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Abstract - It was verified that the asteroid Magnya has some physical and chemical characteristics similar to the
bodies from Vesta family. However, astronomical observations revealed that Magnya is distant from these bod-
ies. In the present work, we assumed that Magnya originated from Vesta and we try to justify its current distant
orbital location taking into account the effects of close encounters between Magnya and Vesta. The methodology
adopted involved an analytical approach considering the technique of the gravity assisted maneuver, also known
as swing-by. We found that the energy variation achieved through a single swing-by between Vesta and Magnya
are very small when compared to the variation that would be required to change the orbit of Magnya. The effects
of multiple close encounters were also considered and discussed. We concluded that the possibility of multiple
encounters is limited, and therefore, that Magnya should suffer other perturbations (such as resonances, collisions
or close encounters with other bodies, for instance) that would provide the supposed change in its orbit.
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1 Introduction. members of the Vesta family (see figure 1 and Table
1).

In the Solar System there is a large concentration More recent studies show that there are many oth-
of asteroids located between the orbits of the planets ers V-types asteroids in the main belt found outside
Mars and Jupiter called the main asteroid belt. It is the Vesta family [7]. It was verified that asteroid Vesta
believed that collisions between large asteroids gener- can be the source of some of these bodies. In refer-
ate the families of asteroids currently observed, com- ence [8] was modeled the effects of close encounters
posed of bodies with close orbital elements (vicinity with massive asteroids to estimate the scattering of
of the largest asteroid) and with similar physical and small bodies initially placed in the vicinity of Vesta.
chemical characteristics, emphasizing the idea that In reference [9] they took into account the effects of
the formation of a family occurs by disruption of a nonlinear secular resonances and the Yarkovsky ef-
larger body [1],[2]. fect in order to explain the orbits of 956 Elisa and 809

The asteroid Vesta is the only large asteroid of Lundia (V-types asteroids outside the borders of the
the main asteroid belt that presents a basalt surface, Vesta family). The reference [10] performed numeri-
probably originated from ancient volcanic eruptions cal integration of a thousand test bodies starting in the
[3]. Analysis of images of the Hubble Space Tele- vicinity of Vesta in order to reproduce the dynamical
scope indicate the presence of calcium, magnesium evolution of the family. They discuss the character-
and olivine [4]. There is also a large impact crater, istics of the dispersion of these bodies and the cases
which probably generated all the small bodies that where Vesta seems to be the source. None of these
compose the Vesta family. [5]. cited works explain the location of Magnya with re-

In the year 2000, it was verified that the aster- spect to the Vesta family.
oid Magnya has similar spectral characteristics to the The reference [11] presents a discussion on the
bodies of the Vesta family, i.e., it also presents a basalt origin of Magnya, where the hypothesis of having
formation [6]. This was the first V-type asteroid ob- Vesta as the origin of Magnya is not completely dis-
served outside the Vesta family. Actually, Magnya carded. Nevertheless, the difficulty to find a dynam-
has an orbital location (semi-major axis, eccentricity, ical mechanism that relate the origin of Magnya to
inclination) very far when compared with the other Vesta give rises to a new hypothesis which consider
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that Magnya is actually a fragment of another differ-
entiated parent body, not Vesta, which has not been
observed yet, as discussed in [10], [11] and [12].

The origin of Magnya is not a well-constrained
problem. Thus, in this paper we considered that Mag-
nya originated from Vesta, and we analyze the effects
of a close approach between Vesta and Magnya, ap-
plying the technique of the gravity assist maneuver,
also known as swing-by, in order to try to explain the
orbital location of Magnya with respect to the bodies
from Vesta family.

The structure of the paper is as follow. In sec-
tion 2, the theory of the gravity assist maneuver and
the mathematical description of the maneuver is pre-
sented. In the section 3, we discuss the methodology
adopted. In section 4, the results are presented and
discussed, and in section 5 is the final comments.

