
Citation: de Almeida Junior, A.K.;

Mescolotti, B.Y.P.M.; Chiaradia,

A.P.M.; Gomes, V.M.; de Almeida

Prado, A.F.B. Searching for Orbits for

a Mission to the Asteroid 2001SN263

Considering Errors in the Physical

Parameters. Symmetry 2022, 14, 1789.

https://doi.org/10.3390/

sym14091789

Academic Editor: Jan Awrejcewicz

Received: 25 July 2022

Accepted: 24 August 2022

Published: 28 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

symmetryS S

Article

Searching for Orbits for a Mission to the Asteroid 2001SN263
Considering Errors in the Physical Parameters
Allan Kardec de Almeida Junior 1,* , Bruna Yukiko Pinheiro Masago Mescolotti 1, Ana Paula Marins Chiaradia 2,
Vivian M. Gomes 2 and Antonio Fernando Bertachini de Almeida Prado 1,3

1 Instituto Nacional de Pesquisas Espaciais-INPE, Divisão de Pós-Graduação, Av. dos Astronautas, 1758, São
José dos Campos 12227-010, Brazil

2 Department of Mathematics, Universidade Estadual Paulista-UNESP, Av. Ariberto Pereira da Cunha, 333,
Guaratinguetá 12516-410, Brazil

3 Academy of Engineering, RUDN University, Miklukho-Maklaya Street 6, 117198 Moscow, Russia
* Correspondence: fenixcinza@yahoo.com.br

Abstract: The main goal of this paper is to search for orbits that can be used in the Brazilian proposed
Aster mission. This mission is under study and its objective is to use a spacecraft to observe the
system 2001SN263, which is a triple asteroid system. With respect to the two-body problem (spacecraft
and the main asteroid), the symmetries of the orbits are broken by the oblateness of the main body of
the system, the solar radiation pressure, and the gravitational attraction of the two moons of the main
body. Additionally, the masses of these two moons have errors associated with their predicted values,
which reinforce the asymmetry and require extra effort to maintain the observational objectives of the
mission. The idea is to find orbits that remain for some time observing the three bodies of that system,
even if the physical parameters of the bodies are not the ones expected from observations made from
the Earth. This is accomplished by studying the effects of errors in all the physical properties of
the three asteroids in the trajectories described by a spacecraft that is orbiting this system. Several
important and useful trajectories are found, which are the ones that can observe the desired bodies,
even if the physical parameters are not the expected ones. To express our results, we built time
histories of the relative distances between each of the asteroids and the spacecraft. They are used
to select the trajectories according to the amount of time that we need to observe each body of the
system. In this way, the first objective of this research is to search for trajectories to keep the spacecraft
close to the three bodies of the system as long as possible, without requiring orbital maneuvers. The
errors for the masses of the two smaller and lesser known bodies are taken into consideration, while
the mass of the most massive one is assumed to be known, because it was determined with higher
precision by observations.

Keywords: astrodynamics; asteroid 2001SN263; errors in the physical parameters; observational
mission; Aster mission

1. Introduction

The scientific literature indicates that many answers about the origin and evolution of
our solar system may be found in smaller bodies. In that sense, a key factor for a better
understanding of our solar system is space missions to asteroids. They are small bodies,
with many of them located between the orbits of Mars and Jupiter. Some asteroids pass by
the neighborhood of the Earth, and they are the called near-Earth asteroids (NEAs). We
already have many spacecrafts (and missions) that have explored these bodies, such as the
Galileo [1–3]; the NEAR Shoemaker spacecraft [4,5]; the hovering at the asteroid (25143)
Itokawa [6]; a vision to explore the deep space [7]; the Hayabusa mission [8]; missions
to visit the 2001 SN263 asteroid, including the Aster [9] and the Amor [10]; the 162173
(1999 JU3) asteroid [11]; the European MarcoPolo-R with sample return mission [12]; the
Hayabusa 2 [13]; the OSIRIS-Rex mission to Bennu [14–16]; and analyses on general small
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bodies missions [17]. Apart from this research which is related to specific missions, some
other publications have studied orbits around small bodies, and they can be used in future
missions. Some of them are: [18–31].

Having the goal of studying asteroids in deeper detail, the Brazilian Aster mission was
proposed and studied from several different aspects. Its objective is to place a spacecraft
in orbit of the triple asteroid system 2001SN263. Several schemes are considered: serial, in
which the spacecraft visits one body after the other; parallel, in which all the bodies are
observed from a single orbit; and hybrid, which combines both strategies, alternating orbits
using propulsion. In that sense, the present paper contributes by showing orbits that can be
used to observe each of the single orbits, two of them, or even all the bodies of the system.
Several previous studies approached this mission from different perspectives. For more
details, one can refer to: [9,10,32–39].

