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ABSTRACT

We provide a generalized discussion on the dynamics of a spacecraft around the equal-mass binary
asteroid (90) Antiope, under the influence of solar radiation pressure at the perihelion and aphelion
distances of the asteroid from the Sun. The polyhedral shape of the components of this asteroid is
used to accurately model the gravitational field. Five unstable equilibrium points are determined
and classified into 2 cases that allow classifying of the motion associated with the target as always
unstable. The dynamical effects of the mass ratio of our binary system are investigated. We tested
massless particles initially located at the periapsis-distance on the equatorial plane of the primary
of our binary asteroid. Bounded orbits around our system are not found for the longitudes A €
{60, 90, 120, 240, 270, 300}. We also discuss the orbital dynamics in the full potential field of (90)
Antiope. The tested motions are mainly dominated by the binary’s gravitational field, No significant
effects of the SRP are detected. For A = 180°, less perturbed orbits are identified between 420 and
700 km from the centre of the system, that corresponds to orbits with Aa < 30 km and Ae < 0.15.
All the orbits with initial periapsis/distance smaller than 350 km either collide with components of

our asteroid or escaped from the'system.
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1 INTRODUCTION

The prospect ‘of a mission to investigate multiple asteroid
systems is of particular interest for our understanding of the
solar system history and for measuring quantities that are
difficult to obtain, such as masses and densities as well as
thermal, mechanical, and interior properties (Margot et al.
2015). Several multiple asteroids have been found in the
Solar System, none of them has yet been visited by a
spacecraft. However, NASA proposed a mission called
DART (Double Asteroid Redirection Test) to Didymoon,
the smaller body of the Potentially Hazardous binary
asteroid (65803) Didymos. This sub-kilometre synchronous
binary system is a near-Earth object with a mass-ratio
of 0.01 (Michel et al. 2018; Cheng et al. 2018). Its orbit
is classified as an Apollo group by JPL’s Small-Body
Database Browser! and an Amor group by IAU Minor
Planet Center®. In fact, many of the observed binaries in
the solar system possess significantly larger mass ratios
than Sun-planet or planet-moon systems. Several efforts
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have already been focused on the dynamics near binary
systems. For example, Benest (1976, 1974) studied the
effects of the mass ratio on the existence of retrograde
satellites in the circular plane. Gabern, Koon & E. (2005)
presented a simple model to describe the motion of a
massless particle around two point masses. Scheeres (2007)
studied the dynamics of contact binary asteroids, describing
the minimum energy configurations as a function of the
total angular momentum. Hussmann et al. (2012) inves-
tigated the stability of orbits around the MarcoPolo-R
target asteroids, the binary asteroid 175706 (1996 FG3),
with complex gravity fields perturbed by solar radiation
pressure. The authors modelled the gravity field as a
homogeneous tri-axial ellipsoidal harmonic expansion up
to fourth-degree and order. Bosanac, Howell & Fischbach
(2015a,b) explored the dynamical structure near a large
mass ratio binary system using the circular restricted
three-body problem. Woo (2014) studied the motion of a
spacecraft in the vicinity of a binary asteroid system. The
author considered the inertia properties of the irregularly
shaped bodies to calculate the gravitational potential
of the system. The motion on the binary system was
considered as a planar full two-body problem. The Solar
Radiation Pressure (SRP hereafter) was not discussed in
that work. Feng et al. (2016) analysed the general orbital
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motion around a contact binary asteroid system, based
on the physical parameters of 1996 HW1. The author
used a shape model consisting of two lobes (an ellipsoidal
component and a spherical component). Dell’Elce et al.
(2017) investigated the dynamical environment in the
vicinity of the (65803) Didymos system. The authors
used a quite simple model of cannonball SRP, where the
shape of the satellite is approximated by a sphere and the
SRP acceleration is considered always in the satellite-Sun
direction. Jiang (2018) simulated the orbit for the moonlet
in the potential of the primary of the binary asteroid 41
Daphne. Shi, Wang & Xu (2018) presented a numerical
method to search periodic orbits close to the binary asteroid
(66391) 1999 KW4 without considering the SRP. Jean et al.
(2018) used a fourth-order gravitational potential model
to study the impact of a simple SRP flat plate model on
a spacecraft around a binary system with a mass ratio
parameter of 0.008585. However, more realistic SRP models
have also been investigated in a different environment.
Xin, Scheeres & X. (2016) studied the forced periodic mo-
tions caused by SRP around uniformly rotating asteroids.
In this work, we explore the dynamical structure near a
large mass ratio asteroid binary system under the influence
of the SRP as presented in Xin, Scheeres & X. (2016). We
choose the binary asteroid (90) Antiope for numerical study.