2 The gravity assist maneuver - or
swing-by.

A large number of space missions have already
implemented, or plan to apply, the technique of the
gravity assist maneuver, or swing-by, to accomplish
their goal. A successful example is the Voyager mis-
sion, which flew to the outer planets of the solar sys-
tem through successive swing-bys with the planets
visited [14]. Other examples of spatial missions that
applied the gravity assist maneuver are the Cassini-
Huygens mission [15], the Rosetta mission [16] and
the New Horizons mission [17].

Due to its importance and large application, the
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swing-by has been under study by several researches.
Some examples are shown below. Reference [18]
shows a study of the impact of the initial energy in a
close approach of a cloud of particles. In this paper a
study is made to see the effects of a three-dimensional
close approach between a planet and a cloud of par-
ticles. The objective is to learn the behavior of this
cloud in terms of the variations of velocity, energy,
angular momentum and inclination. The problem is
solved by developing a numerical algorithm and ap-
plying it to a cloud of particles. This algorithm is
based in an analytical description of the close ap-
proach maneuver in the three-dimensional space.

Similar application is shown in references [19]
and [20]. In both references a study is made consid-
ering a Swing-by maneuver for a cloud of particles
with several planets of the solar system. The idea is to
study the importance of the mass of the celestial body
in the results. The particles are assumed to be moving
under the gravitational attraction of the two primaries
(Sun and planet). The motion is planar for all the par-
ticles and the dynamics given by the “patched-conic”
approximation is used. Reference [19] concentrates
in studying the effects of the periapsis distance in this
maneuver and reference [20] is devoted to the com-
parison between numerical and analytical methods to
study this problem.

Following is the mathematical description and
the discussion about the parameters involved in the
swing-by. We follow the description found [21] that
was based in [22].
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Figure 1: a) Proper elements (axe) for 13800 bodies belonging to the Vesta family [13]. Vesta is at a = 2.36
AU with e = 0.09 (Table 1). b) Comparison between proper elements of these bodies with the proper elements of

Magnya (red dot).
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Table 1: Orbital and physical data for Vesta and Magnya.

Vesta Magnya
a (AU) 2.36 3.14
e 0.09 0.23
I 7.13° 16.9°
Mass (kg)  2.71 x 10%° *
Diameter (km) 501 30

* not determined.

2.1 Mathematical description.

It is considered a system composed by three bod-
ies: M;, a massive body in the center of a Cartesian
reference system; M, a smaller body in a keplerian
orbit around M; and M3, a body with infinitesimal
mass, or a particle, that is also in a keplerian orbit
around M. During its orbital evolution, M3 suffers a
close encounter with M;, changing its initial orbit.

The phenomenon of change of orbit due to the en-
counter with a massive body is called gravity assist
maneuver, or swing-by. The figure 2 is a represen-
tation of such maneuver, and illustrate some of the
variables related to the maneuver. V; is the velocity
vector of the body M, relative to M. \7; and \7; are
the velocity vector of M3 relative to M, before and
after the close encounter, respectively. V; and V, are
the velocity vector of M3 relative to M|, before and
after the close encounter, respectively. The maximum
distance of approximation between M> and M3 during
the encounter is called r,,. The angles involved in the
maneuver are: the angle of curvature 9, and the angle
between the periapse line and the M| — M, line, called
W,

The method of the “patched conics” has the fol-
lowing steps for a complete swing-by:

o At the first stage, the gravitational effect of M»
is neglected, and so, M3 is in a keplerian orbit
around M.

e At the second stage, M3 crosses the sphere
of influence of M», with the relative velocity:
Vo =Vi—V,.

o At the third stage, M3 leaves the sphere of in-
fluence of M,, with the relative velocity: \Zj =
\70 — \72. At this stage, M3 reaches a new orbit
around M1, and so, it is said that the swing-by
is completed.
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The orbit that M3 reaches after the swing-by
presents some differences relative to the previous or-
bit (before the encounter). The first significant change
is the variation of velocity AV = ‘70 — ‘7, that is the dif-
ference between the M3 velocity before and after the
encounter. From a diagram of velocity vectors (see
Fig. 3) it is possible to demonstrate that [22]:

AV = |AV| = 2|V..|sin(8) = 2V.esin(8) (1)
and that the angle between AV and the My — M, line
is ¥+ 180°.