The central gravitational attraction of the main body is the most important force acting
on a spacecraft in orbit. The two-body problem describes the motion of a spacecraft under
such force, which is symmetric, and its orbits are usually periodic. In comparison with the
orbit modeled by the two-body problem, the solar radiation pressure alone may not be
enough to break the symmetry of the orbit [40]. On the other side, when the spacecraft has
close encounters with the smaller bodies of the 2001 SN263 system, which is the objective
of an observational mission, their gravitational forces generate asymmetries, which must
be taken into consideration when selecting the final trajectories. The weak gravitational
fields of the moons are responsible for non-Keplerian orbits around them. The simplified
Keplerian model does not give a minimum acceptable accuracy. Furthermore, for orbits
near the main body, its non-perfect spherical shape perturbs the symmetry of the orbit. In
order to try to solve this problem, there are several researchers looking for stable trajectories
around non-perfect spherical bodies [41–43].

Looking at a different aspect, the main goal of the present paper is to observe the effects
of the errors in the masses of the two smaller bodies in the observational times, which are
the times that the spacecraft remains near the bodies of the system. The information about
the masses of the bodies is not very accurately known, and better values will be available
only when the spacecraft gets closer to the bodies. So a study is made in the present paper
to verify what happens to the observation times of a trajectory that is designed using the
nominal values for the masses, but is governed by the real values. By performing this type
of study, it is possible to find orbits that are less sensitive to those parameters, keeping some
observational times even if the masses are not what were expected before the arrival of the
spacecraft. Those orbits are very important to place the spacecraft in the beginning of the
mission, before a better determination of the masses is made. This research is an extension
of a previous paper [35] that studied a similar problem in a double asteroid system.

2. The Triple Asteroid 2001SN263

This system of multiple asteroids is considered one of the most interesting set of bodies
of the solar system to be visited. It is a triple system that is part of the group that is called
NEAs (near-Earth asteroids). It was discovered by the Arecibo Observatory in 2008. Several
observations were required after it was discovered to make sure it was a triple system and
not a single body [44]. It is formed by a larger main body called Alpha with a diameter of
2.6 km and two smaller companions (called Beta and Gamma), with diameters of 0.78 km
and 0.58 km, respectively, which are orbiting Alpha. Table 1 gives the physical data and the
Keplerian elements of the all the three bodies [32,33]. In Table 1, a represents the semi-major
axis, e the eccentricity, and i the inclination of the orbits involved.
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Table 1. Physical data and Keplerian Elements of the asteroids of the system 2001SN263 [32,33].

Body Central Body a e i Period Radius (km) Mass
(× 1010 kg) [33]

Alpha Sun 1.99 AU 0.48 6.7◦ 2.80 years 1.30 mα = 917.466 ± 2.235
Beta Alpha 16.633 km 0.015 0.00◦ 6.23 days 0.39 mβ = 24.039 ± 7.531

Gamma Alpha 3.804 km 0.016 13.87◦ 0.69 days 0.29 mγ = 9.773 ± 3.273

3. Description of the Problem

The priority of the present research is to study the effects of different values for
the masses of the two smaller bodies of the system in the trajectories of a spacecraft
orbiting those asteroids. The errors for Beta and Gamma are 31% and 33% of their masses,
respectively, while the error for the most massive body (Alpha) is only 0.24% of its mass, as
can be seen in Table 1. Thus, in this research, the mass of Alpha is assumed to be known, as
there is much more information available about this body in comparison to what is known
about the two smaller ones. In particular, the trajectories found here are compared with
the ones available in [35] as a function of those errors. Of course, we pay more attention to
trajectories that can observe at least two or even three of the bodies of the system. We define
a distance of five kilometers from the center of each body as a good value for observations,
based on the experiments planned. It means that this research measures the length of time
the spacecraft stays inside this limit of five kilometers from each asteroid. The effects of the
errors in the masses of the bodies over those observation times are investigated.

The model for the dynamics used in the numerical simulations considers all the
information available about the system 2001SN263. It includes their sizes, masses, and
shapes. Solar radiation pressure is also included in the equations of motion, because this is
an important force near small bodies due to their weak gravity fields. It is also assumed
that the smaller bodies are in precessing elliptical orbits around Alpha, due to the non-
spherical shape of the central body. The oblateness of the central body is also included in
the calculation of the trajectories of the spacecraft.

A local frame of reference centered in the barycenter of the triple system is defined. In
this research, this local frame is considered as an inertial one. In the case in which the Sun
is taken into consideration, this local frame of reference becomes a non-inertial one. In this
case, the magnitude of the specific force due to the influence of the Sun over the spacecraft
is given by ps = µs