Among the known binary asteroids in our Solar Sys-
tem, the (90) Antiope system is unique. With almost equal-
size components (named Alpha and Beta in this work), sep-
arated by only 176 £ 4 km. It was the first doubly syn-
chronous system discovered with ground-based observations
using adaptive optics. Both components have 16.505046 +
0.000005 h periods synchronized to their mutual orbit pe-
riod, most likely due to rapid tidal evelution (Taylor 2009;
Taylor & Margot 2010, 2011). That leads to estimate the
total mass of the system to be 9.14.+0.62 x 10" kg with
a mean density of 1.67 4+ 0.23 g cm ™3 (Merline et al. 2000;
Bartczak et al. 2014). The origin of the (90) Antiope sys-
tem is still not fully clear. Descamps et al. (2007) suggested
that the system could have originated in a catastrophic col-
lision in the Themis family probably during or just after the
disruption of a 400-km parent asteroid about 2.5 Gyr ago.
(90) Antiope is located in the outer asteroid belt, with a
perihelion of 2.639 au and an aphelion distance of 3.670 au.
Its eccentricity (0.166) is moderate, and its inclination with
respect to the ecliptical plane is quite small (2.207°). The
orbital period around the Sun is about 5.59 yr.

In this paper, we focus on the aspects of orbital dynam-
ics around the binary asteroid (90) Antiope, considering the
shape of both components taking into account the SRP. We
explore the dynamical effects of the tidal dissipation that
occurs between Beta and the deformation of Alpha due to
Beta. The outline of our study is as follows. The physical
properties of the polyhedral shape of the asteroid are pre-
sented in Sec. 2 of this article. In Sec. 3, we study the dy-
namical properties around the target calculating the Jacobi
integral and the zero-velocity surfaces and the equilibrium
points of the system. A general presentation of our numerical
analysis of the stability of a massless particle around (90)
Antiope is presented in Sec. 4 and 5. Our final comments
and general observations are presented in Sec. 6.

2 PHYSICAL PROPERTIES FROM THE
POLYHEDRAL SHAPE

Using photometric observations, a non-convex model of the
(90) Antiope binary asteroid is derived in Bartczak et al.
(2014) (fig. 1). The authors applied the Shaping Asteroids
with Genetic Evolution (SAGE) modelling technique for
non-convex shapes. This technique randomly mutates
sphere-like shapes model parameters until the optical light
curves are fitted.

Figure 1. The (90) Antiope binary asteroid, using the shape
model provided by Bartczak et al. (2014) with 1920 trian-
gular faces for each component.

We used the algorithm of Mirtich (1996) to compute the
3D inertia tensor of the polyhedron shape of Alpha and Beta.
We found that each body is perfectly oriented along its prin-
cipal axes of inertia. This implies that the shape can safely
be used to accurately study the orbital dynamics around the
asteroid. We then used the algorithm of Werner (1997) to
calculate the spherical harmonic coefficients of each body.
In table 1 we present the main physical properties of each
one of the components of the target, considering a homoge-
neous structure with uniform density of 1.67 & 0.23 g.cm ™3
(Bartczak et al. 2014). The shape of Alpha and Beta viewed
in various perspectives is presented in Fig. 2.

Table 1. The Physical properties of the components of the
90 Antiope binary asteroid

Alpha Beta
Effective diameters (km) 80.700619  80.285799
Polyhedral volumes (x10° km?) 0.275188 0.270966
Masses estimation (x10'7 kg) 4.595642 4.525132
Dynamical polar flattening: J> (-Cao) 0.087493 0.101582
Dynamical equatorial flattening (C22) 0.012232 0.012214

601.746920 605.884328
680.648899  683.839847
782.287966  806.949293
a = 46.400 a = 47.035
b=41.934 b= 42691
c=235309 c¢=34.741

Moments of inertia I, /M (km?)
Moments of inertia I, /M (km?)
Moments of inertia I,./M (km?)

