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Abstract

We focus on the dynamics of a small particle near the triangular points of the
Sun-Jupiter system. To try to account for the effect of Saturn (and to simulate in
a more realistic way the Sun-Jupiter relative motion), we develop specific models
based on the numerical computation of periodic and quasi-periodic (with two fre-
quencies) solutions of the planar three body problem Sun-Jupiter-Saturn and write

them as perturbations of the Sun-Jupiter RTBP.

1 Introduction

The dynamics around the Lagrangian L, and L5 points of the Sun-Jupiter system have
been studied by several authors in the Restricted Three Body Problem using semi-
analytical tools such as normal forms or approximate first integrals (see [5, 10, 3, 6, 11]).

It is also known that Trojan asteroids move near the triangular points of the Sun-
Jupiter system. Its dynamics has been studied by many authors (see, for example, [7,
8, 9, 12]) using the Outer Solar System model, where the Trojans are supposed to move
under the attraction of the Sun and the four main outer planets (Jupiter, Saturn, Neptune
and Uranus). This is a strictly numerical model, so the semi-analytical tools mentioned
above cannot be used in principle.

In this paper, we briefly present two intermediate models for the motion of a Trojan
asteroid. These models try to simulate in a more realistic way the relative Sun-Jupiter
motion and are written as explicit perturbations of the RTBP, which allows to compute
normal forms and approximated first integrals.

The first model is a natural improvement of the Sun-Jupiter RTBP that includes the
effect of Saturn on the motion of Sun and Jupiter. In this model, Sun, Jupiter and Saturn

move in a periodic solution of the (non-restricted) planar Three Body Problem (TBP,
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from now on), with the same relative period as the real one. It is possible to write the
equations of motion of a fourth massless particle that moves under the attraction of these
three. This is a restricted four body problem that we call Bicircular Coherent Problem
(BCCP, for short). Its detailed construction and study can be found in [4].

In the second model, the periodic solution of the BCCP is used as the starting point of
the computation of a 2-D invariant torus for which the osculating excentricity of Jupiter’s
orbit is the actual one. In this sense, the Sun-Jupiter relative motion is better simulated by
this quasi-periodic solution of the planar three body problem. Afterwards, the equations
of motion of a massless particle that moves under the attraction of these three main bodies
(supposing that they move in the previously computed quasi-periodic solution) are easily
derived. We call this restricted four body problem as the Bianular Problem (BAP, for
short).

2 The Bicircular Coherent Problem

It is possible to find, in a rotating reference frame, periodic solutions of the planar three
body Sun-Jupiter-Saturn problem by means of a continuation method using the masses
of the planets as parameters (see [4] for details). The relative Jupiter-Saturn period can
be chosen as the actual one, and its related frequency is wy,; = 0.5697039074021947.
Assuming that these three main bodies move on this periodic orbit, it is possible to

write the Hamiltonian for the motion of a fourth massless particle as:

1
H = saa(0)(p; +p, +p2) + 2(0)(@pe + ypy + 2p2) + a(6) (ype — py)
1 - sa
+as(8)z + as(0)y — ag(d) | —L + L 4 Dot | (1)

ds 4y Qsat

where ¢ = (z —p)?*+v*+ 2%, 3= (x—p+ 1) +y* + 2% and ¢2, = (v — a7(0))* + (y —
ag(0))? + z2. The functions «;(6) are periodic functions in § = w,t and can be explicitly
computed with a Fourier analysis of the numerical periodic solution of the three body
problem. The numerical values used for the mass parameters are p = 0.95387536 x 1073
and My, = 0.285515017438987 x 1073,

At that point, we want to mention that a Bicircular Coherent problem was already
developed in [1] for the Earth-Moon-Sun case to study the dynamics near the Eulerian

points.

3 The Bianular Problem

In this section, we compute a quasi-periodic solution, with two basic frequencies, of the
planar Sun-Jupiter-Saturn three body problem. This quasi-periodic solution lies on a 2-D

torus. As the problem is Hamiltonian, this torus belongs to a family of tori. We look for
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a torus, on this family, for which the osculating excentricity of Jupiter’s orbit is quite well
adjusted to the actual one. Then, this quasi-periodic solution is used in order to obtain

the Hamiltonian of the Bianular Problem.

