbits constructed using the covariance
error matrix is investigated.

In this paper, we present the results of our simula-
tion and study of the regions of possible motions for all
new Jovian satellites.

ORBIT DETERMINATION

We considered the motion of satellites in the gravi-
tational field of Jupiter under the influence of attraction
from the Sun, the giant planets, and the Galilean satel-
lites. The satellite orbits were simulated numerically
based on equations of motion in rectangular coordi-
nates (Banshchikova and Avdyushev, 2006), which were
integrated by Everhart’s method (Everhart, 1974; Avdy-
ushev, 2006) with a coordinate accuracy of 
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–12

 

 AU.

As the parameters to be estimated, we took the rect-
angular coordinates 

 

x

 

0

 

 and velocities  at an initial
epoch 

 

t

 

0

 

. These were predetermined from observations
by the Laplace method. We improved the initial dynam-
ical state vector 

 

q

 

0

 

 = (
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 based on all of the available
ground-based CCD observations (http://
lnfm1.sai.msu.ru/neb/nss/index.html) using the least-
squares method. The isochronous derivatives needed
for orbit correction were calculated by numerically
integrating the variational equations together with the
equations of motion.

The determination of the orbital parameters 
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 for-
mally consisted in minimizing the rms value of 
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obtained from the residuals of the model 
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relative to the observational data 
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 at the correspond-
ing times of observations. Algorithmically, this process
was reduced to solving the system of so-called condi-
tional equations by the least-squares method: 
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 is the matrix of conditional
equations and 
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 are the corrections to 
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After the orbit determination for each satellite, we
obtained the covariance matrices (Elyasberg, 1976;
Montenbruck and Gill, 2005)
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 = (
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(  = 
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),

 

which characterize the probabilistic scatter of random
errors in the parameters 

 

q

 

0

 

 being estimated. Based on
the covariance matrices, we then simulated the initial
regions of possible orbital parameters.

SIMULATING THE INITIAL REGION OF 
POSSIBLE ORBITAL PARAMETERS

We constructed the initial region of possible solu-
tions 

 

q

 

0

 

 for each satellite relative to the LSM estimate
 using the covariance matrix 

 

C

 

0

 

 from the formula
(Bordovitsyna et al., 2001)

 

(1)

 

where 

 

h

 

i

 

 is the six-dimensional vector of normally dis-
tributed random numbers, 

 

A

 

 is the triangular matrix for
which 

 

A

 

T

 

A

 

 = 

 

C

 

0

 

,

 

 and 

 

N

 

 is the number of solutions
under consideration. Note that the decomposition of the
covariance matrix 

 

C

 

0

 

 = 

 

A

 

T

 

A

 

 is accomplishable and
unique, since the latter is symmetric and positively
defined

 

1

 

. In the phase space of coordinates and veloci-
ties, solutions (1) will fill the hyperellipsoid specified
by the covariance matrix 

 

C

 

0

 

 (see, e.g., Fig. 1b).
The algorithm described above was tested on model

problems for two satellites: Themisto and S/2003 J04.
Using real observations of the satellites, we obtained
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See, e.g., Verzhbitskii, 2005.
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the LSM solutions . Subsequently, based on these
solutions and considering them as the true ones, we
simulated fictitious observations at the real times of
observations by introducing into them a normally dis-
tributed random error with a dispersion of 

 

0.2

 

′′

 

 (the lim-
iting accuracy of CCD observations)

 

2

 

 into them and
obtained a set of LSM solutions from 1000 samples of
observations (Figs. 1a and 2a).

Finally, for some arbitrary solutions, we constructed
the regions of possible initial parameters using the cor-
responding covariance matrices (Figs. 1b and 2b)

 

3

 

. In
all cases, the true solutions (the coordinate origins in
the figures) fell into the constructed probabilistic
regions. Obviously, this serves as an experimental jus-
tification for using the probabilistic regions for a quali-
tative analysis of the orbits being determined.

NUMERICAL RESULTS

As a result of the orbit improvement, the rms errors

 

σ

 

0

 

 for all satellites were less than 

 

1

 

′′

 

 (Fig. 3). However,
despite their smallness, the corresponding regions of
possible initial parameters turned out to be very varied
not only in size, but also in shape.

For most of the satellites discovered in 2003
(S/2003), the probabilistic regions are fairly large and
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However, such a choice of the dispersion is of no fundamental
importance in this case.
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The figures show the regions of solutions only in projection onto
the (

 

x
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, 
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) plane. The projections of the regions onto other planes
look similar: small compact ones for Themisto and extended
cigar-shaped ones for S/2003 J04. Note also that Figs. 1 and 2
and, below, Figs. 4 and 6 are presented in the J2000 equatorial
coordinate system.)
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Fig. 1.

 

 (a) Distribution of LSM solutions for various samples of model observations (Themisto). (b) Probabilistic region constructed
for one of the LSM solutions (at the center of the gray ring) from the covariance matrix (Themisto).
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strongly elongated (e.g., Fig. 4; S/2003 J04). This is
mainly due to the small number of observations, whose
times are concentrated in a short interval, up to
100

 

 

 

days (Fig. 5). In such problems, the covariance
matrices have large condition numbers and this directly
leads to a strong elongation of the probabilistic regions.
For the satellites for which the times of observations
cover fairly long intervals, the probabilistic regions are
considerably smaller (e.g., Fig. 4; Themisto).

