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A B S T R A C T 

The first proposed Brazilian mission to deep space, the ASTER mission, has the triple asteroid system (153591) 2001 SN 263 as a
target. One of the mission’s main goals is to analyse the physical and dynamical structures of the system to understand its origin 

and evolution. This work aims to analyse how the asteroid’s irregular shape interferes with the stability around the system. The 
results show that the irregular shape of the bodies plays an important role in the dynamics nearby the system. For instance, the 
perturbation due to the (153591) 2001 SN 263 Alpha’s shape affects the stability in the (153591) 2001 SN 263 Gamma’s vicinity.
Similarly, the (153591) 2001 SN 263 Beta’s irregularity causes a significant instability in its nearby environment. As expected, the
prograde case is the most unstable, while the retrograde scenario presents more stability . Additionally , we investigate how the 
solar radiation pressure perturbs particles of different sizes orbiting the triple system. We found that particles with a 10–50 cm 

radius could survive the radiation pressure for the retrograde case. Meanwhile, to resist solar radiation, the particles in prograde 
orbit must be larger than the particles in retrograde orbits, at least one order of magnitude. 

Key words: celestial mechanics – minor planets, asteroids: general – planets and satellites: dynamical evolution and stability. 
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 INTRODUCTION  

ver the past years, several space missions have targeted asteroids
o comprehend their formation, evolution, and dynamics since they
re the remaining bodies of the inner Solar system. The NEAR-
hoemak er mission w as the first spacecraft to orbit the asteroid (433)
ros and ended up touching its surface, being also the first one to

and on an asteroid (Veverka et al. 2000 ; Prockter et al. 2002 ). The
steroid (25143) Itokawa was imaged by the Hayabusa spacecraft
nd was the first mission to collect samples from the surface of an
steroid (Fujiwara et al. 2006 ; Yoshikawa et al. 2015 ). Similarly,
he Hayabusa 2 spacecraft performed a touchdown in 2019 on the
steroid (162173) Ryugu, and the collected samples arrived on Earth
n 2020 December (Kaw aguchi, Fujiw ara & Uesugi 2008 ; M ̈uller
t al. 2017 ). The OSIRIS-REx mission also plans to return in 2023
 sample collected from the asteroid (101955) Bennu (Lauretta et al.
015 , 2017 ), another spinning-top shape asteroid as Ryugu. The
rst space mission intended to demonstrate an asteroid deflection
y kinetic impactor is DART (Double Asteroid Redirection Test),
nd the mission target is the binary near-Earth system Didymos-
imorphos (Cheng et al. 2016 ). The multiple system of asteroids is
otably attractive for space missions as they can provide a manifold
f observational possibilities, investigation of the system origin, and
he dynamics involved. Based on these same concepts, the ASTER

ission team chose as its target a triple system to be the first Brazilian
eep space mission (Sukhanov et al. 2010 ). 
E-mail: giulia.v alv ano@unesp.br
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The target of the ASTER mission, the asteroid (153591) 2001
N 263 , was disco v ered in 2001 by LINEAR (Lincoln Near-Earth
steroid Research). Ho we ver, radar observ ations from Arecibo in
008 revealed the asteroid is, in fact, a triple system. The system
s composed of the central body called Alpha and two secondary
odies, Beta and Gamma, being Gamma the smallest. Using the
ame data, Fang et al. ( 2011 ) made the best fit for their physical
nd orbital parameters. Araujo et al. ( 2012 ) and Araujo, Winter &
rado ( 2015 ), moti v ated by the ASTER mission announcement,

nvestigated the stability of internal and external regions to the
riple system for prograde and retrograde orbits. They made a set of
umerical simulations considering the asteroids as spherical bodies
nd reported regions of stability between them. Prado ( 2014 ) plotted
he perturbation map for a spacecraft orbiting the triple system. Their
esults showed that Gamma causes a more significant perturbation
n the system, one order of magnitude larger than the perturbation
aused by Beta and two orders larger than Alpha’s oblateness for
articles with a semi-major axis around 2–40 km. Sanchez & Prado
 2019 ) also searched for orbits around the system but considering
he solar radiation pressure. They mapped the duration of the orbits
onsidering values of semi-major axis, eccentricity, and inclination.
hey identified some possibly stable areas and a limit on the size
f the spacecraft solar panels for their stable results. In none of
hese previous works, the actual irregular shape of the bodies was
aken into account. Adopting the polyhedral shape model for each
steroid, derived by Becker et al. ( 2015 ), Winter et al. ( 2020 )
xplored the geometric and geopotential topographic of the bodies
nd the dynamical environment around each system component.
hey determined 12 equilibrium points for the central body. Also,
© 2022 The Author(s) 
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Table 1. Physical and orbital data of each component of the triple asteroid system (153591) 2001 SN 263 . 

Body Volumetric Density b Spin b Mass a Orbit Semi-major Eccentricity a Inclination a Orbital 
radius (km) (g cm 

−3 ) (h) (10 10 kg) axis a ( ◦) period 

Alpha 1.25 1.10 3.4256 917.466 ± 2.235 Sun 1.99 AU 0.48 6.7 2.8 yr c 

Beta 0.39 1.00 13.43 24.039 ± 7.531 Alpha 16.63 km 0.015 0.0 6.23 days a 

Gamma 0.22 2.30 16.40 9.773 ± 3.273 Alpha 3.80 km 0.016 14 16.46 h a 

a Fang et al. ( 2011 ). 
b Becker et al. ( 2015 ). 
c JPL. website: https://ssd.jpl.nasa.gov/. 