3.1  The reduced Hamiltonian of the Three Body Problem

We take the Hamiltonian of the planar three body problem written in the Jacobi coordi-
nates in a uniformly rotating reference frame and we make a canonical change of variables
(using the angular momentum first integral) in order to reduce this Hamiltonian from 4

to 3 degrees of freedom. We obtain:

1 A? 1
H P,PP) = — PP+ |+—=(P+PF
(QlaQ27Q37 1,42, 3) 20( < 1 + Q%) + Qﬁ ( 2 + 3)
—K _ g - (1 - ,U/)msat - HMsat (2)
r 713 23

where a = (1 — p), B = Mear/(1+ Mear), A = QP — QsPo + K, 7 = Qu, 113 =
(uQ1 — Q2)* + Q% rZ, = (1 — Q1 + Q2)? + Q3 and K is the angular momentum of the

system.

3.2 A method for computing 2-D invariant tori

We are interested in finding a quasi-periodic solution (with two frequencies) of a given
vector field. We reduce this problem to the one of finding an invariant curve of a suitable
Poincaré map. This invariant curve is seen as a truncated Fourier series and our aim is
to compute its rotation number and a representation of it. We follow roughly the method

developed by [2].

3.2.1 NUMERICAL COMPUTATION OF INVARIANT CURVES

Let be & = f(z) (z, f € R™) an autonomous vector field of dimension n (for example, the
reduced field of the three body problem given at 3.1) and ®(z,t) = ®,(z) its associated
flow. Let us define the Poincaré map as the time T-flow ®(-), where T is a prefixed value
(T = Tsat, the period of Saturn in the Sun-Jupiter system, in our case).

Let w be the rotation number of the invariant curve. Let, also, C(T*, R") be the space
of continuous functions from T' in R™, and let us define the linear map 7, : C(T!,R") —
C(T*,R™) as the translation by w, (T,,¢)(0) = p(0 + w).

Let us define I : C(T*,R") — C(T', R") as

F(p)(0) = 2r(2(0)) — (Tup)(0) Vg € C(T',R"). (3)

It is clear that the zeros of F in C(T',R™) correspond to invariant curves of rotation

number w. The equation satisfied is

Dr((6) = p(6+w) VOET. (4)
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The method we want to summarize in this section boils down to looking numerically for
a zero of F. Hence, let us write p(6) as a real Fourier series,
() = Ao+ > _(Ajcos(kb) + Bysin(kf)) Ay, B, € R" k€N,
k>0

Then, we will fix in advance a truncation value Ny for this series (the selection of the
truncation value will be discussed later on), and let us try to determine (an approximation
to) the 2Ny + 1 unknown coefficients Ay, Ay and By, 1 < k < Ny. To this end, we will
construct a discretized version of the map F', as follows: first, we select the mesh of 2N¢+1

points on T*,
2mg

0, = "4
72Ny 41

and evaluate the function (3) on it. Let Fy, be this discretization of F:

0<j<2Ny, (5)

Or(p(0;)) — ¢(6; +w), 0<j<2Ny. (6)

So, given a (known) set of Fourier coefficients Ay, Ay and By (1 < k < Ny), we can
compute the points p(6;), then ®7(¢(6;)) and next the points ®7(¢(6;)) — p(0; + w),
0 < j < Ny. From these data, we can immediately obtain the Fourier coefficients of
D7 (p(0)) — (0 +w).

To apply a Newton method to solve the equation Fiy, = 0, we also need to compute
explicitly the differential of Fyy,. This can be done easily by applying the chain rule to
the process used to compute Fy,. Note that the number of equations to be solved is
(2Ny + 1)n and that the unknowns are (Ao, Ay, By, ..., An,, By, ), w and the time 7' for
which we fix the Poincaré map associated to the flow (®1(-)). That is, we deal with
(2Nf + 1)n + 2 unknowns. In each step of the Newton method, we solve a non-square
linear system by means of a standard least-squares method. We want to mention that
this system is degenerated unless we fix (keep constant during the computation) some of
the unknowns.

Note that in the case of the reduced three body problem, an integral of motion is still
left: the energy. We can easily solve the problem of the degeneracy, induced by it, fixing

the time T' of the Poincaré map.