The second significant change due to the swing-
by is the variation of angular momentum C, given by
[22]:

OAC = —2V, V.. sin(d) sin(¥) (2)

The third significant change is the variation of en-
ergy, given by [22]:

AE = =2V, V. sin(d) sin(¥) 3)

In equation 3, V, and V., are positive values, since
they represent magnitude of vectors. The sin(9d) is
also always positive, since 0° < & < 90°. Thus, the
only parameter that changed the signal of AFE is the
sin(¥), in such way that:

e For 0° < ¥ < 180°, the swing-by occurs in
front of M, and the energy of M3 decreases.
The maximum decrease occurs when ¥ = 90°.

e For 180° < ¥ < 360°, the swing-by occurs be-
hind M, and the energy of M3 increases. The
maximum increase occurs when ¥ = 270°.

Issue 6, Volume 11, June 2012
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Toward M,
|

Figure 2: Geometric description and the variables involved in the swing-by [21].

In order to determine the parameters cited above
and analyze the change in a given orbit due to the
swing-by, its is necessary to determine the velocities
and angles involved in the maneuver. This can be
done as follow:

1. Calculation of the magnitude of the velocity of
M5 relative to M; (V).

When M3 crosses the sphere of influence of M»,
the distance M| — M3 is approximately the dis-
tance M| — M,. Thus, neglecting the gravita-
tional effect of the planet, we have:

. 2 1
Vil = [ <—> 4)
ri2 a

where r;; is the distance M| — M», considered
constant (circular orbit).

2. Calculation of the true anomaly 0 at the mo-
ment of the encounter.

)
At the moment of the encounter rj, = 11(61 S oz (29) ,

thus:

cos(6) = © (“(1_62) - 1> )

e ri2
3. Calculation of the angle (y) between V; and V5
(see Fig. 4).

The orbit of M, was considered circular, thus,
(y) corresponds to the “flight path angle”, given
by:
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esin(0)
t = 6
an(y) 1+ ecos(0) ©
This angle can take on two lagged values of
180°, corresponding to clockwise and counter-
clockwise orbits.

. Calculation of the magnitude of the relative ve-

locity V. (see Fig. 4).

Knowing that the angle between Vs and V is Y,
we can apply the law of cosines to found:

V| = \/vl.2 +V?—2ViVacos(y)  (7)

. Calculation of the angle  between V> and V5

(see Fig. 4).

Applying again the law of cosines, we found
that:

V-3V’

cos(B) = — V1,

®)

. Calculation of the deflection angle (3).

The angle J represents a half of the rotation of
the velocity vector due to the swing-by. It is
given by (Broucke, 1988):

1
rpV2
™

sin(9) :
1+

©))
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Figure 3: Velocity vectors involved in the swing-by (Prado,2001).

7. Calculation of the approximation angle ().

From the geometry of the problem, the pos-
sible values for the approximation angle are:
¥, =180°+ B+ and ¥, = 360° + B — 4.

8. Obtaining the variations of energy, angular mo-
mentum and velocity.

The variations of energy AE, angular momen-
tum AC, and velocity AV due to the swing-
by are calculated through the previously men-
tioned equations:

AE = =2V, V. sin(d) sin(¥) (10)
OAC = —2V,Vosin(d) sin(¥)  (11)
AV =2V, sin(8) (12)

3 Methodology.

The method adopted in this study consists in de-
termine the variation of energy required to change
Magnya from its supposed orbit close to Vesta and
analyze if such AE could be provided by close en-
counters between Magnya and Vesta.

For the calculation of the initial and final energy,
and so, the calculation of variation of energy, we con-
sider the relation:

il

E—
2a

(13)
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where y; = GM, being G the universal gravitational
constant, and M is the mass of the central-body. In
the Vesta-Magnya case, the central-body is the Sun.

For the initial energy we consider that Magnya
has orbital elements very close to Vesta, and so, the
semi-major axis of Vesta is considered in equation 13,
as discussed in section 4.1. For the final energy, we
consider the current semi-major axis of Magnya.