Figure 1. Representation of the triple system (153591) 2001 SN 263 in the Alpha centred equatorial plane, xoy . The red circles represent the orbits of Gamma and 
Beta and, also, the collision lines for regions 1 and 2. The blue circles represent the Hill’s radii of Beta-Alpha (ejection distance for region 3) and Gamma-Alpha. 
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hey found that the particles initially in a cloud around Alpha would
all preferentially on the equatorial bulge and the polar regions. 

Considering the singular dynamics and the previous analyses, we 
im to investigate the stability of different regions of the system,
aking into account the gravitational effects due to irregular shape 

odels of the bodies and the effects the solar radiation pressure as an
xtension of the results of Araujo et al. ( 2012 ), Araujo et al. ( 2015 ).
irst, in Section 2 , we present the physical and orbital properties
f the system. Then, a set of numerical simulations of discs of test
articles in the triple system is presented and discussed in Section 3 .
n the next section, we add the perturbation of the solar radiation
ressure and investigate how this perturbation changes the stability 
f particles in the system. Next, long-period simulations are presented 
n the Section 5 . Then, we provide the final comments for our results
Section 6 ). 

 THE  TRIPLE  ASTEROID  SYSTEM  ( 153591 )  
001  SN  263 

n this section, we discuss about the orbital and physical properties, 
nd the irregular shape models of the (153591) 2001 SN 263 bodies. 

.1 Orbital properties 

n 2008 February 20, the triple system 2001 SN 263 reached a distance
f 0.066 AU from the Earth and was observed by Arecibo and
oldstone radio telescopes. Based on radar data, Fang et al. ( 2011 )
rovided orbital fits for the system and the orbital ev olution consider -
ng the mutual gravitational perturbation among the asteroids (Fang 
t al. 2011 ). The semi-major axes, eccentricities, and inclinations 
ound are given in Table 1 , and a representation of the system in the
lpha centred equatorial plane is shown in Fig. 1 . The red circles

n Fig. 1 represent the orbits of the secondary bodies and the blue
ircles their respective Hill’s radii. The Hill’s radii can be used as
 parameter to bound the regions where a body is gravitationally
ominant. We computed the Hill’s radii of Beta and Gamma with
espect to Alpha, which are ∼3.4 km and ∼ 600 m, respectively.
hen, we delimit the regions that will be used in our analysis in the
ame way as was done by Araujo et al. ( 2012 , 2015 ), since we will
ompare the stability by re gions. Re gion 1 is delimited as the region
nterior to Gamma’s orbit; region 2 is between Gamma’s and Beta’s
rbits and region 3 is just delimited as the region interior to Beta’s
ill’s radius. 
Besides the orbital elements, Fang et al. ( 2011 ) present fits for the

ole direction of Beta and Gamma. They stated that about 25 per cent
f their adjusts resulted in retrograde orbits (contrary to Alpha’s spin).
o we v er, the y reported that Beta and Gamma are more likely to be
rograde. The retrograde result was possible due to a wide range
f spin axis orientations for Alpha, though the orbital orientations 
f the secondary bodies are well defined. Becker et al. ( 2015 ) also
nvestigated the 2001 SN 263 orientation and searched for the best fit
or the spin axis of Alpha. They reported an obliquity of about 166 ◦

nd the spin-axis pole of ( λ, β) = (309, −80) ± 15 ◦, which is similar
o the pole orientation reported by Fang et al. ( 2011 ). To reproduce
 similar Alpha’s pole orientation, we considered, for simplicity, the 
bliquity of Alpha and 270 ◦ for the pole’s longitude. 
MNRAS 515, 606–616 (2022) 

https://ssd.jpl.nasa.gov/
art/stac1838_f1.eps


608 G. Valvano et al.

M

2

T  

f  

f  

h  

B  

w  

B  

(
 

C  

e  

t  

(  

c  

a  

s  

b  

B
(  

b  

c  

3  

e  

v  

i  

G  

w  

b  

h  

d  

s  

(  

S
 

b  

l  

o  

F  

f  

i  

T  

G  

H  

p  

l  

B  

t  

o  

r  

1
 

g  

(  

n  

A  

B  

a  

c  

f  

Figure 2. Map of the geometric altitude across the surfaces of Alpha, Beta, 
and Gamma under different views. 
.2 Shape model and physical properties 

he 2001 SN 263 shape model was derived by Becker et al. ( 2015 )
rom the combination of radar and light curves data taken in 2008
rom Arecibo and eight other observatories. The three shape models
ave equi v alent diameters of about 2.5, 0.77, and 0.43 km for Alpha,
eta, and Gamma, respectively. A polyhedron modeled each body
ith 1148 vertices and 2292 triangular faces. In the same study,
ecker et al. ( 2015 ) derived a rotational period for each body

Table 1 ). 
Fang et al. ( 2011 ) also reported the mass for each asteroid (Table 1 ).

onsidering the mass and the volume of the shape models, Becker
t al. ( 2015 ) estimated a bulk density for the bodies and concluded
hat the bodies are carbonaceous asteroids of type B. Perna et al.
 2014 ) came to the same conclusion for the B-type classification by
omparing the reflectance spectra with laboratory spectra data. They
lso concluded that the bodies have an organic- and magnetite-rich
urface composition, similar to the CI carbonaceous chondrites. The
ulk density of Alpha and Beta are similar and compatible with the
CG-types (B-, C-, Cb- and Cg-type) range of about 0.7–1.7 g cm 

−3 

Marchis et al. 2012 ; Vernazza et al. 2015 ). Ho we ver, the Gamma’s
ulk density is much higher. The grain density of carbonaceous
hondrites is approximately 2.42–5.66 g cm 