∣∣rs/r3
s + Rs/R3

s
∣∣, where µs is the gravitational parameter of the Sun,

Rs locates the Sun from the center of the non-inertial frame of reference, and rs = r′ −Rs,
where r′ = (x′, y′, z′) is the position of the spacecraft in the non-inertial frame. Details on
how this term is derived can be seen in [45]. Note that ps compares the specific force due
to the Sun over the spacecraft using the frame of reference centered in the triple system
when it is considered an inertial one (the case adopted in this work) with the same frame of
reference when it is considered a non-inertial one (rotating around the Sun). The magnitude
of the acceleration due to the Sun given by ps and the magnitudes of the gravitational
accelerations due Alpha, Beta, and Gamma are shown in Figure 1 as functions of x’ (for
y’ = z’ = 0) in the case in which Alpha, Beta, and Gamma are aligned in the positive side of
the x’ axis. This figure shows their levels of influence over the dynamics of the spacecraft.
Note that the gravitational influences of Alpha, Beta, and Gamma are very strong close to
each of them, respectively. Thus, they could not be neglected. On the other side, in the
region close to the triple system, ps is at least four orders of magnitude lower than the
magnitude of the gravitational attraction of Alpha and at least two orders of magnitude
lower than the magnitudes of the gravitational attractions of Beta and Gamma. Hence, the
influence of the Sun over the dynamics of a spacecraft close to the triple system is negligible
for integration times of the order of days, as the ones used in this research. Therefore, the
adoption of the inertial frame of reference fixed in the barycenter of the triple asteroid
system is suitable for the purposes of this research. Other perturbations were considered
too small to be included in the mathematical model.
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Figure 1. Comparisons among the specific forces.

A change in coordinates is used from the local frame of reference defined above such
that another system of reference based in the orbital plane of Beta is used. Combined with a
Taylor expansion of the Kepler’s equation, this change in coordinates allowed us to obtain
analytical approximated solutions to the elliptical motion of the massive bodies, which
helped to obtain much faster numerical solutions to the motion of the spacecraft.

It is known that there are orbits around the central body that can be used to observe all
three bodies of the system [35]. We used the best orbits shown in [35] for particular studies.

4. Equations of Motion

To study the proposed problem, it is necessary to write equations of motion for
the spacecraft that are not too complex, but that are accurate enough to reveal the main
characteristics of the orbits. Our main assumption is that the spacecraft moves under the
forces given by the gravitational field of the three asteroids, the flattening of the largest
body, and the effects of solar radiation pressure. The first step is to use Equations (1)–(3)
to obtain the distances between the spacecraft and the three asteroids. We define R1 as
the distance between Alpha and the spacecraft; R2 as the distance between Beta and the
spacecraft; R3 as the distance between the spacecraft and Gamma; and R as the distance
between the spacecraft and the center of the frame of reference. The massive bodies of the
triple system, the spacecraft, and the variables are shown in Figure 2.

R1 =

√
(x− xα)

2 + (y− yα)
2 + (z− zα)

2 (1)

R2 =
√(

x− xβ

)2
+
(
y− yβ

)2
+
(
z− zβ

)2 (2)

R3 =
√
(x− xγ)

2 + (y− yγ)
2 + (z− zγ)

2 (3)

The correct calculation of those three variables is very important, because they appear
in the equations of motion and they constitute the main criterion to select the best orbits.
After these definitions have been established, we can use the inertial frame to write the
equations of motion of the spacecraft, which are given by Equations (4)–(6) [35].
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where J2 = 0.013 is obtained in [33] though orbit-fitting; Pradx, Prady and Pradz represent the
x, y and z components of the acceleration given by the solar radiation pressure; rα is the
radius of Alpha; and µα, µβ, and µγ are the gravitational parameters (the multiplication
of the mass by the universal gravitational constant) of the bodies involved. To model the
acceleration giving by the solar radiation pressure force, we use Equation (7) shown as:

P =
h(1 + ε)

c
S
m

( r0

R

)2
cosα2 (7)

where S represents the cross-section area of the spacecraft that is illuminated by the Sun;
h = 1360 W/m2 is the solar radiation constant for a spacecraft travelling near the Earth; r0
is the Earth–Sun distance; R is the spacecraft–Sun distance; ε is the reflectivity coefficient;
c is the speed of light; m is the mass of the spacecraft; and α is the angle of the incident
light [46]. The value used for the numerical simulations for the area to mass ratio (S/m) of
the spacecraft was 0.01 m2/kg.

5. Results

To start our studies, the initial conditions for the orbits are calculated based in the
mathematical model given by the two-body problem (spacecraft-Alpha). Those calculations
are performed to find initial orbits that generate repeated passages of the spacecraft by the
body under observation. Good candidates for first orbits are the ones which are resonant
with the orbital period of Beta and Gamma [35].



Symmetry 2022, 14, 1789 6 of 21

After that, those orbits are integrated numerically using the mathematical model
explained above. It also verified the occurrence of collisions of the spacecraft with one of
the bodies of the system. As already explained, the distances R1, R2, and R3 are calculated
all the time, as well as the durations of the passages of the spacecraft below the limit of
5 km from the center of the bodies.

The estimated errors in the masses of both smaller bodies of the system are now
considered [33] and, from these errors, nine scenarios are possible after combining the
possibilities of maximum positive (+), minimum negative (−), or zero average (0) errors
for the mass of Beta and Gamma, according to their values shown in Table 1. Detailed
information of all the possible combinations is shown in Table 2. The first column gives
an identification number for the scenario; the second column indicates if the masses of the
smaller primaries have positive, negative, or zero error. The value for β is on the left side
while the value of γ is on the right side. The third column describes the errors.

Table 2. Scenarios simuladed.