3.2.2 DISCRETIZATION ERROR

Once we have solved equation (6) with a certain tolerance (error in the Newton method;
we take tipically 107), we still don’t have any information on the error of the approxi-
mated invariant curve. The reason, as explained in [2], is that we have not estimated the
discretization error; i.e., the error when passing from equation (3) to equation (6).

In order to do it, we compute

E(p,w) = max [D7(p(0,2)) — (0 +w, 2)|

0e
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in a mesh of points, say, 100 times finer than the mesh (5) and consider it as an estimation
of the error of the invariant curve.

If ||El|lso > 1079, the solution obtained is not considered good enough and another
one with the same initial approximation for the Newton method but with a greater dis-
cretization order Ny is computed. The process is repeated until the sub-infinity norm of

the discretization error is smaller than 1077.

3.3 Finding the desired torus

The initial approximation to the unknowns in the Newton method is given by the lin-
earization of the Poincaré map around a fixed point X, (a periodic orbit, for the flow).

We use the periodic orbit computed in Section 2 for the BCCP model:
XO = ®Teat (XO)7

where, &, (+) is the time Ty,-flow corresponding to Hamiltonian (2).

It is easy to see, by looking at the eigenvalues of D®r, ,(Xy), that there are two
different non-neutral normal directions to the periodic orbit Xy. Thus, two families of
tori arise from it. We call them Familyl and Family2.

We compute a first torus for each family (they are called Torusl and Torus2) with
the method described in 3.2. In Figure 1, the projection for Torusl and Torus2 into the
(¢1,2), (41,G2) and (g3, q4) planes are shown (where (g;);=1-4 are the Jacobi coordinates
for the three body problem in a rotating system). We can see (left and center plots) that
the relative Sun-Jupiter motion is a libration around the point (—1,0,0,—1), and that
Saturn’s orbit has fattened a little bit (right plots).

The two families of tori can be parameterized by the angular momentum K. It is
straightforward from the computations that there is a strong relationship between the
angular momentum, K, and the osculating orbital elements of Jupiter’s and Saturn’s
orbits. As we want to simulate in a more reallistic way the Sun-Jupiter relative motion,
we are more interested in adjusting Jupiter’s orbital elements than Saturn’s ones. As there
is one degree of freedom (we are allowed to set K'), we select the osculating excentricity
of Jupiter’s orbit as the targeting value. Thus, by means of a continuation method, we
try to find another torus inside Familyl or Family2 for which the osculating excentricity
of Jupiter is approximately 0.0484.

In order to continue the families, we add to the invariant curve equations the following

one:

excen(Q1, Qa, @3, Pr, P, P, K) = e,

where excen(-) is a function that gives us Jupiter’s osculating excentricity at a given

moment (we evaluate it when Sun, Jupiter and Saturn are in a particular collinear config-
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Figure 1: Left: Sun-Jupiter relative motion for Torusl (top) and Torus2 (bottom). Center:
Momenta for the Sun-Jupiter relative motion for Torusl (top) and Torus2 (bottom).
Right: Saturn’s orbit around the Sun-Jupiter barycenter for Torusl (top) and Torus2
(bottom).

uration), and e is a fixed constant that is used as a control parameter. We try to continue
each family increasing the parameter e to its actual value.

In Familyl, we start increasing little by little the parameter e in order to have a good
enough initial point for the Newton method in each step of the continuation process.
What is observed is that when e increases, the number of harmonics (Ny) has also to be
increased if we want the discretization error of the invariant curve to be smaller than a
certain tolerance (tipically we take 107?). We stop the continuation when the number of
harmonics is about 180. At this moment, if we look at the orbital elements of Jupiter’s
and Saturn’s orbits, we see that they do not evolve in the desired direction, but they
are getting farther from the real ones. In Figure 2, the projection of this solution into
the configuration space is shown. This solution is far from a planetary one because,
for example, the big variation of the two semi-major axes. Thus, increasing Jupiter’s
excentricity inside Familyl forces us to move away from the desired solution.