Knowing the variation of energy required, we ap-
plied the equations that describe the swing-by (Eq.
(4) to (12)), for a set of initial conditions of Magnya
taken in the vicinity of Vesta, to estimate the AE pro-
vided by a single, or by multiple close encounters be-
tween Vesta and Magnya. Then, we compare these
results with the AE previously determined, analyzing
the role of close encounters in the Vesta-Magnya case.

In the next section we present the results obtained.

Figure 4: Vector sum involved in the swing-by.
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4 Results.

4.1 The single encounter case.

Here we analyze the effects of a single encounter
between Vesta and Magnya. We first estimate the
variation of energy required to change the orbit of
Magnya. After, we apply the swing-by equations for
a set of initial conditions, considering a single en-
counter between the asteroids. We discuss the pos-
sibility of the supposed change of orbit be result of
the close encounter. Following is the result of such
procedure.

1. Calculation of the energy before the sup-
posed close encounter (E;j;q)-

Before the supposed encounter the asteroid
Magnya should be at the vicinity of Vesta.
Thus, in a first approximation, we consider that
Magnya has the same semi-major axis of Vesta.
Considering such value (see Table 1) in the Eq.
(13) we found that the Magnya’s initial energy
per unit mass is:

Einiiat = —188.3 (km* /5%)

2. Calculation of the energy after the supposed
close encounter (E nq).

In our approach we consider that a close en-
counter of Magnya with Vesta has changed its

Magnya's eccentricity

0,00 ——
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orbit. Thus, we consider that after the close en-
counter, Magnya has reached a final orbit with
semi-major axis equal to 3.14 AU, or 4.69 x
10® km (see Table 1). Considering such value
in the Eq. (13), we found:

E finas = —141.8 (km* /%)

. Calculation of the variation of energy AE.

Knowing the initial and final values of energy,
we calculate the variation of energy required to
change the orbit of a body close to Vesta, to
an orbit close to Magnya. Being AE = Efjpq —
Einiial, then, we found that:

AE = 46.5 (km? /s?)

. Calculation of variation of energy due to the

swing-by.

We simulated one close encounter of Magnya
with Vesta, through the equations that describe
the swing-by (Eq. (4) to (12)), for a set of ini-
tial conditions (semi-major axis and eccentric-
ity) of Magnya in the vicinity of Vesta. The
semi-major axis was taken in the range 2.1 <
a <3.14 AU, every 0.01 AU. The eccentricity
was taken in the range 0.0 < e < 0.20.

The orbit of Vesta around the Sun were consid-
ered circular, with the velocity V, = 18.1 km/s.

AE (km?/s?)
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Figure 5: Diagram of variation of energy per unit mass of Magnya due to a close encounter with Vesta for a set of
initial conditions of the encounter. The scale on the right represents the gradual change of the energy in (km?/s?).
The white region represents the set of initial conditions for what the close encounters are not possible, i.e, there is
no crossing orbits. For a better visualization we limited the results on diagram to a = 2.7 AU.
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Figure 6: Variation of energy as a function of the relative velocity.

We choose a fixed value for the distance of en-
counter r, = 275 km, corresponding to ~ 1.1
radius of Vesta. Taking into account that the ra-
dius of Magnya is 15 km, we see then that the
surface of the bodies are separated by 10 km
during the close encounter, which we consid-
ered close enough for our study.

The result of the simulation is presented in a
diagram as in Fig. 5. On it we have the varia-
tion of energy for each pair (a x e) of Magnya
due to the swing-by. We see from such dia-
gram that the best combinations of initial con-
dition of Magnya is that very close to Vesta
(remembering that ay,y, = 2.36 AU), and that
them lead to a variation of energy with maxi-
mum value AE = 5.0 km? /s>,

Similar result can be found analyzing the varia-
tion of the energy due to the swing-by as a func-
tion of the relative velocity of the encounter V...
This can be done combining the equations 9
and 10, giving:

M2

AE = —2VyVor———
2+ 1V

sin (W) (14)
being V, = 18.1 km/s (considering the circu-
lar orbit of Vesta), and considering the extreme
case: r, = 1 radius of Vesta, and ¥ = 90°,
and therefore, sin(W) = 1. The relative velocity
Ve was taking going from V., ~ 0.0 km/s until
Voo =10.0 km/s.