Scenario Symbol Nomenclature

1 (+) (+) mβ + error, mγ + error
2 (+) (0) mβ + error, mγ without error
3 (+) (−) mβ + error, mγ − error
4 (0) (+) mβ without error, mγ + error
5 (0) (0) mβ without error, mγ without error
6 (0) (−) mβ without error, mγ − error
7 (−) (+) mβ − error, mγ + error
8 (−) (0) mβ − error, mγ without error
9 (−) (−) mβ − error, mγ − error

Two different possibilities are used for the relative positions of the smaller asteroids:
when they are on the same side relative to Alpha, they are named “same side geometry”;
and when they are in opposite directions, they are named “opposite geometry” [35]. The
geometry is constructed with the asteroid at the periapsis (true anomaly 0◦) or apoapsis
(true anomaly 180◦) of its orbit around the Sun. This is an important factor, because the
large eccentricity of the orbit of the asteroid (0.48) changes the effects of the solar radiation
pressure as a function of its true anomaly. The nomenclature for the orbits is shown in
Table 3, in which the first and second numbers of the resonance represent the number of
orbits completed by the smaller asteroid compared with the number of orbits completed
by the spacecraft before a possible second encounter. See details in [35]. Only the more
interesting orbits are shown, so there are some missing orbits in the results. As already
explained, the present research focuses on studying the effects of the errors in the masses
of the two smaller bodies in the trajectories found in [35]. Details on how to obtain the
reference trajectories are omitted here, because it was already explained in detail in [35].

After the initial conditions of the resonant orbit were found, we removed the ones
ending in collisions or escapes from the system. Then, we numerically integrated the orbits
that survived both tests and measured the length of time that the spacecraft remained below
5 km from the center of each body. Tables 4–6 show these observational times (in days)
that the spacecraft remained near Alpha (R1), Beta (R2), and Gamma (R3). It is divided into
three families of orbits, depending on if the error of the mass of Beta, the largest satellite
body of the system, is positive (Family 1), zero (Family 2), or negative (Family 3). The
maximum simulation time is always 62.50 days.

Table 4 shows the first family of orbits simulated, the ones in which there are positive
errors in the mass of Beta. Table 5 shows the second family of orbits found, the ones in
which there are no errors in the mass of Beta. Finally, Table 6 has the third family of orbits,
which are the ones in which there are negative errors in the mass of Beta. The results show
clearly that the errors in the masses of the asteroids affect the observational times, and it
is necessary to take this fact into account to design the orbits, in particular the first ones,
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when the spacecraft is arriving in the system. Which orbit should be used depends on the
priorities and the specific goals of the mission. The important fact is to choose an orbit
that has at least some observational times for all three bodies of the system. If there is a
particular reason to give more importance to any of the bodies, this fact should be taken
into account when selecting the orbits. It means that the results presented here give a large
number of choices for the mission designers. Next, we show some good options for orbits
as examples, not considering the specific aspects that a real mission may have.

Table 3. Nomenclature of the orbits. The text in bold separate the types of orbits.

Orbits with the Spacecraft Starting in the Periapsis (Same Side Orbits)

-2: Orbit internal to Gamma in resonance 3:4
-3: Orbit internal to Gamma in resonance 4:5
-4: Orbit external to Gamma in resonance 3:1

Orbits with the spacecraft starting in the apoapsis (same side orbits)

-5: Orbit internal to Beta in resonance 1:2
-12: Orbit external to Gamma in resonance 4:3
-15: Orbit external to Gamma in resonance 7:5

Orbit with the spacecraft starting in the periapsis (opposite side orbits)

-18: Orbit internal to Gamma in resonance 5:6

Orbit with the spacecraft starting in the apoapsis (opposite side orbits)

-20: Orbit external to Gamma in resonance 6:5

Orbit with the spacecraft starting in the periapsis (same side orbits with i = 13.87◦)

-22: Orbit internal to Gamma in resonance 3:4

Orbits with the spacecraft starting in the apoapsis (same side orbits with i = 13.87◦)

-25: Orbit internal to Beta in resonance 1:2
-27: Orbit internal to Beta in resonance 3:5
-31: Orbit external to Gamma in resonance 7:2

Orbit with the spacecraft starting in the periapsis (same side orbits with i = 90◦)

-38: Orbit internal to Gamma in resonance 3:4

Orbit with the spacecraft starting in the apoapsis (same side orbits with i = 90◦)

-42: Orbit internal to Beta in resonance 2:3
-52: Orbit external to Gamma in resonance 8:5

Orbits with the spacecraft starting in the apoapsis (same side orbits with i = 180◦)

-59: Orbit internal to Beta in resonance 3:5
-60: Orbit internal to Beta in resonance 4:7
-61: Orbit internal to Beta in resonance 5:9

Table 4. First family of orbits simulated.

Family 1—Positive Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

2
R1 6.95 9.62 18.57 18.57 10.23 10.23
R2 0 0 0 0 0 0
R3 5.88 8.47 13.20 13.20 6.98 6.98
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Table 4. Cont.