−3 , with an average of
.44 g cm 

−3 (Macke, Consolmagno & Britt 2011 ; Carry 2012 ; Flynn
t al. 2018 ; Ostrowski & Bryson 2019 ). Thus, considering the mean
alue, Gamma must have a porosity smaller than Alpha and Beta
f its bulk density is 2.3 g cm 

−3 . This difference may indicate that
amma could have been originated from a different parental body. If
e consider a scenario with a collision between two different parent
odies with different bulk densities (Michel et al. 2020 ). We also
ave to consider the spinning-top shape of the central body. After the
isruption collision, the aggregate parental body of Alpha may have
tarted to YORP spin-up, resulting in the current diamond shape
Rubincam 2000 ; Walsh, Richardson & Michel 2008 ; S ́anchez &
cheeres 2016 ; Walsh 2018 ). 
This diamond shape has larger values of altitude on its equatorial

ulge and the polar regions (Fig. 2 ). We also can see that the mid-
atitude regions have lower altitudes. Alpha’s shape is characteristic
f spinning-top asteroids that are a result of their fast spin (Harris,
ahnestock & Pravec 2009 ; Hirabayashi et al. 2020 ). Differently
rom Alpha, Beta has flattened poles with the lower altitudes located
n these regions (see the top and bottom views in Fig. 2 – Beta).
he maximum altitudes for this body are in the equatorial extremity.
amma also has the upper altitudes in its equatorial extremities.
o we ver, its poles are not so flat as Beta’s ones. We can see in both
oles the existence of moderate altitude followed by valleys with
o wer v alues (top and bottom vie ws of Fig. 2 – Gamma). Note that
eta has the more considerable relati ve v ariation of altitudes, with

he maximum reaching about twice the minimum altitude. On the
ther hand, Alpha and Gamma have a similar relative variation, the
atio between the maximum and minimum altitudes of Alpha is about
.4, and Gamma is 1.6. 
The irregularities in the shapes of the bodies influence their

ravitational field. Thus, if we treat the system as a point of mass
or spherical bodies), as done by Araujo et al. ( 2012 , 2015 ), it may
ot be a satisfactory approximation. Using the volumetric radius of
lpha (Table 1 ), we will lose peaks of at least 210 m of altitude. For
eta and Gamma, we will miss about 150 and 50 m, respectively,
nd, consequently, their irregularities (Fig. 2 ). So, to identify the
ontribution due to the irregular format of the system’s bodies, in the
ollowing sessions, we will present a set of numerical simulations
NRAS 515, 606–616 (2022) 
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ith test particles in the triple system gravitational field to analyse 
heir stability. 

 EFFECTS  ON  THE  NEARBY  ENVIRONMENT  

he dynamics nearby the system were studied by Araujo et al. 
 2012 , 2015 ) to identify possible stable regions for a spacecraft
r locations for natural objects, such as fragments or dust. Then, 
he y e xplored the stability of massless particles discs in prograde
nd retrograde trajectories in the system through a set of numerical 
imulations considering the triple system, the Sun, Earth, Mars, and 
upiter as a point of mass (or spherical objects) and included the
blateness of Alpha ( J 2 ). The particles were distributed in different
egions: between Alpha and Gamma, Gamma and Beta, around 
eta, and an outer region with the particles orbiting the triple 

ystem. 
In this work, our goal is to advance the results of Araujo et al.

 2012 ), Araujo et al. ( 2015 ) considering a more realistic scenario.
ur main concerns are the effects caused by the irregular shapes of the

riple system components on the stability of the particles. Another 
erturbation that we will consider is the solar radiation pressure, 
hich might be rele v ant depending on the particle size. 
Thus, we performed a set of numerical simulations of test particles 

sing the N-BOM package (Winter et al. 2020 ). Mascon models 
omputed the gravitational potential of the irregular bodies, the 
ass of the body is uniformly divided into a tridimensional equally 

paced grid (Geissler et al. 1996 ; Borderes-Motta & Winter 2017 ).
e modeled Alpha using a with 24 328 mass points and Beta with

4 065 grid-points. Since we want to verify how the irregular shape
f the bodies interferes with the particle stability, we first reproduced 
he figures of Araujo et al. ( 2012 , 2015 ) to make the comparisons. For
implicity, we did not consider the perturbations of the planets since 
hey do not contribute to the stabilization of the particles. Hereinafter, 
standard case’ refers to the simulations based on Araujo et al. ( 2012 ,
015 ), while the ‘mascons case’ is our solution that takes into account
he shape models. 

The distribution of the initial conditions of particles was made in 
airs of semi-major axis and eccentricity. For regions 1 and 2, the
articles were orbiting Alpha with semi-major axes in the intervals 
1.4, 3.2] and [4.5, 13.5] km, respectively, while the particles in 
egion 3 were orbiting Beta with semi-major axes between 0.8 and 
.4 km. Each range of the semi-major axis was evenly divided 
nto steps of 200 m, and the eccentricity ranged from 0.0 to 0.5
n steps of 0.05. The inclination for the particles was initially 0 ◦

or prograde trajectories and 180 ◦ for retrograde trajectories. We 
onsider prograde trajectories the orbits that have the same direction 
f the angular momentum of the orbited body. In each case, the
nitial conditions were randomly chosen for the other angular orbital 
lements. 

F or each re gion, we considered a different ejection distance. The
jection distance means that the particle has left its initial region and
oes not necessarily leave the system. The ejection distance for region 
 was 3.80 km, which corresponds to the semi-major axis of Gamma.
egion 2 has an ejection distance of 16.63 km, corresponding to 

he semi-major axis Beta (Table 1 ); the Hill’s radii of Beta, 3.4 km,
elimits the ejection distance for region 3. The system was integrated 
or 2 yr, and we classified the stability according to the percentage
f particles for a given pair ( a , e ) that survived (i.e. were not ejected
or collided with a body) the entire time. 
Araujo et al. ( 2012 , 2015 ) also considered a fourth re gion, e xternal

o the triple system, starting from 20 km. Ho we ver, we did not
imulate this region since it is far distant from bodies Alpha and
eta. Therefore, their irregular shape will not interfere significantly 
ith the dynamics of the particles’ stability. 