Equivalent ellipsoid (km)
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The secondary body (8)
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Figure 2. The polyhedral shape of the components of the binary asteroid (90) Antiope, shown in 6 perspective views (+ x,

+y, and £ z).

3 EQUILIBRIUM POINTS

To derive the equilibria of (90) Antiope, we consider the
central body as: a) two points of mass b) two irregular poly-
hedral shapes. We found 5 equilibrium points, three of them
are on the x-axis (long axis) of the body-fixed frame (Fig.
3). The exact locations of these points and their Jacobi con-
stant are‘listed in Table 2. We used the Mascon approach
of Chanut, Aljbaae & Carruba (2015) to include the irreg-
ular shape of the components of the asteroid (Alpha and
Beta). We refer also to Venditti (2013) and Aljbaae et al.
(2017) for more details about this approach. Considering or
not the irregular shape of (90) Antiope, we observe that the
positions of the equilibrium points (E1, F2, E3, E4 and Es)
are moved by up to 0.833, 0.735, 1.007, 0.226, and 0.2100
km, respectively. Analyzing the eigenvalues of the linearized
system as described in Jiang et al. (2014) provides details
on the stability of the equilibria. Table 3 shows the 6 eigen-
values for each equilibrium point. We notice that the irreg-
ular shape of the components of the central body did not
change the stability of its equilibrium points. The points
(E1, E2, and E3) are unstable and belong to the Case 2
as defined in Jiang et al. (2014) and Wang, Jiang & Gong
(2014), whereas the points (Es and Fs) are unstable and
belong to Case 5. That enables us to classify (90) Antiope
as a Type II asteroid (Scheeres 1994). Thus, the motion as-
sociated with a near synchronous orbit is always unstable.
However, we will investigate the orbital dynamics close to
the target in the next section.

Table 2. Locations of the 5 equilibrium points of Antiope
and their Jacobi constants C (using the shape model with
962 vertices).

x (km) y (km) z (km)
Two point masses
-0.00000000  -0.00000000 -0.59637110 x10—>
E, -0.64163063 -0.00000000  -0.00000000 -0.69571446 x10~3
Es  -212.12157095 -0.00000000  -0.00000000 -0.60340428 x10~3
E, 1.24261377  152.69474870  -0.00000000 -0.47758217 x10~3
Es 1.24261377 -152.69474870  -0.00000000 -0.47758217 x10~3
polyhedral shape of Alpha and Beta
Ey  210.65027715 0.21807567 -0.50683747 -0.34813444 x10—°
E> -1.02371744 0.09124172  -0.62070163  -0.70548286 x 10~
Es  -212.90409408 -0.63333825  -0.00092261  -0.35005532 x10~3
E, 1.45436794  152.77330475  0.01514038 -0.34556327 x10~°
Es 0.98973277 -152.74026816  0.03540602 -0.34553335 x 10>

C(km?s™?%)

Ey 210.02581296

Table 3. Eigenvalues of the coefficient matrix of the 5 ex-
ternal equilibrium points

eigenvalues E E> Es Ey Es
Mascon model, uniform density
x10~* 10%* 10% x10~* x10~*
Two point masses
A1 -1.2114 -4.0130 -1.2205  -0.6677 +1.0024 ¢  -0.6677 +1.0024 ¢
A2 +1.2114 -+4.0130 +1.2295 -0.6677 -1.0024 i -0.6677 -1.0024 7
Az +1.4003 ¢  +3.0571¢ +1.4086 ¢ +0.6677 +1.0024 i +0.6677 +1.0024 7
Ay -1.4003 7 -3.0571 4 -1.4086 @ +0.6677 -1.0024 ¢ +0.6677 -1.0024 ¢
As +1.3203 ¢ 42.9991i +1.32814 +1.0574 @ +1.0574 @
A6 -1.3203 4 -2.99914  -1.3281 4 -1.0574 i -1.0574 i
polyhedral shape of Alpha and Beta
A1 -1.2300 -4.3002 -1.2563  -0.6715 +1.0009 ¢  -0.6691 +1.0004 ¢
A2 +1.2300 -+4.3002 +1.2563 -0.6715 -1.0009 4 -0.6691 -1.0004 @
Az +1.4026 ¢ +3.2437 ¢ +1.4154 ¢ +0.6715 +1.0009 ¢  +0.6691 +1.0004 7
A1 -1.4026 ¢ -3.24374  -1.41544  +0.6715-1.0009 ¢  +0.6691 -1.0004 7
As +1.3349 ¢ +3.1947 ¢ +1.3458 i +1.0652 i +1.0631 @
As -1.3349 4 -3.19474  -1.3458 ¢ -1.0652 i -1.0631 i
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Figure 3. Zero-velocity curves and equilibrium points of
(90) Antiope in the xoy, xoz and yoz planes, using the non-
convex shape model. The colour code gives the value of the
Jacobi constant in km?s?.