Family 1—Positive Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

3

R1 3.53 6.72 62.50 62.50 10.44 14.76
R2 1.49 0.84 0 0 0 0
R3 7.21 5.67 43.07 43.06 8.06 12.72

4

R1 6.50 6.48 4.94 6.02 13.34 4.72
R2 0 0 0 1.36 0 0.62
R3 7.87 5.62 6.74 6.99 15.84 5.93
5

R1 0 0 0 0 0 0
R2 62.50 62.50 62.50 62.50 62.50 62.50
R3 0 0 0 0 0 0

12

R1 3.55 3.61 25.86 25.87 12.62 16.51
R2 0 0 0 0 0 0
R3 4.65 4.96 30.07 30.07 13.85 18.22

15

R1 6.34 7.19 18.65 15.36 6.16 13.41
R2 0 0 0 0 0 0
R3 6.64 5.60 21.73 18.28 6.70 9.60

18

R1 28.54 25.41 11.83 12.44 20.68 17.55
R2 0.87 0 0 0 0 0
R3 9.25 8.46 8.13 8.45 17.10 11.56

20

R1 52.40 52.41 51.78 51.71 14.55 14.55
R2 0 0 0 0 0 0
R3 12.77 12.76 15.32 15.36 5.51 5.50

22

R1 1.86 1.86 62.50 62.50 6.03 6.03
R2 0 0 0 0 0 0
R3 1.45 1.45 43.31 43.33 4.04 4.04

25

R1 0 0 7.50 1.65 0.09 0
R2 1.84 1.84 2.65 2.66 2.48 2.77
R3 0 0 7.71 0.46 0.41 0.48

27

R1 10.56 7.06 1.87 13.37 11.29 1.66
R2 1.48 4.33 2.65 1.75 2.21 5.65
R3 9.93 7.94 2.79 14.84 11.85 2.55

31

R1 0 0 0 1.33 0.09 0.09
R2 2.01 2.01 6.68 6.32 1.92 1.92
R3 3.16 3.17 1.33 2.35 1.21 1.21
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Table 4. Cont.

Family 1—Positive Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

38

R1 5.78 5.78 7.07 7.07 6.32 6.32
R2 0 0 0 0 0 0
R3 2.64 2.64 3.23 3.23 3.36 3.36

42

R1 0.90 0.93 1.91 1.66 1.62 1.61
R2 0.71 0.31 0.46 0.30 0.33 0.34
R3 1.16 1.95 1.95 1.59 1.46 1.38

52

R1 8.09 11.34 12.86 13.03 14.36 12.06
R2 0.78 0 0.49 0.47 0.16 0.43
R3 6.94 9.56 10.41 10.08 10.78 9.79

59

R1 0.79 0.79 1.16 1.16 0.66 0.69
R2 0.97 0.99 0.88 0.88 1.00 1.00
R3 0.71 0.57 1.32 0.95 0.70 0.60

60

R1 0.11 0.11 0.10 0.10 0.09 0.09
R2 0.17 0.17 0.16 0.16 0.17 0.17
R3 0.24 0.24 0.24 0.24 0.24 0.24

61

R1 0.14 0.14 0.14 0.14 0.13 0.13
R2 0.16 0.16 0.16 0.16 0.16 0.16
R3 0.24 0.24 0.24 0.24 0.24 0.24

Table 5. Second family of orbits simulated.

Family 2—No Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

2

R1 3.52 2.91 25.13 40.69 10.22 10.22
R2 0 0 0 0 0 0
R3 3.75 3.02 18.50 25.02 6.97 6.97

3

R1 3.42 3.41 62.50 62.50 4.43 4.43
R2 0 0 0 0 0 0
R3 3.51 3.22 43.07 43.07 2.66 2.66
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Table 5. Cont.

Family 2—No Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

4

R1 21.18 6.60 6.86 18.00 1.53 1.53
R2 0 0 0 0 2.27 2.63
R3 20.63 7.60 5.92 20.61 1.98 1.98

5

R1 0 0 0 0 0 0
R2 62.50 62.50 62.50 62.50 62.50 62.50
R3 0 0 0 0 0 0

12

R1 2.74 3.02 25.83 25.82 7.26 8.80
R2 0 1.14 0 0 0 0
R3 4.67 5.04 30.39 30.40 7.05 8.59

15

R1 5.96 9.52 24.27 24.26 11.90 42.46
R2 0 0 0 0 0.24 0
R3 5.03 7.56 27.15 27.15 12.79 31.33

18

R1 9.66 12.08 35.73 11.36 6.19 6.19
R2 0 0 0.69 0 0 0
R3 5.36 5.83 16.51 5.99 2.64 2.64

20

R1 52.19 52.20 36.18 35.00 32.56 24.10
R2 0 0 0.43 0 0 0
R3 12.33 12.32 12.61 11.63 12.65 12.39

22

R1 1.86 1.86 62.50 62.50 6.03 6.03
R2 0 0 0 0 0 0
R3 1.46 1.46 43.03 43.02 4.06 4.05

25

R1 2.71 2.73 6.86 2.40 2.36 2.33
R2 1.42 0.99 0.88 0 0.55 0.55
R3 1.48 1.43 7.58 1.71 1.25 2.68

27

R1 0 0 5.51 5.64 0 0
R2 2.22 2.20 4.58 4.55 2.32 2.32
R3 0.51 0.50 4.27 5.06 0.32 0.32

31

R1 4.55 10.91 4.32 5.39 1.62 11.24
R2 5.80 1.15 1.59 2.23 4.48 1.38
R3 5.08 8.69 5.17 5.65 3.31 11.43
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Table 5. Cont.