.1 Orbits of the triple system components 

o study the dynamics of the triple system, we considered Alpha
t the system origin and the orbital elements of Beta and Gamma
rovided by Fang et al. ( 2011 ) (Table 1 ), with the other angular
lements set as zero. Fang et al. ( 2011 ) derived the orbital periods of
eta and Gamma by performing simulations considering the triple 

ystem and Alpha’s J 2 gravitational harmonic, and reported orbital 
eriods of about 149.4 h for Beta and 16.46 h for Gamma. Ho we ver,
sing the mentioned initial conditions for our simulations, the orbital 
eriod of Beta diverged from their reported orbital period. We used
he Lomb–Scargle periodogram (Lomb 1976 ; Scargle 1982 ) and the
earching ranges of [97, 200] and [10, 20] h for Beta and Gamma
rbital periods, respectively. The output distance from Alpha and 
ime were used to fit the periodogram model. The period considered
or the periodogram calculations was the 2-yr integration and we 
btained an orbital period of about 136.26 h for Beta when the three
odies were considered. Ho we ver, when the orbital period is simply
alculated using the third Kepler law, it matches the reported value
Fang et al. 2011 ). On the other hand, despite of the divergence of
eta’s orbital period, the orbital period of Gamma did not diverge
hen we considered a three-body problem. This may be related to

he fact that Gamma is closer to Alpha than Beta, thus Beta does not
irectly affect Gamma’s orbit significantly. Nevertheless, according 
o Prado ( 2014 ) perturbation’s map, the perturbation of Gamma is
ne order of magnitude larger than Beta’s, and Gamma’s perturbation 
s about ten times stronger for test particles orbiting Alpha, but close
o Beta, thus Beta experiences some perturbation due to Gamma. 

In order to measure how much the irregular shape of Alpha
ffects the orbits of Beta and Gamma, we simulated two scenarios:
he standard case with Alpha as an oblate object (i.e. with the J 2 
oefficient) and other with the irregular shape of Alpha (mascons 
ase). Due to the complexity of modeling the mutual interaction 
etween two irregularly shaped bodies, in our model we considered 
hat the mascons of Alpha affect Beta, while the disturbance caused
y Beta on Alpha corresponds to a point of mass interaction From
ig. 3 we see that the orbital radius of Beta does not suffer a change

n its amplitude of oscillation due to Alpha’s irregular shape. On the
ther hand, a different behaviour of the orbital radius of Gamma is
oticed when the irregular shape is considered. The peak to peak
mplitude of the orbital radius of Gamma in the standard case is
bout 40 m smaller than in the mascons simulation. The oscillation
requency of the orbital radius is also different, being 3.5 times larger
or the mascons case when compared with the oblate model. Thus,
he Alpha irregular shape does play an important role in the dynamics
f Gamma, but does not significantly change the orbit of Beta. 
We also ran a simulation to verify the perturbation of the irregular

hape model of Beta, and no significant perturbation is noted in the
rbit of Gamma. In summary, the main perturbation is caused by the
rregular shape model of Alpha on the trajectory of Gamma. 

.2 Region 1 

iven the initial conditions presented previously for region 1, the 
ombination of semi-major axes and eccentricities resulted in 11 000 
articles since they were considered 100 different particles for each 
 a , e ) pair. Fig. 4 is a reproduction of fig. 2(a) from Araujo et al.
 2012 ). It shows the stability diagram for the prograde particles and
s coloured according to the surviving box percentage. The box with
MNRAS 515, 606–616 (2022) 
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M

Figure 3. Orbital radius variation across time of Beta and Gamma for 2 
yr. Considering the Alpha as a spherical body with the perturbation of its J 2 
gravitational harmonic, the red and blue lines represent the orbital variation 
of Beta and Gamma, respectively. The black and green lines showed the 
orbital variation of Beta and Gamma, respectively, for the Alpha’s irregular 
case scenario. The zoom in the figure shows the orbital radius of Gamma 
(inferior) and Beta (superior) for a period of six months. 
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Figure 4. Diagram of the stability for region 1 for 2 yr considering prograde 
trajectories. The diagram is a reproduction of fig. 2 (a) from the standard 
case (Araujo et al. 2012 ) with the triple system as points of mass and the 
J 2 of Alpha. Each box represents a set of 100 particles and the colour bar 
represents the percentage of surviving particles. The white triangles indicate 
100 per cent of survi v al. The lines indicate the collision-lines with Alpha (full 
line for a radius of 1.3 km, dashed line for a radius of 1.46 km), and Gamma 
(dotted line, corresponding to the ejection distance). 
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 white triangle indicates 100 per cent of survi v al, and each box
epresents 100 particles. The full white line represents the collision
ine with Alpha for a radius of 1.3 km (approximately the Alpha
olumetric radius is the same radius adopted by Araujo et al. 2012 ,
015 ). The dashed line is the collision-line for a radius of 1.46 km
corresponding to Alpha upper altitude calculated on the body’s
urface; see Fig. 2 ). The dotted line represents the collision-line with
amma. To compute these limits, we consider that the pericentre of

he particle’s orbit can not be smaller or equal to Alpha’s radius, and
he apocentre can not be larger or equal to Gamma’s orbit. Hence,
or the collision-line with Alpha we adopted a ≤ R Alpha /(1 − e ) and
or Gamma’s, a ≥ a Gamma /(1 + e ), where R Alpha and a Gamma are,
espectively, the Alpha’s radius and Gamma’s semi-major axis. 