In Family2, we are able to increase e up to its actual value (e = 0.0484), the number
of harmonics doesn’t grow up very much (actually, if we ask the invariant curve to have
an error smaller than 107, N; increases from 6 to 9) and the solution obtained is of the
planetary type. In Figure 3, we plot the variation of the angular momentum K of the

planar SJS Three Body Problem when the parameter e is increased in the continuation
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Figure 2: Projection into the configuration space of the torus belonging to Familyl when

the continuation procedure is stopped. See the text for more details.
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Figure 3: Plot of the evolution of the angular momentum K when the parameter e is
increased from 0.00121 (corresponding to Torus2) to 0.0484 (the desired value) in the

continuation of Family2.

process.

We can see the projection of the final torus into the configuration space in Figure 4.
This solution of the planar Sun-Jupiter-Saturn TBP is what we call the Bianular solution
of the TBP. This torus is parameterized with the angles (61, 02) = (wit+67, wot+63), where
the frequencies are wy; = wy,; = 0.597039074021947 and w, = % = 0.194113943490717
(@ is the rotation number of the invariant curve), and 67, are the initial phases.

Let us comment this result: Recall that our main goal was to simulate in the most
reallistic way possible the relative Sun-Jupiter motion. We have obtained (numerically) a
quasi-periodic solution of the TBP where the osculating excentricity, the semimajor axis,
the period and the mean motion of Jupiter’s orbit are quite well adjusted (see Figure 5,
where we have plot the evolution of the osculating orbital elements of Jupiter and Saturn

in a time span of 52.6195485402068 adimensional units). The argument of the perihelion

still oscilates too much. We have tried to adjust it better by moving the rotation number
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Figure 4: Projection into the configuration space of the Bianular solution of the planar
three body problem Sun-Jupiter-Saturn in the rotating reference frame (left plot) and in

an inertial system (right plot).

w, but what happens is that we loose the accuracy in the Jupiter’s mean motion (we
desire that it librates quasi-periodically around 1).

Concerning Saturn’s motion on the torus, we have quite well fitted the semimajor axis
and the period of its orbit; the obtained excentricity is about the 80% of the actual one
and the argument of the perihelion still oscilates too much. We have tried to adjust better
the excentricity of Saturn’s orbit by changing the rotation number w, but if we do so, we

loose again accuracy on the Jupiter’s mean motion.

3.4 The Hamiltonian of the BAP Model

Finally, it is possible to obtain the equations of a massless particle that moves under the

attraction of the three primaries. The corresponding Hamiltonian is:

Hpap = zai(61,0; (pi"‘pfﬂ“pg)

+ N

1-— Mg
H_'_ﬁ_F t’

(
Oé2(91, 02 (xpx + ypy + sz)

(

(
qds qJ Gsat

)
)

+as(6y, 02)(ype — xpy) + by, 02)x
)

+as(61,02)y — (01, 62)

where ¢% = (z — )’ +9y° + 22, @2 = (x —pu+ 1)  + > + 2%, &, = (v — az(61,00))* + (y —
0[8(917 02))2 + 22, 01 = wlt + (9? and 02 = L(JQt + 03
The auxiliar functions «;(0y,605);—1-s are quasi-periodic functions that can be com-

puted by a Fourier analysis of the solution found in 3.3.
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Figure 5: From left to right: Evolution of the osculating semimajor axis, excentricity and
argument of the perihelion of Jupiter’s orbit (top) and Saturn’s orbit (bottom) for the

Bianular solution of the planar three body problem.

4 Conclusions

We have seen two particular examples of a much more general methodology for construct-
ing semi-analytic models of the Solar System and writing them as “perturbations” of the
Sun-Jupiter RTBP. For instance, if a quasi-periodic solution of the N-Body Problem with
m frequencies is known, it is then possible to write the Hamiltonian of the Restricted
Problem of (N + 1) bodies as:

1
H = Sai(0)(pF +pj +p2) + aa(0)(xpe + ypy + 2p.)

2
N ms
+a3(0) (yps — xpy) + cu(0)x + a5(0)y — o (0) Z G?>
1=0 1

where the functions a;(f) are also quasi-periodic with the same m frequencies (§ € T™)
and p; is the distance between the particle and the ¢-th body written in a “rotating-
pulsating” reference system.

All these models (as BCCP and BAP) are specially written in order that semi-
analytical tools (such as Normal Forms or numerical First Integrals techniques) can be

applied.
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