The graphic in Fig. 6 shows the variation of
energy as a function of such velocity, accord-
ing to Eq. 14. As demonstrated in the previous
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diagram, again it is verified that the best com-
binations of initial conditions lead to a varia-
tion of energy with a maximum value AE ~
5.0 (km?/s®). The best results are found for
lower velocities. As the velocity increases, the
variation of energy decreases, as expected.

. Calculation of variation of the semi-major

axis and eccentricity.

According to Eq. (13) the energy is related
to the semi-major axis. Thus, it is possible,
based on the diagram of energy, to determine
the diagram of variation of semi-major axis of
Magnya after the swing-by with Vesta. Being
Eafter = Einitial + AE, then:

H1
2Eafter

Agfter = —
and:
Aa = Aqafter — Ainitial

The diagram of Aa for Magnya due to the
swing-by with Vesta is presented on Fig. 7. It
is clear that the maximum variations of semi-
major axis occur for the initial conditions that
resulted in the major variation of energy, cor-
responding to semi-major axis values closer to
the semi-major axis of Vesta. However, we ver-
ified that the maximum variation of semi-major
axis is about 0.06 < Aa < 0.07 AU, while the
variation required would be approximately 0.78
AU (considering the change of semi-major axis
of Magnya from 2.36 AU to 3.14 AU (Table 1)).
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Figure 7: Diagram of variation of semi-major axis of Magnya due to a close encounter with Vesta for a set of
initial conditions of the encounter. The scale on the right represents the gradual change of semi-major axis in AU.
The white region represents the set of initial conditions for what the close encounters are not possible, i.e, there is
no crossing orbits. For a better visualization we limited the results on diagram to a = 2.7 AU.
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Figure 8: Diagram of variation of eccentricity of Magnya due to a close encounter with Vesta for a set of initial

conditions of the encounter. The scale on the right represents the gradual change of eccentricity. The white region

represents the set of initial conditions for what the close encounters are not possible, i.e, there is no crossing orbits.
For a better visualization we limited the results on diagram to a = 2.7 AU.
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It is also possible to analyze the variation of ec-
centricity of Magnya after the swing-by with
Vesta, for a set of initial conditions for the en-
counter. It is known that the eccentricity of
an orbit is related to the angular momentum C,
through:

C =

pa(l—e?) (15)

being Cyfrer = Ciniriat + AC, then:
2
1— Cafter

apn

Cafter =
and:

Ae = €after — Cinitial

The diagram of Ae for Magnya due to the
swing-by with Vesta is presented on Fig. 8.
Again it is clear that the maximum variations of
eccentricity occur in the vicinity of Vesta, for
the semi-major axis values closer to the semi-
major axis of Vesta. However, the maximum
variation is about 0.010 < Ae < 0.012, while
the variation required would be approximately
0.14 (considering the change of eccentricity of
Magnya from 0.09 to 0.23 AU (Table 1)).

4.2 The multiple encounters case.

Now that we have analyzed the single encounter
case, we are going to discuss the effects in the orbit
of Magnya due to possible multiple encounters with
Vesta.

Through the diagrams of variation of energy,
semi-major axis and eccentricity, presented in Fig. 5,
7 and 8, it is possible to follow a sequence of close
encounters between both asteroids. This is done con-
sidering the initial and final orbits of the asteroids.

The initial orbit corresponds to a given orbit be-
fore a supposed encounter with the semi-major axis a
and the eccentricity e. After the encounter, the aster-
oid reaches a new orbit with a .- = a + Aa and the
eccentricity e, fer = e+ Ae. Thus, we consider the
parameters of the new orbit as the initial condition for
the next close encounter.