In our simulations, we took into account only the irregular shape
f Alpha. Since Gamma is much smaller (about a hundred times), its
rregular shape will not significantly influence particles of region 1.
he irregular shape of Beta was also not considered as its location

s too far from re gion 1. F or this prograde simulation, the results
evealed that no particle survived for 2 yr. On the other hand, a
assive quantity of particles was ejected or collided within just 7

. The initial conditions with a semi-major axis higher than 2.4 km,
ear Gamma’s orbit, were already unstable in Araujo et al. ( 2012 )
tudy. Ho we ver, for v alues smaller or equal to 2.4 km, near Alpha’s
urface, there were many stable trajectories with e ≤ 0.25 (Fig. 4 ).
s we consider Alpha’s shape, the irregularities destabilize all the

emaining trajectories of region 1.
When retrograde particles are examined, an increase of survived

articles occurs (Fig. 5 ). For the standard case, about 48 per cent
f the particles survived for 2 yr of integration and, different from
he prograde case (Fig. 4 ), the survived particles can reach a semi-

ajor axis larger than 2.4 km and also larger eccentricities (Fig. 5 a).
NRAS 515, 606–616 (2022) 
o we ver, the eccentricity did not exceed values larger than 0.4 for
ost survived particles. An interesting feature is a gap in the semi-
ajor axis at 2.4 km. The particles with this semi-major axis have
 2:1 commensurability of mean motion with Gamma. The particles
earby this region suffer from a perturbation due to this resonance,
nd their eccentricity increase in such a way that they cross the
ollision line of the region (Araujo et al. 2015 ). 

A decrease in the survived particles number and the ranges of
emi-major axis and eccentricity was noticed when we consider the
ascons case (Fig. 5 b). The irregularities significantly affected the

articles with pericentre closer to the central body. The gap in the 2.4-
m semi-major axis is still present due to the 2:1 commensurability of
ean motion with Gamma. This implies a resonance that also causes

nstability, and due to Alpha’s irregular shape, this instability affects
articles with initial eccentricities smaller than in the case of Fig. 5 (a).
ince their orbits can not reach larger values of eccentricities without
olliding with Alpha or crossing the collision-line of Gamma, the
oxes of initially almost circular orbits have a more significant
ercentage of survivors (Fig. 5 b). 

.3 Region 2 

he distribution of initial conditions in region 2 resulted in 50 600
articles between Gamma and Beta, where the orbits of Gamma and
eta correspond to collision lines that delimit the ejection of region 2.
o calculate these lines, we assume that the pericentre of the particle’s
rbit cannot be smaller or equal to Gamma’s semi-major axis and
he apocentre larger or equal to Beta’s semi-major axis. Fig. 6 shows
he diagrams of stability of region 2 for the prograde case. For our
imulations, we consider the irregular shapes of Alpha and Beta.
 similar structure to the standard case (Fig. 6 ) still remains. The

urvived particles are also located in two preferential spots, but now
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Figure 5. Region 1 stability diagram for 2 yr considering retrograde 
trajectories. Panel (a) is a reproduction of fig. 2(f) from the standard case 
(Araujo et al. 2015 ) and panel (b) shows the system considering the irregular 
shape of Alpha. Each box represents a set of 100 particles, and the colour bar 
represents the percentage of surviving particles. The white triangles indicate 
100 per cent of survi v al. The lines indicate the collision with Alpha (full line 
for a radius of 1.3 km, dashed line for a radius of 1.46 km), and Gamma 
(dotted line corresponding to the ejection distance). 
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ith semi-major axes near 6.9 km and 8.7 km, while for the standard
ase, they were concentrated around the semi-major axis of 7.3 and 
.5 km. The number of survivors decreased by about 67 per cent
ompared to the standard case. The elongated shape of Beta causes 
he removal of particles with a semi-major axis of 9.5 km, and a gap
as formed at 7.7 km (Fig. 6 b), dislocating in about 600 m from the
ap formed in the standard case (Fig. 6 a). These gaps are associated
ith a 3:1 mean motion resonance with Beta. Such resonance forces

n increase in the eccentricities of the nearby particles destabilizing 
hem and generating the gap. 
For the mascons retrograde case, some regions were noticeably 
ore disturbed than the standard case. The larger values of the semi-
ajor axis became null for survivors due to the elongated shape of
eta (Fig. 7 b), decreasing the initial semi-major axis stability border
y about 800 m in comparison with the standard case (Fig. 7 a). The ( a ,
 ) pairs with large eccentricities near Gamma and Beta collision lines
id not reach a large percentage of survivors due to the instability
aused by them, similar to the standard case. A prominent valley near
he semi-major axis at 9.3 km was formed, and a minor one was also
ormed near 7.1 km (Fig. 7 b). The major valley is associated with a
:1 mean motion resonance with Beta and a 1:4 with Gamma. The
ombination of these resonances generated an instability that affected 
earby particles with an initial eccentricity larger or equal to 0.2. In
he minor valley exists a 3:1 mean motion resonance with Beta. It
s interesting to note that the results of the standard case (Fig. 7 a)
ere also found two valleys, but they were at different locations.
onsequently, they were associated with resonances different from 

he ones described abo v e. 