4 EQUATIONS OF MOTION

Our aim in this section is to investigate the dynamical en-
vironment in the full gravitational potential of the binary
asteroid (90) Antiope, taking into account the 3D irregular
shape of both components. We will concentrate on one of
the components (Alpha) and consider the case of a space-
craft inside the Hill’s sphere of the asteroid, that varies

from 21,122.519 to 29,377.107 km at perihelion and aphe-
lion, respectively. We choose to work on an OSIRIS-REx-like
spacecraft, as characterized in Scheeres, Sutter & Rosengren
(2013). Our dynamics takes place significantly far from any
other celestial body, where the motion is dominated by
the gravitational field of the binary target, that allows us
to safely neglect the solar gravity perturbation and any
perturbations from the remaining bodies in the Solar Sys-
tem. We use the Bulirsch-Stoer variable step-size algorithm
(Bulirsch & Stoer 1966), optimized for accuracy of 1072,
covering 100 days. In our model, the motions of Beta and
the spacecraft around Alpha are integrated with the classi-
cal equations of motion in the body-fixed frame of reference.
The mass of the spacecraft is neglected, therefore, no effects
of the spacecraft on Beta exist. We classified the orbit types
into (a) bounded motion: the test body stays inside the sys-
tem’s disk with a radius chosen to be 10,000 km. We consid-
ered a relatively high disk radius to be sure that the orbits
beyond this limit will certainly escape from the system and
not return back (b) escape motion: the semimajor axis of
the orbit, in this case, will diverge when eccentricity > 1.
(¢) collision: a collision with Alpha and Beta occurs when
the test body crosses the surface of the polyhedral shape of
the components of the asteroid as we will see in Sec. 5.

As an initial effort to understanding the orbital struc-
ture close to the binary target, we search for bounded orbits
around it neglecting the shape of Alpha or Beta. We used
two different kinds of initial conditions. We first calculated
the initial conditions using the time derivative of the posi-
tion matrix given by Murray & Dermott (1999), using the
classical orbital parameters (a, €, i, @, w, and f). We tested
planar prograde orbits, varying the initial semi-major axis
(ao) in the interval [200, 900] km with a step size of 10 km.
In fact, from the potential point of view, our binary system
is seen as a point mass at its centre of masses beyond 900
km, as shown in the top panel of Fig. 4, where we calcu-
late the gravitational potential of (90) Antiope considering
it as a single point mass located at the barycenter of the
system (Ucm ), two-point masses (U, and Ug), or two poly-
hedral shapes (Ushape). The difference Uem — (Uq + Up) and
Ushape — (Ua + Upg) are presented in red and blue in the
top panel, respectively. We can notice that the red and blue
curves can hardly be distinguished. However, the relative er-
ror between these curves is presented in the bottom panel.
The initial eccentricity is increasing in the interval [0, 0.9]
with a step size of 0.1. We changed the initial longitude of
the periapsis (w) from 0° to 330° in intervals of 30°, while
the initial values of the argument of pericenter (w) and mean
anomaly (f) are fixed to 0.0 (initial I-1, hereafter) then to
180° (initial I-2). In other kinds of initial conditions (ini-
tial 1-3), we initially located the spacecraft at the periapsis
distance (ro) on the equatorial plane, like in Aljbaae et al.
(2017, 2019). We also varied the initial periapsis between 250
and 900 km from the centre of Alpha with an interval of 10
km. We considered that all the particles start at 11 different
longitudes (A) distributed equally in the interval [0,330]°.
We also varied the initial eccentricity between 0 and 1 with
an interval of 0.1. In Fig. 5, we present the initial positions
generated using the three sets of initial conditions.