Family 2—No Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

38

R1 6.61 6.61 8.12 8.13 6.71 6.71
R2 0 0 0.32 0.37 0 0
R3 3.05 3.05 4.43 4.40 3.81 3.80

42

R1 1.87 1.87 2.16 2.18 1.88 1.88
R2 0.69 0.69 0.34 0.34 0.78 0.78
R3 1.06 1.04 0.88 1.01 1.34 1.34

52

R1 6.53 5.57 9.15 5.00 13.73 11.90
R2 0.34 0.44 0 0 0 0.31
R3 4.57 4.31 8.23 4.03 9.84 9.57

59

R1 2.39 2.39 1.88 1.86 2.14 2.14
R2 2.55 2.56 2.68 2.68 2.89 2.93
R3 2.83 2.83 2.62 2.61 3.57 3.55

60

R1 2.65 2.67 2.27 1.65 0.69 0.69
R2 1.01 0.64 1.53 1.07 0.35 0.35
R3 2.08 1.97 2.35 1.34 0.54 0.54

61

R1 0.69 0.80 2.48 2.52 0.15 0.15
R2 2.58 2.66 1.39 1.33 0.17 0.17
R3 2.79 2.75 1.52 1.90 0.25 0.25

Table 6. Third family of orbits simulated.

Family 3—Negative Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

2

R1 2.85 2.98 18.55 18.55 10.22 10.22
R2 0.65 0.72 0 0 0 0
R3 2.46 2.49 13.17 13.17 6.97 6.96

3

R1 5.59 3.82 62.50 62.50 4.42 4.41
R2 1.44 0 0 0 0 0
R3 5.61 3.95 43.06 43.07 2.65 2.64
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Table 6. Cont.

Family 3—Negative Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

4

R1 2.59 24.33 22.45 3.60 5.97 4.85
R2 0 0 0 0.68 0.51 0.57
R3 3.10 23.88 22.49 5.25 5.53 5.24

5

R1 0 0 0 0 0 0
R2 62.50 62.50 62.50 62.50 62.50 62.50
R3 0 0 0 0 0 0

12

R1 1.97 3.05 25.80 25.78 22.53 4.16
R2 0.49 0.49 0 0 0 1.65
R3 3.22 5.37 30.39 30.37 23.71 5.23

15

R1 3.84 3.84 23.95 23.95 18.00 17.38
R2 0 0 0 0 0 0
R3 4.08 4.08 26.53 26.53 17.25 17.99

18

R1 7.27 6.48 10.67 27.67 45.54 9.66
R2 0 0 0.24 0 0 0
R3 3.76 2.98 5.98 18.11 20.09 5.58

20

R1 52.27 52.27 51.56 51.57 52.55 51.72
R2 0 0 0 0 0 0
R3 12.79 12.80 14.95 14.95 17.37 18.03

22

R1 1.86 1.86 62.50 62.50 6.02 6.02
R2 0 0 0 0 0 0
R3 1.46 1.46 42.82 42.83 4.10 4.09

25

R1 0.39 0.75 1.87 2.21 0.99 1.04
R2 1.60 1.89 0.62 0.45 2.44 2.47
R3 1.89 1.95 2.55 2.28 1.65 1.66

27

R1 0 0 0 0 0 0
R2 1.68 2.11 1.62 1.62 1.34 1.34
R3 0.43 0.43 0.36 0.36 0.35 0.35

31

R1 0.99 2.45 7.28 6.89 7.26 7.26
R2 0.57 2.12 2.13 4.45 1.40 1.40
R3 1.60 2.33 5.30 5.31 4.40 4.40
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Table 6. Cont.

Family 3—Negative Errors in the Mass of Beta

Observation Times (Days)

Positive Errors in the Mass of
Gamma No Errors in the Mass of Gamma Negative Errors in the Mass of