We exemplify this procedure for the Vesta-
Magnya problem with an arbitrary case. Considering
a close encounter of Magnya with Vesta, with the ini-
tial conditions: a = 2.37 AU, and e = 0.025. It is
known, by the diagram of AE, Aa and Ae, that in such
condition the asteroid Magnya will suffer a variation
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of 4.0 <AE <5.0 (km?/s%),0.05<Aa<0.06 (AU)
and 0.008 < Ae < 0.010. However, through simu-
lation it is known that the exact values are: AE =
4.00 (km?*/s*), Aa = 0.052 (AU) and Ae = 0.008,
in such way that the new orbit of Magnya has the
semi-major axis equal to a +Aa = 2.42 AU and the
eccentricity e + Ae = 0.033. Thus, these new values
are considered as the initial conditions for Magnya for
the next close encounter. The complete sequence for
the arbitrary example considered here is presented in
Tab. 2 and is demarcated by the white filled circles in
the diagram of the variation of energy reproduced in
Fig. 9.

For the example considered here, we found that
it is possible for Magnya to perform three close en-
counter with Vesta, resulting in a AE ~ 9 km? /s%. Af-
ter those encounters, we see that Magnya reaches a
region where the close encounters with Vesta are no
longer possible. From this example it is clear that al-
though the multiple encounters between the asteroids
are possible there is a limit, given by the possibility of
close encounters to happen. As the semi-major axis
and the eccentricity of Magnya increase the probabil-
ity of crossing the orbit of Vesta decreases, until val-
ues that the encounters are no longer possible. From
the previous diagrams (Figs. 5, 7 and 8), we see that
the upper limit for semi-major axis, that allows the
encounters to happen, is ~ 2.6 AU, and that at this
distance the possible AE that Magnya may suffer is
relatively small. Therefore, even considering multi-
ple swing-bys, we conclude that the supposed change
of orbit of Magnya was not cause only by close en-
counters.

5 Final comments.

In the present work we considered the effects of
close encounter between Vesta and Magnya in order
to explain the orbital location of Magnya. The equa-
tions that describe the swing-by were applied.

We have shown that energy variations achieved
through a single encounter are very small when com-
pared to the variation that would be required to
change the orbit of Magnya. The best combinations of
initial condition of Magnya lead to a variation of en-
ergy with maximum value AE = 5.0 km? /s> while the
required would be ~ 47 km?/s>. As consequence of
such small variation of energy, the variation of semi-
major axis and eccentricity are not also enough to ex-
plain the distant orbital position of Magnya relating
to the asteroid of the Vesta family.
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Table 2: Sequence of multiple encounters between Vesta and Magnya.

Before the encounter After the encounter
Encounter | dyagnya(AU) | emagnya | Magnya(AU) | emagnya AE (km? /s?)
1 2.37 0.025 2.42 0.033 4.00
2 2.42 0.033 2.47 0.044 3.09
3 2.47 0.044 2.49 0.05 1.63
4 2.49 % 0.05* - - Total = 8.72

* no more encounters, i.e., there is no more crossing orbits for such initial condition.

AE (km?/s?)

AE<=1.0

1,0 <AE<=2,0
2,0 <AE<=3,0
3,0 <AE<=40
4,0 <AE<=5,0
5,0 <AE<=6,0
6,0 <AE<=7,0
7,0 <AE<=8.0
8,0 <AE<=9,0
9,0 <AE<=10,0
AE>10,0

Magnya's eccentricity

T T
24 2,5 2,6 2,7

T
2,1 2,2 23
Magnya's semi-major axis (UA)

Figure 9: Reproduction of the diagram of the variation of energy of Magnya due to a close encounter with Vesta
for a set of initial conditions of the encounter. The white circles mark a sequence of close encounters between
Magnya and Vesta for an arbitrary initial condition. The white region represents the set of initial conditions for
what the close encounters are not possible, i.e, there is no crossing orbits.

The effects of multiple encounters were also con- 6 acknowledgment
sidered. We found that there is a limit for the close
encounters to happen, i.e., as the semi-major axis and The authors acknowledge the financial support
eccentricity of Magnya increase due to the swing-by, from INCT - Estudos do Espaco,CNPq and FAPESP.

it reaches a region where the close encounters with
Vesta are no longer possible.
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