.4 Region 3 

e set 15 400 initial conditions considering the range of a and e .
he particles are orbiting Beta, and their motion is restricted by the
ollision-line of Beta and the distance of one Hill’s radii of Beta with
espect to Alpha (3.4 km). Fig. 8 shows the stability diagram for the
rograde case for our reproduction of fig. 4(a) from Araujo et al.
 2012 ). We obtained only five survived particles for the prograde
ase system with the Beta’s shape model and Alpha as a spherical
bject. In contrast, for the standard case, most of the particles with
 semi-major axis smaller than 1.4 km surviv e. Since fiv e surviv ed
articles are not a considerable number for stability and considering 
hat this case was already unstable without Alpha’s shape model and
he Sun tide, we did not explore their contribution to the stability of
egion 3. Unlike the standard case, we computed a more significant
umber of collided particles (about 57 per cent) and ejected particles
approximately 43 per cent). In addition, the particles near the Beta’s
urface were ejected or collided quickly, with about 78 per cent of the
ollisions and 69 per cent of the ejections in the first 7 d. Thus, the
rregularities of Beta’s shape cause extreme instability in the region. 

For our mascons case, considering Beta’s shape model and Alpha 
s a spherical body, we detected a decrease of 26.9 per cent of
urvived particles (Fig. 9 b) for the standard case (Fig. 9 a). The
ecrease of survivors occurred at the lower semi-major axis and 
arger eccentricities. The apocentre of the particles with a low semi-

ajor axis and large eccentricities reach distances closer to Beta, 
iving rise to instability and, eventually, collisions and ejections. The 
ollisions were about 38 per cent and 21.7 per cent for the ejections,
here 57 per cent of these ejections and collisions occurred in the
rst 7 d. When we added Alpha’s irregular shape model, we did not
bserv e an y significant changes (Fig. 9 c). The statistics of survivors,
ollisions, and ejections were the same for both scenarios (with Alpha 
s a spherical body and with its irregular shape). 

Fig. 10 presents the dimensionless parameters (see Hamilton & 

rivov 1996 ; Moura et al. 2020 ) for more details) allowing us to
ompare the relative strength of each force (solar radiation pressure, 
un‘s tide, Alpha’s gravity, and oblateness) according to the distance 
rom Alpha. The Sun tide is represented by the colour green and
lpha’s gravity and oblateness by the colours purple and blue, 

especti vely. The colours orange, bro wn, and red represent the solar
adiation pressure for a particle with a density of 1.0 g cm 

−3 and
adius of 100 μm, 1 and 10 cm, respectively. Since the Alpha’s
blateness in region 3 is about the same order of magnitude as the
MNRAS 515, 606–616 (2022) 
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Figure 6. Diagram of the stability for region 2 for 2 yr considering prograde trajectories. Panel (a) is a reproduction of fig. 3 (a) from the standard case (Araujo 
et al. 2012 ) and panel (b) shows the system considering the irregular shapes of Alpha and Beta. Each box represents a set of 100 particles, and the colour bar 
represents the percentage of surviving particles. The white triangles indicate 100 per cent of survi v al. The lines indicate the collision lines with Gamma (full 
line) and Beta (dotted line). 
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un tide (see Fig. 10 ), we concluded that the Sun’s tidal perturbation
ay lo wer af fect the region. Thus, we did not take into account this

erturbation for the third region. 

 INSTABILITY  DUE  TO  THE  SOLAR  

ADIATION  PRESSURE  

eeking a more realistic approach, we investigated how the solar
adiation force changes the stability regions. The solar radiation
ressure may cause an increase in the particle eccentricity and may
hange the stability presented previously. We performed numerical
imulations changing the particle radius and preserving its density
f 1.0 g cm 

−3 (similar to the density of Alpha and Beta) to verify
he size of the particles that can survive nearby the system. Thus,
onsidering an area to mass ratio A , R as the vector Sun-particle,
nd R its module, the solar radiation pressure perturbation is given
y (Scheeres & Marzari 2002 ) 

a srp = 

AG 

∗(1 + η) 

R 

3 
R , (1) 

here G 

∗ = 1 × 10 17 kg m s −2 is the solar constant in function of
he solar luminosity and speed of light, and η is the reflectance of the
article. We consider a totally reflective material, thus η = 1. This
ork do not consider the shadowing effects, since, compared to the

olar radiation pressure and the irregular gravitational perturbation,
hey are not significant to create a noticeable change in the survivors
ercentage. 
Similarly to the Section 3 , we used the N-BOM package to perform

he simulations, but considering the solar radiation pressure (Valvano
t al. 2022 ). We considered the same initial conditions for the three
egions. We also choose a discrete distribution of the radius for the
NRAS 515, 606–616 (2022) 
articles to start in the order of centimeters (e.g. 10, 30, 50, 100,
nd 150 cm). We opted for a minimum radius of 10 cm due to the
nalyses of the dimensionless parameters of Fig. 10 . As one can
ee, the perturbation of the radiation pressure on a particle smaller
han 10 cm is high enough to generate instability and decrease the
ercentage of survivors. Thus, we simulated the system for 2 yr
onsidering the retrograde case and our discrete particles radius. 

.1 Region 1 

he irregularity of the central body causes considerable instability
n region 1 compared to the standard case. For the total integration
ime of the prograde simulation, none of the particles has survived,
nd most of them have collided or ejected in just a few days
see Section 3.2 ). Thus, we did not perform a simulation with the
olar radiation pressure for the prograde case since this perturbation
ill not generate any stability for the system. So, different from
anchez & Prado ( 2019 ) results that found a stable region between
lpha and Gamma, when Alpha was modeled as a triaxial ellipsoid

nd Gamma as a spherical body, our results showed that region 1 was
lready unstable without the solar radiation pressure. 