We calculated all our initial conditions considering the
existence of Alpha and Beta, as point of masses, by calcu-
lating the relative velocity of the particle. Bounded orbits
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Figure 4. Top panel: The difference in the potential of
the binary asteroid (90) Antiope, considering it as a single
point mass located at the barycenter of the Antiope system
(Ucm), two-point masses (U, and Ug, blue), or two poly-
hedral shapes (Ughape, red). Bottom panel: the relative er-
ror between the potential estimated considering two point
masses or two polyhedral shapes

around the binary system of Antiope are not found for w or
A = £+90° £ 30°. For the sake of simplicity, we presented, in
Fig. 6, only the results for  and A = 0°. We notice that
more bounded orbits were found using the initial conditions
I-2 and I-3. We also presented, in the last figure, the varia-
tion of the semi-major axis and eccentricity for-each set of
initial conditions. We can clearly see that our third group
of initial conditions generate less perturbations on a and e.
Interested readers could find more information on results for
orbits with other values of the initial = and X in appendix A.
We notice that the dynamical systems around (90) Antiope
are related to symmetry. Overall, for the rest of our work,
we decided to consider the initial conditions I-3, limiting our
analysis on the values of A= 0,30, 150, 180, 210, 330°.

4.1 Dynamical model

Next, we define the generic dynamical model for the rest
of this paper. We first calculated the total gravitational
attraction exerted by Alpha on the spacecraft within 600
km from the central body, that reaches 8.563157 x 10~®
km s~2 considering the central body as a point of mass,
8.544278 x 107%km s~2 using a spherical harmonics ex-
pansion up to order and degree four, as presented in
Sanchez, Prado & Yokoyama  (2014); Sanchez & Prado
(2017), and 8.520744 x 10 %km s~ 2 considering the full
gravitational potential of Alpha using its polyhedral shape.
In fact, considering the polyhedral shape avoids the accu-
racy and convergence problems of the harmonics approach,
that makes it favourable to use, especially near the central
body, despite the greater computation time needed. In Fig.
7, we present an orbit near the central body, Alpha. In the
left upper panel, the gravitational potential of Alpha and
Beta is generated by a point mass model. The spherical
harmonics up to degree and order four is used to expand the
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Figure 5. The initial positions of the simulated sample of
particles around the binary asteroid (90) Antiope

gravitational potential of Alpha in the right upper panel.
While we considered the polyhedral shape of Alpha in the
left lower panel and the shape of Alpha and Beta in the
right lower panel. One can clearly notice the effects of the
polyhedral shapes of the components of our binary on the
orbit. Thus, we think it is necessary to include the shape of
both Alpha and Beta in the rest of this work according to
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Figure 6. Effects of the initial conditions on planar prograde orbits close to (90) Antiope system, neglecting its polyhedral
shape, after 100 days, considering @ and A = 0°. We recall that ag refers to the initial semimajor axis in (initial I-1 and I-2).
While rg refers to the initial periapsis distance of the spacecraft in (initial I-3)

equations 1 and 2.

We considered an OSIRIS-REx-like spacecraft, which
means that the effective spacecraft mass-to-area ratio of 65
kg m? and a reflectance of 0.4. The total SRP acceleration
can reach up to 8.016 x 107!? km.s™2 at perihelion or
4.144 x 1072 km.s™? at aphelion. The effect of the SRP
at the perihelion and aphelion distances of the asteroid
from the Sun is considered in this work, as described in
Xin, Scheeres & X. (2016). During the trial period of our
integration, 100 days (~ 5.2% of the Antiope orbital period
around the Sun), we consider the Sun moving in a circular
orbit, with a constant latitude 6 and time-varying longitude
@ = —2t+o (see Fig. 1 in Xin, Scheeres & X. (2016)), {2 is
the spin rate of the central body. The ecliptic latitude of the
pole of our system was determined by Bartczak et al. (2014)
to be 38°, which implies § = 38°. We will lie the initial
direction of the Sun along the x-axis (o = 180°). For more
details on this force within our model, we refer the reader to
Chanut et al. (2017). We also considered the effects of the
shadowing phenomenon according to Xin, Scheeres & X.

