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Abstract: The sailboat is a stable region in the Pluto-Charon
system discovered by Giuliatti Winter et al. [1], who also
showed this region is associated with a family "BD" of peri-
odic orbits derived from the planar, circular, restricted three-
body problem. This project is an extension of the work of
Giuliatti Winter et al. [3] looking for the existence of the
Sailboat region for any binary system. We analyzed through
numerical simulations test particles of S-type orbits in hypo-
thetical systems with different values of mass ratio (u) and
for several orbital configurations. Our results show the sail-
boat is robust and it exists for $=[0.05,0.27] and for large
intervals of argument of pericentre and inclination .
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1. INTRODUCTION

Giuliatti Winter et al. [1] studied the possibles stable re-
gions of test particles in Pluto-Charon system before the
probe New Horizons reaches there. Through numerical sim-
ulations, they analyzed particles of S-type orbits around
Pluto and Charon and they detected a peculiar region (sail-
boat) located at a = (0.5d,0.7d) and e = (0.2,0.9), being
a, d and e the values of semi-major axis, Pluto-Charon’s dis-
tance and the eccentricity, respectively. The name is due to
the shape of this region which resembles a sailboat (see their
figure 1).

The sailboat location was unexpected, since it is lo-
cated at the middle of separation distance between Pluto and
Charon. It was found that the region is associated this new

region with a family "BD" of periodic orbits (Broucke,R.A.
[5]) derived from the planar, circular, restricted three-body
problem (the gravitational effects of the moons Nix, Hidra,
Kerberos e Styx are irrelevant).

To better understand this region, Giuliatti Winter et al. [3]
analysed how the changes in the inclination (I) and argument
of pericentre (w) of the particles modify the sailboat. First
they assumed the test particles were coplanar with the binary
and then varied the w, they obtain that sailboat survives in
two narrow different intervals [10°,—10°] and [160°, 200°],
and its maximum size occurs when w is 0° or 180°. Later it
was verified the sailboat exists to value of inclination up to
90°. These results were combined in another article Giuliatti
Winter et al. [4] in order to to determine safe trajectories for
the New Horizons mission.

In this work we explore in details the variation of the size
and shape of this region for different binaries systems and the
initial conditions of the test particles. The paper is divided as
follows: Section 3 describes the method applied to create the
hypothetical binary systems and the numerical simulations,
and in Section 4 the results are presented. In the last section
we concluded our results.

2. OBJECTIVES

The purpose of this paper is to determinate the behavior
of Sailboat for any binary system. We studied this region
through the numerical simulation of the test particles of S-
type orbits in hypothetical binary systems.



3. METHOD

We first created hypothetical systems with different mass
ratio () by setting the mass (m,,) and radius (r,) of the pri-
mary body (the more massive body of binary) equals to Pluto,
my, = 1,304 x 10?2 kg, and then we determined the mass of
the second body (m;) according to the desired value of u. In
all cases the distance (d) between the binary was the same of
Pluto-Charon system (19,571 km), and the secondary body
is assumed to be in an equatorial and circular orbit.

We choose p in the interval [0.05,0.50] in steps Ay =
0.01 and for g in [0.52,0.70] we adopted Ap = 0.02. The
test particles were uniformly distributed in semimajor axis
in [0.3d, 0.8d] with Aa = 0.0008d, the eccentricities varied
from 0 to 0.99, with Ae = 0.005 and initially the argument
of the pericentre and inclination was set as w = I = 0°. This
results in a diagram with 133,008 initial conditions for each
mass parameter.

We numerically integrated the orbits using the Radau 15
(Everhart [7]) for a total time equal to 65,000 days, equiva-
lent to 10* orbital periods of the binary. Holman & Wiegert
[8] and Winter & Vieira [9] have shown that all the particles
which remain in the system for the whole time of integration
are considered to be in stable orbits. Particles that collided
with a massive body were removed from the integration.

We also analyzed the behaviour of the sailboat according
to the eccentricity (e) of the secondary body, looking for the
maximum value for which the particles remain stable. A fi-
nal set of simulations was performed for different values of
inclinations and argument of pericenter in order to determine
the extreme values for the stability.

4. RESULTS AND DISCUSSION
4.1. The hypothetical binary systems

The results of the simulations show that the existence of
the sailboat is limited to y = (0.05,0.27). For the small-
est value of p the region comprehend an extension of a =
(0.5d,0.75d) and e = (0.0, 0.9), while for the other extreme
(1 = 0.27) the sailboat’s extension is a = (0.45d,0.6d) and
e=(0.3,0.5).

Figure 1 presents diagrams (a, ) of the stable initial con-
ditions for four binaries with different mass ratios: u = 0.05,
0.11 (the closest case to the Pluto-Charon system), 0.27 and
0.28. It is possible to identify the sailboat approximatelly
at half of separation distance between the massive bodies, as
well as another region located near to the primary (region 1
hereinafter). Fig. 1c shows the latest case where is possible
to distinguish the sailboat, and when the mass ratio of bi-
nary reaches 0.28 (figure 1d) two new stable regions emerge:
one located beyond a = 0.6d up to a = 0.8d (region 3) and
another region located in approximately 0.45d, but with ec-
centricities above 0.6 (region 4). With a small increase in
1 these two regions mix with the sailboat and form a single
region.
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Figure 1: Diagram of initial conditional semi-major axis a
versus eccentricity e of the stale particles for systems with
(@) u=0.05, () x=0.11,(c) p = 0.27 and (d) p = 0.28 .



4.2. Different values of initial conditions

Once we verified the interval of mass ratio for the exis-
tence of the sailboat, we explore the influence of eccentricity
of the second body, argument of pericenter and inclination of
the test particles on the size and shape of this region.

The figure 2 shows the maximum value of eccentricity
that the sailboat exists as a function of the each mass ratio.
The almost exponential behaviour indicates that as orbit of
the secondary becomes eccentricity.
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Figure 2: The excentricity of the second body in relation with
mass ratio of the system.

In the other hand, the sailboat presents almost a linear
behavior relative with the maximum inclination (/,,,,,) of the
test particles. It is possible to see in the figure 3 that the
sailboat is not very sensitive to changes in this paramater,
since the region exists even for retorgrade orbits.
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Figure 3: The maximum inclination of the test particles in
relation with mass ratio of the system for which the sailboat
exists.

Giuliatti Winter et al. [3] discovered that for the Pluto-
Charon the sailboat exists for two narrow ranges of argu-
ment of pericentre around the its two maximum size at 0°
and 180°. When considering the systems with different val-
ues of p we also found the larger extend of the sailboat at
w = 0° and w = 180°, but the size of the interval varies with
the mass ratio of system.

The figures 4 and 5 show the absolute values of these two
intervals of w for each binary system, around w = 0° (figure
4) and around w = 180° (figure 5).
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Figure 4: The absolute interval of w of the test particle that
exist the sailboat around 0° in relation with mass ratio of the
system.

Figure 5: The absolute interval of w of the test particle that
exist the sailboat around 180° in relation with mass ratio of
the system.

5. FINAL COMMENTS

The sailboat is a peculiar stable region of binary systems
located at the middle of the distance of the massive bodies,
and it is associated with a family "BD’ of periodic orbits.

Our results show that the sailboat is very resistant to
changes in the mass ratio of the two bodies and it survives
up to p around 0.27, but small changes in the eccentricity of
the secondary body are enough to decrease substancially the
extend of the stable region. In respect to the orbital elements
of the particles, the sailboat is more sensitive to changes in
the argument of pericenter than the inclination.
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