Fig. 11 shows the diagram of stability for region 2 considering
he solar radiation pressure for the retrograde case for a particle with
0 cm of radius. The percentage of survivors for the simulation was
3 per cent and 15 pairs of ( a , e ) have 100 per cent of survi v al. The
istribution of the percentage of survivors for the boxes is deeply
imilar to the case without the solar radiation pressure. We could
ee slight differences in percentage in specific boxes, but nothing
ignificant. The gap in the semi-major axis of 2.4 km is still present
nd the 2:1 mean motion resonance with Gamma. 
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Figure 7. Diagram of stability for region 2 for 2 yr considering retrograde trajectories. (a) it is a reproduction of the bottom fig. 4 from the standard case 
(Araujo et al. 2015 ) and (b) shows the system considering the irregular shapes of Alpha and Beta. Each box represents a set of 100 particles and the colour bar 
represents the percentage of surviving particles. The white triangles indicate 100 per cent of survival. The lines indicate the collision-lines with Gamma (full 
line), and Beta (dotted line). 

Figure 8. Reproduction of the diagram of the stability for region 3 for 2 yr 
considering prograde trajectories. The diagram is a reproduction of fig. 4(a) 
from the standard case (Araujo et al. 2012 ). Each box represents a set of 100 
particles and the colour bar represents the percentage of surviving particles. 
The white triangles indicate 100 per cent of survi v al. The dashed line indicates 
the collision-line with Beta for a radius of 543 m. The dotted line corresponds 
to the Hill’s radius of Beta with respect to Alpha and represents the ejection 
distance. 
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.2 Region 2 

f we consider a particle with a radius of 10 cm for the prograde
ase, no particle survived the effects of the solar radiation pressure
or 2 yr. Although, when a radius of 30 cm was considered, about
 per cent of the particles survi ved. Ho we ver, no ( a , e ) pair presented
00 per cent stability. Thus, we increased the radius of the particles
ntil we reached pairs with 100 per cent of stability. Increasing 
he radius to 150 cm, we obtained a ( a , e ) pair with 100 per cent
f stability and similar behaviour to the outcomes without the 
erturbation caused by the radiation (Fig. 12 a). There are only
wo main regions of surviving particles, and the ( a , e ) pair with
00 per cent of survi v al was at the (6.7 km, 0.0) pair. Note that
he size of the stability region was similar to the case without the
adiation pressure, and the pair that reached 100 per cent of survi v al
ecreased by 200 m in the initial semi-major axis value (see Fig. 6 b).
he resonances near the semi-major axis of 7.7 and 8.1 km are still
resent. 
For the retrograde case, considering particles with the minimum 

adius (10 cm) about 2 per cent of the particles survived the solar
adiation perturbation. Increasing to 30 cm, about 13 per cent of the
articles survived the entire simulation, but no ( a , e ) pair presented
00 per cent of survivors. Thus, we increased the radius of the
articles to 50 cm. When this radius was considered, about 37 per cent
f the particles survived, and boxes with 100 per cent of survi v al
ppeared (Fig. 12 b). The location of the previous larger valley is
ow a gap that separates the regions of stability into two. The region
f stability near Gamma (left-hand side from the gap) was the larger
ne and presented 30 pairs of ( a , e ) with 100 per cent of survi v al.
onversely, the second region of stability was smaller and presented 
o boxes with 100 per cent of survi v al. The resonances in the region
f the previous larger valley are still observed. They appeared to be
ore ef fecti v e in destabilizing the re gion with the addition of solar

adiation pressure. We concluded the same for the 3:1 mean motion
esonance with Beta as well as the resonance near the semi-major
xis of 6.1 km. The 1:3 mean motion resonance with Gamma was
lso preserved but did not create a delimited valley as the previously
entioned resonances. 
MNRAS 515, 606–616 (2022) 
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Figure 9. Diagram of the stability for region 3 for 2 yr considering retrograde 
trajectories. Panel (a) is a reproduction of fig. 6(f) from the standard case 
(Araujo et al. 2015 ); panel (b) shows the system considering the irregular 
shape of Beta; and panel (c) considers the irregular shapes of Alpha and 
Beta.Each box represents a set of 100 particles and the colour bar represents 
the percentage of surviving particles. The white triangles indicate 100 per cent 
of survi v al. The dashed line indicates the collision-line with Beta for a radius 
of 543 m. The dotted line corresponds to the Hill’s radius of Beta with respect 
to Alpha and represents the ejection distance. 
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Figure 10. Variation of the dimensionless parameters Sun tide (green), the 
solar radiation pressure for a particle with a radius of 100 μm (orange), 1 
(brown) and 10 cm (red), Alpha’s oblateness, and gravity (blue and purple, 
respectively). 

Figure 11. Diagram of the stability for region 1 for 2 yr considering 
retrograde trajectories for particles with 10 cm of radius and the perturbation 
of solar radiation pressure. The irregular shape of Alpha was considered for 
this system. Each box represents a set of 100 particles and the colour bar 
represents the percentage of surviving particles. The white triangles indicate 
100 per cent of survi v al. The lines indicate the collision-lines with Alpha (full 
line for a radius of 1.3 km, dashed line for a radius of 1.46 km), and Gamma 
(dotted line corresponding to the ejection distance). 
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.3 Region 3 

he prograde case around Beta was already unstable without the
olar radiation pressure. Thus, we did not simulate this region with
his additional perturbation since it cannot produce any stability
n the region. Considering that the effect of Alpha’s shape model
as not rele v ant to region 3, we did not consider its shape model