(2016). To demonstrate the effectiveness of our method to
detect the shadows of Alpha and Beta, we show in Fig. 8 an
orbit around Alpha fixing the position of the Sun along the
y-axis and the position of Beta during the whole integration.

In fact, besides the familiar gravitational force between
the masses, each body of our binary asteroid experiences an
additional force arising from the non-spherical mass distri-
bution. It is the binary companion’s tidal dissipation, which
is one of the secondary effects that disturb the gravity envi-
ronment of an orbiting spacecraft. The distance between our
binary components is 176 km. This distance is beyond the
classical Roche limit (between 58 up to 98 km), below which
tidal forces would tear the components apart. On long time
scales, the orbits of Alpha and Beta are changing. This effect
can be neglected for the duration of our mission (100 days).
Tidal forces can also change the potential of the asteroids
periodically. There might be a phase-lag of the response due
to dissipation. However, for the double-synchronous state,
this effect can also be neglected for the suite of this work.

Overall, the equations of motion that our model

020Z aunp g uo Jesn eisaqued 1o AlsiaAlun Aq 861SS8S/vE9 1 BRIS/SBIUW/SE0L "0 | /I0P/10BIISqe-8]01E/SBIUW/WOD dNo-oIWspeoe//:sdny WoJj papeojumoq



Point masses Spherical harmonics

D

a Polyhedral shape a and 3 Polyhedral shape

ro = 300(km) eo = 0.5 io = 0° Ao = 180°

Figure 7. Examples of orbits around the centre of mass over
100 days, using the initial conditions I-3. The point mass
model is used in the left upper panel. The homogeneous
spherical harmonics are considered in the right upper panel
while the polyhedral shape of Alpha and Alpha/Beta are
considered in the lower panels.

ro = 600(km)

eg = 0.0 19 = 0°

Ao = 180°

Figure 8. An example of an orbit in the Alpha-fixed frame
with the shadow of Alpha and Beta, using the initial condi-
tions I-3, and fixing the position of the Sun along the y-axis
and the position of Beta during the whole integration

describes have a spirit similar to that presented in
Aljbaae et al. (2019). They are given by:

The motion of Beta

1 — 201, %z + Uy, + U,
Ui+ 2000 = Py + U, +U,, (1)
s o= U, +UL
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The motion of the spacecraft
.. . 2

Z2— 20y = Pzo+Us +Us, +U,, —
L1 +m) x 108

B x D?
Go + 2002 = Qy+U, +U,, +U, — (2)
V(l +n) x 10®

B x.D?
2 = U, +UL,+UL —

(1+n)'x 10

e ol

cos 0 cos ¢

cosfsin g

where 2 is the spin rate of the primary. U,, U, and U,
are the first-order partial derivatives of the potential of
the central body,. calculated using the approach of Mas-
con 8 (Venditti 2013; Chanut, Aljbaae & Carruba 2015;
Aljbaae‘et al. 2017). Uy, U, and U}, are the first-order partial
derivatives of the secondary, calculated also by Mascon 8, n
is the average total reflectance of the spacecraft, B is the ef-
fective mass-to-area ratio of the spacecraft. In the following
we take n = 0.4 and B = 62 kg.m~2. D is the distance from
the Sun in km. We will consider the maximum and minimum
SRP at the perihelion and aphelion distances. v represent a
factor to include the eclipse by an ellipsoidal asteroid taking
the values 1 or 0, as defined in Xin, Scheeres & X. (2016).

5 STABILITY ANALYSIS

In this section, we analyse equatorial, prograde orbits
initially distributed around the real system -8 with the
initial conditions I-3 given in Table 5. We consider the
perturbation due to the polyhedral shape of Alpha and
Beta, and also the SRP at the perihelion and aphelion
distances of the asteroid from the Sun. We notice that
the SRP can significantly affect some individual orbits, as
shown in Fig. 9. Our overall results at the perihelion are
presented in Fig. 10. However, we notice that considering
or not the SRP will not change the type of our orbits (Fig.
13 and 13 in Appendix B).