Gamma

Orbit True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

True Anomaly
0◦

True Anomaly
180◦

38

R1 7.97 7.97 8.49 8.27 8.14 8.14
R2 0 0 0.09 0 0 0
R3 4.38 4.38 4.27 4.02 5.02 5.03

42

R1 1.79 1.78 2.20 2.42 1.58 1.58
R2 1.45 1.44 0.69 0.52 0.03 0.04
R3 0.70 0.85 1.01 0.94 0.11 0.11

52

R1 1.81 1.81 7.33 5.76 18.28 18.36
R2 0 0 0 0 0 0
R3 1.68 1.68 7.53 5.46 13.27 13.98

59

R1 0.78 0.77 0.31 0.31 0.25 0.25
R2 3.05 3.05 2.84 2.84 2.68 2.68
R3 2.96 2.97 2.93 2.93 2.76 2.76

60

R1 3.11 3.21 3.11 3.02 2.65 2.64
R2 2.97 2.82 2.99 2.92 3.13 3.14
R3 2.85 2.99 3.17 3.11 2.99 2.99

61

R1 3.14 3.15 2.55 2.51 2.82 2.82
R2 1.62 1.48 1.61 1.71 2.09 2.08
R3 2.80 2.86 2.41 2.40 2.40 2.58

5.1. A Good Option to Observe Alpha and Gamma

Several options are available to observe the bodies Alpha and Gamma. As an example,
Orbit 20 is a good choice, with some observational times in all the scenarios simulated.
The observational times of all scenarios considering the asteroid in its periapsis and in its
apoapsis at the initial time can be seen in Table 7. Note that, in the nominal case (0) (0),
when the asteroid is located at its periapsis, the spacecraft stays 36.18 days near Alpha and
12.61 days near Gamma. The values are different for each scenario, but there are at least
14.55 days to observe Alpha and 5.50 days to observe Gamma in the worst scenario, which
is the situation in which there is a positive error in the mass of Beta and a negative error in
the mass of Gamma, when the asteroid is in its apoapsis. The orbits with the spacecraft
starting at its periapsis are very similar. The other observational times are all above these
limits. The largest observation time for the bodies occurs in two different situations: when
the asteroid starts at its periapsis and the vehicle observes Alpha for 52.55 days; and when
the asteroid starts in its apoapsis and the vehicle observes Gamma for 18.03 days. Both
situations happen when the errors of the Beta and Gamma masses are negative.

Figure 3 shows the trajectories of the spacecraft and the secondary bodies in all the
scenarios described. The simulation time is always 62.50 days. In most scenarios, the
simulations last the whole time used for the numerical integration, and the orbits of the
vehicle are more concentrated around Alpha and Gamma. Note that, in scenario A, the
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vehicle collides with the main body and the integration stops in 51.40 days. In scenario C,
the integration lasts for 17.70 days and the spacecraft collides with Gamma. The vehicle
also collides with Gamma in scenario F and the simulation lasts 41.67 days. It is noted that
the trajectory related to the nominal situation A is different from the others, because the
spacecraft reaches and crosses the orbit of Beta around Alpha. All the error scenarios make
the trajectory to be closer to Alpha, resulting in more confined trajectories.
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Figure 3. Trajectory of the spacecraft (green), Beta (blue), and Gamma (red) for Orbit 20 when the 
spacecraft starts its motion in the periapsis in all scenarios ((A): nominal value, (B): (+) (+), (C): (+) 
(−), (D): (+) (0), (E): (0) (+), (F): (0) (−), (G): (−) (+), (H): (−) (−), and (I): (−) (0)). 

5.2. A Good Option to Observe Beta 
Orbit 5 is an interesting option to observe Beta. It has the same observation times in 

all scenarios simulated, which means that even the potential errors in the mass of Beta do 
not change this characteristic of the orbit. In the nominal case, the spacecraft does not 
observe Alpha and Gamma, but remains all 62.50 days of its integration time around Beta. 
This can be observed in all scenarios simulated. Figure 4 shows the trajectory of the 
spacecraft and the secondary bodies of the system for the nominal case. It is very similar 
to the other scenarios, so the figures are omitted here. 

Figure 3. Trajectory of the spacecraft (green), Beta (blue), and Gamma (red) for Orbit 20 when the
spacecraft starts its motion in the periapsis in all scenarios ((A): nominal value, (B): (+) (+), (C): (+)
(−), (D): (+) (0), (E): (0) (+), (F): (0) (−), (G): (−) (+), (H): (−) (−), and (I): (−) (0)).

Table 7. Observation times for the nine scenarios for Orbit 20. R2 = 0.

Scenario
Observational Times (Days)

True Anomaly 0◦ True Anomaly 180◦

(+) (+)
R1 52.40 52.41
R3 12.77 12.76

(+) (0)
R1 51.78 51.71
R3 15.32 15.36

(+) (−)
R1 14.55 14.55
R3 5.51 5.50

(0) (+)
R1 52.19 52.20
R3 12.33 12.32

(0) (0)
R1 36.18 35.00
R3 12.61 11.63

(0) (−)
R1 32.56 24.10
R3 12.65 12.39

(−) (+)
R1 52.27 52.27
R3 12.79 12.80

(−) (0)
R1 51.56 51.57
R3 14.95 14.95

(−) (−)
R1 52.55 51.72
R3 17.37 18.03
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5.2. A Good Option to Observe Beta

Orbit 5 is an interesting option to observe Beta. It has the same observation times in all
scenarios simulated, which means that even the potential errors in the mass of Beta do not
change this characteristic of the orbit. In the nominal case, the spacecraft does not observe
Alpha and Gamma, but remains all 62.50 days of its integration time around Beta. This
can be observed in all scenarios simulated. Figure 4 shows the trajectory of the spacecraft
and the secondary bodies of the system for the nominal case. It is very similar to the other
scenarios, so the figures are omitted here.
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Figure 4. Trajectory of the spacecraft (green), Beta (blue), and Gamma (red) for Orbit 5 in the nominal
case (similar to the other scenarios).