o perform the simulations with solar radiation pressure for the
etrograde case. For the initial radius of 10 cm, about 9 per cent of
he particles survived the entire simulation, and only one ( a , e ) pair
eached 100 per cent of survi v al. The majority of the particles that
NRAS 515, 606–616 (2022) 
urvived were near Beta and with low eccentricities, being the box
f 100 per cent of survi v al with the initial condition of (800 m, 0.0).
ncreasing the radius to 30 cm, the number of survived particles was
bout three times larger, and the region of stability almost reached
alf of the Hill’s radius (Fig. 13 ). Similar to the case without the solar
adiation pressure, larger eccentricities did not produce stability. The
tables ( a , e ) pairs have eccentricities smaller than 0.2. 
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Figure 12. Diagram of stability for region 2 for 2 yr considering (panel a) prograde and (panel b) retrograde trajectories for particles with radii of 150 and 
50 cm, respectiv ely. The irre gular shapes of Alpha and Beta were considered for this system. Each box represents a set of 100 particles and the colour bar 
represents the percentage of surviving particles. The white triangles indicate 100 per cent of survival. The lines indicate the collision-lines with Gamma (full 
line), and Beta (dotted line). 
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Figure 13. Diagram of stability for region 2 for 2 yr considering retrograde 
trajectories for particles with radius of 30 cm. The irregular shape of Beta was 
considered for this system. Each box represents a set of 100 particles and the 
colour bar represents the percentage of surviving particles. The white triangles 
indicate 100 per cent of survi v al. The dashed line indicates the collision-line 
with Beta for a radius of 543 m. The dotted line corresponds to the Hill’s 
radius of Beta with respect to Alpha and represents the ejection distance. 
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 LONG-PERIOD  SIMULATIONS  

onsidering the stability of a spacecraft, such as the ASTER mission
pacecraft, for example, 2 yr of stability in the regions would be
ufficient for e x ecuting a mission. Ho we ver, 2 yr is a short time
or natural materials, such as fragments and small rocks. Thus, 
e performed simulations for 2000 yr for the survived particles 
resented in Section 3 (without the solar radiation pressure). Since 
atural material is in retrograde orbits requires an improbable process 
uch as gravitational capture have occurred. Therefore, we did not 
tudy the retrograde case for a long time. 

Once the prograde regions 1 and 3 were already unstable for 2
r, we only simulated region 2 for 2000 yr to verify its long-term
tability. Considering the survivors of region 2, about 94 per cent 
f them collided or were ejected in the first 90 yr, and all of them
ecame unstable before 2000 yr. Thus, we did not include the solar
adiation pressure in the system since it was already unstable. 

 FINAL  COMMENTS  

he main goal of this work was to impro v e the determination of the
tability regions in the triple system 2001 SN 263 found in the works
raujo et al. ( 2012 ), Araujo et al. ( 2015 ). The advances were made

onsidering more realistic gravitational perturbations due to the 
odies’ irregular shapes and taking into account the solar radiation 
ressure. 
For the prograde region 1, the irregular shape of Alpha was 

ufficient to destabilize the entire re gion. F or the retrograde scenario,
4 per cent of the particles survived the 2 yr of simulation, which
s about half the survivors of the case without the irregularities 
f Alpha’s shape model (Araujo et al. 2015 ). Different from the
rograde case of region 1, the prograde scenario of region 2 presented
bout 6.7 per cent survivors, and only one ( a , e ) pair reached
00 per cent of survi v al. A v alle y separated the re gions of stability in
wo spots, and in this valley, we found a 3:1 mean motion resonance
ith Beta. The retrograde case presented about 8.5 times more 

urvivors than the prograde case, and the outcomes with and without
he irregular shape models are slightly different. The irregular shape 
MNRAS 515, 606–616 (2022) 
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f Beta causes more instability at the end of the region, and the main
alley becomes more noticeable. Some resonances were also found
n this region. 

Similar to the prograde scenario of region 1, the prograde case of
egion 3 has no stability. This result was obtained by only considering
he irregular shape of Beta. In the same way, we performed the
etrograde case. We detected about 40.3 per cent of surviving and 31
airs of ( a , e ) reached 100 per cent of survi v al. Adding the Alpha’s
hape model, the statistic was basically the same. Thus, we conclude
hat since the third region is far from Alpha. Its irregularities did not
ignificantly affect the particles around Beta. Considering this, we
id not add the Sun tide to the system since its order magnitude in
his region is similar to the Alpha’s oblateness. 

The solar radiation pressure plays an important role in the stability
f particles in the system and may produce a significant perturbation
n the particles’ evolution. For this reason, we searched, for each
egion, the order of magnitude of the radius of the particles that
ould survive this perturbation. The prograde case of regions 1 and
 was already unstable without the solar radiation pressure, so we
id not simulate these scenarios. For retrograde region 1, 23 per cent
f the particle with a radius of 10 cm were able to survive. On the
ther hand, 24.4 per cent of the retrograde particles with a radius
f 30 cm survived in region 3. For the vast region 2, a particle’s
adius of at least 50 cm for the retrograde case and 150 cm for the
rograde case was necessary. Ho we ver, we identified survi ving for
 particle with a radius of 30 cm for the prograde case, but it was
hree times smaller and with no box with 100 per cent of survi v al.
n short, the only prograde case scenario capable of surviving was
egion 2. The particle radius of the retrograde case was one order of
agnitude smaller, and the three regions had survivors. Hence, the

etrograde scenario was the most stable and may be a safer choice
or a spacecraft. 

Since 2 yr are too short for fragments and small rocks to verify
tability, we performed a 2000 yr of simulation. We only considered
he prograde case. F or re gions 1 and 3, we did not simulate as they
ere already unstable for 2 yr. Besides, for region 2, none of the
articles survived for 2000 yr of integration. Hence natural objects,
uch as fragments and small rocks, are unlikely to exist in regions 1,
, and 3. 
Our discussion about the stability around the three regions of the

riple system (153591) 2001 SN 263 might contribute to the planning
f the ASTER mission. Furthermore, it may help understand the
ynamics of triple systems and perhaps the planning of other future
issions. 
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