In accordance with section 4, all the orbits started with
initial longitudes A € {60, 90, 120, 240, 270, 300} either col-
lide with the components of the asteroid or escaped to in-
finity. The Computational Geometry Algorithms Library
(CGAL®) is used in this section to handle collisions. CGAL
provides an easy and efficient geometric algorithm accurate
enough to find whether a point is inside or outside the poly-
hedron shape of our asteroid. In Fig. 11, we present all the
orbits colliding with Alpha and Beta (left and right panel,
respectively). We can see that not all the surface is accessi-
ble from equatorial prograde orbits. Collision speeds range
depending on whether SRP is included is presented in Table
4. The SRP slightly increase the minimum speed.

The initial longitude A = 180° is the one that generates
most of the bounded orbits in our system (Fig. 10). All the
orbits with 7o < 350 km either collide with components of
our asteroid or escaped from the system. To identify sta-
ble regions among the bounded orbits around (90) Antiope,

3 https://www.cgal.org/
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Table 4. Collision speeds range (m/s) considering or not
the SRP.

without SRP | SRP at perihelion | SRP at aphelion |
MIN MAX | MIN MAX MIN MAX
a | 20.68 55.33 | 20.86 55.43 21.18 55.44
B | 23.24 54.21 | 24.47 54.22 24.75 54.22

we checked the variation of the semi-major axes of the or-
bits around the centre of mass of our system. The mini-
mum value of this variation is 16.2 km without considering
the SRP while it becomes 15.2 and 17.7 km with the SRP
at aphelion and perihelion distance, respectively. We found
that the less perturbed orbits are located between ro = 420
and ro = 700 km. The variation of the semi-major axis (Aa)
and eccentricities (Ae) in this area does not exceed 30 km
and 0.15, respectively. In Fig. 12, we present our results. We
notice that the SRP can slightly affect the considered stable
area varying Ae from 0.142 without the SRP to 0.134 and
0.137 at aphelion and perihelion, respectively.

6 CONCLUSION

In this paper we have presented a numerical analysis to ex-
plore the prograde motion of a massless test particle in the
potential field of the equal-mass binary asteroid (90) An-
tiope, considering the shape of both components taking into
account the SRP. We first obtained the physical properties of
the polyhedral-shape of the components of our asteroid. The
dynamical properties close to the target was investigated by
calculating the zero-velocity surfaces and analyzing the sta-
bility of the equilibrium points of the system. We found that
all the equilibrium points are unstable and the asteroid can
be classified as a Type II according to Scheeres (1994). Using
an OSIRIS-REx-like spacecraft; we investigated the orbital
dynamics associated to (90) Antiope, neglecting the gravity
perturbations from the-Sun or other celestial bodies in the
Solar System. We employed the Bulirsch-Stoer variable step-
size algorithm covering a period of 100 days and tested the
effects of the mass ratio of our system on the planar orbits.
Two different kinds of initial conditions were tested. In the
first one, the initial state vector of the particles is calculated
using the classical orbital parameters (a, e, i, @, w, and f).
In other kinds of initial conditions, we initially located the
spacecraft at the periapsis distance on the equatorial plane
of the central body, which generates less perturbed orbits
compared to the first group of initial conditions. The binary
companionéAZs tidal dissipation was tested considering only
the interaction between Beta and the deformation of Alpha
due to Beta. We found a maximum value of the relative tidal
effect on the distance spacecraft-Alpha less than 5 x 107°
that allows us to neglect this effect. Finally, we discuss the
effects of the SRP on the orbital evolution close to (90) An-
tiope, we found that the dynamics in our selected region is
dominated by the binary’s gravitational field. However, the
SRP can slightly affect scome orbits. In this work, we did
not investigate the retrograde orbits. Usually, they tend to
be more stable because they spend very little time in close
proximity with the central body (close proximity happens
very quickly), so gravitational perturbation is minimized.
Finally, we can state that specific orbits between 420 and

700 km from the centre of the system of (90) Antiope are
allowing for good observations and characterizing the binary
asteroid (90) Antiope.
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Figure 9. Example of equatorial orbit near the binary system of (90) Antiope over 100 days. In the left panel, we did not
consider the SRP, while we consider this perturbation at the perihelion and aphelion distances from tyhe Sun in the centre

and right panel, respectively.
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Figure 11. all the orbits colliding with Alpha (left panet) and Beta (right panet)
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Figure 12. Variation of the semi-major axes and eccentricities of the bounded orbits around the centre of mass of Antiope
system with initial longitude A = 180°.
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