The large initial probabilistic regions generally sug-
gest that the observations for the corresponding satel-
lites are not yet enough for a confident prediction of the
satellite motion, for example, with the goal of planning
observations in the future. As an example, Fig. 6 shows

for S/2003 J10 how large the scatter of possible satellite

positions 

 

 = 

 

x

 

(

 

t

 

0

 

 + 

 

τ

 

, )

 

 predicted from  can be
even after one revolution (

 

τ

 

 = 716 days) for a large ini-

tial probabilistic region of ; i.e., in fact, the satellite
can be anywhere in a wide neighborhood comparable to
the orbit itself.

Incidentally, it is interesting to note that the initial
probabilistic region in Fig. 6 is elongated toward the
Earth. Therefore, its projection onto the geocentric
celestial sphere reveals no extended size of the region.
As we see from Fig. 7a, the projected region compactly
fits within only 2′′. Here, the distribution of possible
positions is presented in spherical (α, δ) coordinates
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Fig. 2. Same as Fig. 1 for S/2003 J04.
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Fig. 3. Rms errors.
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(α is the right ascension and δ is the declination) rela-

tive to the initial nominal position ( , ).

When ground-based observations are planned, the
required accuracy of predicting the motion is directly
determined by the sizes of the sky field scanned by
observational means where the object is expected to
appear. For example, if we plan to observe the satellite
S/2003 J10 after one revolution, expecting it to appear
in a fairly large 1° × 1° field, using the dynamical model
of the satellite for its targeting is unacceptable in this
case. As Fig. 7b shows, the probabilistic region for
S/2003 J10 is so large that much of it falls outside the
scanned field centered on the predicted position of the

α̂0 δ̂0

object (  ) and, hence, there is a probability of los-
ing the satellite.

The maximum angular deviation of the possible

positions (αi, δi) from the nominal one ( , ) obtained
from LSM estimates may be taken as a characteristic of
the size of the probabilistic region in projection onto the
celestial sphere:

We estimated smax for each satellite after one revolution
at N = 1000. The results are shown in Fig. 8, where, as

α̂1, δ̂1

α̂ δ̂

smax αi α̂–( )2 δ̂ δi δ̂–( )
2

+
2

cos
i = 1 …, N,
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Fig. 4. Probabilistic regions obtained from the covariance matrices based on real satellite observations.
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Fig. 5. Time intervals covering the times of all available satellite observations.
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in Figs. 3 and 5, the nomenclature of the satellites is
presented in order of their discovery.

As we see from smax, apart from S/2003 J10, there
are several more objects (namely, S/2003 J02, S/2003
J03, S/2003 J04, S/2003 J12, and S/2003 J23) that can
be lost in attempting to detect them after one revolution
in a sky field with angular sizes of ~1°. Naturally, the
number of potentially disappearing objects increases as
the viewing angle decreases.

It is also important to note that the probabilistic
regions increase in size with time (see, e.g., Fig. 6)
mainly due to the instability of orbital motion. There-
fore, the chances to detect the satellite in the future next
time will only decrease as the date of observations
recedes from the initial epoch.

Given that objects similar to the new Jovian satel-
lites are observed on telescopes with viewing angles
much smaller than 1°, we may assert that, in general,
the accuracies of the simulated orbits for the above sat-
ellites (S/2003) are unsatisfactory from the standpoint
of planning observations.

To increase the accuracy of determining these orbits
(in other words, to reduce the regions of possible
motions), we must use additional observations that
together with the already available ones would cover a
long time interval, where possible. Figure 9 shows the
correspondence between the sizes of the probabilistic
regions at an initial epoch and the spread in times of
observations. Here, |∆x|max is the maximum deviation of

the possible positions  from the nominal one :

|∆x|max = ;

 is the dispersion of the times of observations ti:

and τ is the orbital period of the satellite.
In particular, we see from the figure that small prob-

abilistic regions take place precisely for those satellites
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for which the times of observations are distributed
widely. At the same time, for most of the satellites dis-
covered in 2003 and observed in short time intervals,
the characteristics |∆x|max and /τ under consideration

correlate weakly. This is mainly because other factors4

that potentially affect the sizes of the probabilistic
region become weighty at a small spread in times of
observations. In any case, it can be said with certainty
that a long chronology of satellite observations is a firm

4 For example, peculiarities in the distribution of observed satellite
positions.

T

guarantee for a highly accurate determination of the
satellite orbit.

CONCLUSIONS

Thus, we analyzed the probabilistic regions of
orbital parameters for new Jovian satellites. We experi-
mentally shown that there are such satellites among
them (S/2003 J02, S/2003 J03, S/2003 J04, S/2003 J10,
S/2003 J12, and S/2003 J23) whose orbits cannot yet be
determined with an acceptable accuracy for planning
observations, because the amount of observational
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information is insufficient. The orbits of these objects
are determined with such a large uncertainty that their
predicted positions (even after one revolution) can con-
tain large errors comparable to the sizes of the orbits
themselves. Such a prediction for pointing a telescope
at a satellite (even with a wide scanning field) is actu-
ally unreliable, since there is a high probability that the
object will just be outside the sky field scanned by the
telescope.

We obtained our results in terms of a least-squares
problem by numerically simulating the satellite orbits
determined from all of the observations available to
date.
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