5.3. An Option to Observe All the Three Bodies of the System

Orbits to observe the three bodies of the system are not very common, but they are
very important. A good choice is Orbit 59, where the asteroid starts at its periapsis, in the
nominal case (0) (0). The spacecraft remains 1.88 days close to Alpha, 2.68 days close to Beta,
and 2.62 days observing Gamma. Table 8 shows the observational times of all the possible
scenarios for Orbit 59, both considering the asteroid in its periapsis and its apoapsis. In
the worst scenario, when the errors in the masses of Beta and Gamma are negative and
the asteroid starts its motion at its periapsis, the observational times are 0.25 days for
Alpha, 2.68 days for Beta, and 2.76 days for Gamma, which is still enough to obtain a better
evaluation of the real masses of the three bodies. In the best scenario, when there is no
error in the mass of Beta and the error in the mass of Gamma is negative, and the asteroid
is in its apoapsis, the observational times are 2.14 days for Alpha, 2.93 days for Beta, and
3.55 days for Gamma. It is important to remember that those times were calculated using
the definition of 5 km from the center of the body to be considered an observation time,
but there are also times when the spacecraft remains in the range of 5–10 km, which is still
useful for some observations.

Figure 5 shows the trajectories of the spacecraft and the secondary bodies for this orbit.
The simulation time in the situations above is 62.50 days. It is observed that the trajectories
have noticeable differences for different scenarios. In all scenarios, the integration lasted
the total integration time, with the exception of scenario B, which lasted 27.34 days after a
collision with the main body. It is clear that the errors in the masses modify the trajectories,
not only the observational times. Scenarios E, G, and H have orbits that are less disturbed
ellipses. Scenarios F and I have ellipses with faster advances in the periapsis. Scenarios C
and D present orbits with higher apoapsis.
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Table 8. Observation times for the eight scenarios with errors for Orbit 59. True Anomaly 0◦ is on the
left and True Anomaly 180◦ is on the right. For the nominal case ((0) (0)), we have R1 = 1.88, R2 = 2.68,
R3 = 2.62 for True Anomaly 0◦, and R1 = 1.86, R2 = 2.68, R3 = 2.61 for True Anomaly 180◦.

Scenario
(+) (+)

R1 0.79 0.79
R2 0.97 0.99
R3 0.71 0.57

Scenario
(+) (0)

R1 1.16 1.16
R2 0.88 0.88
R3 1.32 0.95

Scenario
(+) (−)

R1 0.66 0.69
R2 1.00 1.00
R3 0.70 0.60

Scenario
(0) (+)

R1 2.39 2.39
R2 2.55 2.56
R3 2.83 2.83

Scenario
(0) (−)

R1 2.14 2.14
R2 2.89 2.93
R3 3.57 3.55

Scenario
(−) (+)

R1 0.78 0.77
R2 3.05 3.05
R3 2.96 2.97

Scenario
(−) (0)

R1 0.31 0.31
R2 2.84 2.84
R3 2.93 2.93

Scenario
(−) (−)

R1 0.25 0.25
R2 2.68 2.68
R3 2.76 2.76
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Figure 5. Trajectories of the spacecraft (green), Beta (blue), and Gamma (red) for orbit 59 with the 
spacecraft starting in the periapsis in all scenarios ((A): nominal value, (B): (+) (+), (C): (+) (−), (D): 
(+) (0), (E): (0) (+), (F): (0) (−), (G): (−) (+), (H): (−) (−) and (I): (−) (0)). 

  

Figure 5. Trajectories of the spacecraft (green), Beta (blue), and Gamma (red) for orbit 59 with the
spacecraft starting in the periapsis in all scenarios ((A): nominal value, (B): (+) (+), (C): (+) (−),
(D): (+) (0), (E): (0) (+), (F): (0) (−), (G): (−) (+), (H): (−) (−) and (I): (−) (0)).

6. Conclusions

The present research studied the effects of the errors in the masses of the smaller bodies
Beta and Gamma of the triple system 2001SN263 in the observational times that a spacecraft
may have when orbiting this system. The time-histories of the relative distances between
the spacecraft and all three asteroids of the 2001SN263 system are measured. The orbits
that spend more time close to each one of the asteroids can be selected through the data
that come from the simulations. Nine error scenarios were simulated, to take into account
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the possibilities of negative, zero, or positive errors in the masses of Beta and Gamma. The
mass of Alpha is assumed to be accurately known when compared to the errors of the
smaller asteroids. This assumption is justified because there is more information available
about this larger body. The most important contribution to the mission designer is to find
orbits that have some observational times for all the nine errors scenarios considered, which
is important considering the fact that the smaller bodies are poorly observed.

The results showed the existence of several orbits that satisfy this condition. Orbit
20 is an example of an orbit that is useful to observe Alpha and Gamma. The minimum
observation time regarding Alpha is 14.55 days and the maximum is 52.55 days. Gamma
is observed between 5.50 days and 18.03 days. Note that, in this orbit, the nominal case
was the one that presented the longest observation time. If the goal is to only observe Beta,
Orbit 5 is recommended. During the simulations, the spacecraft remained around Beta at
all times.

Finally, in Orbit 59, it is observed that the spacecraft remains between 0.25 days
and 2.14 days near Alpha; 0.88 days and 2.93 days around Beta; and 0.70 and 3.55 days
observing Gamma. It means that it is possible to find orbits that have observational times
for all the scenarios simulated, and those orbits are very important to place the spacecraft
at the beginning of the mission, before a better estimation of the masses is made.
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