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Abstract We study the orbits and manifolds near the equi-
librium points of a rotating asteroid. The linearised equa-
tions of motion relative to the equilibrium points in the
gravitational field of a rotating asteroid, the characteristic
equation and the stable conditions of the equilibrium points
are derived and discussed. First, a new metric is presented
to link the orbit and the geodesic of the smooth manifold.
Then, using the eigenvalues of the characteristic equation,
the equilibrium points are classified into 8 cases. A theo-
rem is presented and proved to describe the structure of the
submanifold as well as the stable and unstable behaviours
of a massless test particle near the equilibrium points. The
linearly stable, the non-resonant unstable, and the resonant
equilibrium points are discussed. There are three families
of periodic orbits and four families of quasi-periodic or-
bits near the linearly stable equilibrium point. For the non-
resonant unstable equilibrium points, there are four relevant
cases; for the periodic orbit and the quasi-periodic orbit,
the structures of the submanifold and the subspace near the
equilibrium points are studied for each case. For the resonant
equilibrium points, the dimension of the resonant manifold
is greater than 4, and we find at least one family of peri-
odic orbits near the resonant equilibrium points. As an ap-
plication of the theory developed here, we study relevant or-
bits for the asteroids 216 Kleopatra, 1620 Geographos, 4769
Castalia and 6489 Golevka.
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1 Introduction

Recently, several sample return missions to Near-Earth As-
teroid (NEA) have been selected (Barucci 2012; Barucci
etal.2012a, 2012b; Boynton et al. 2012; Brucato 2012; Duf-
fard et al. 2011), including MarcoPolo-R! and OSIRIS-Rex.?
MarcoPolo-R is a sample-return mission to a NEA se-
lected for an assessment study in the framework of ESA’s
Cosmic Vision 2015-25 program (Barucci 2012; Barucci
et al. 2012a, 2012b; Brucato 2012). The primary target of
the MarcoPolo-R mission is the asteroid (341843) 2008
EVS5, which offers an optimal mission profile both from
the operational and technical standpoints (Brucato 2012).
OSIRIS-Rex is a sample-return mission to asteroid (101955)
Bennu that was selected by NASA in May 2011 as the third
New Frontiers Mission (Boynton et al. 2012). The analysis
of data collected by MarcoPolo-R should help us to under-
stand the geomorphology, dynamics and evolution of a NEA
(Barucci et al. 2012a).

Missions like the ones described above demand a detailed
study of the dynamics of a spacecraft (which is customar-
ily modelled as a massless test particle) near asteroids. This
interesting topic will be the subject of our study. The ap-
plication of the classical method of the Legendre polyno-
mial series to the gravitational potential of asteroids pro-
duces divergencies at some points due to the irregular shape
of the asteroid (Balmino 1994; Elipe and Lara 2003). Sev-
eral strategies have been considered to solve this difficulty.

Uhttps://www.oca.eu/MarcoPolo-R/.

2http://osiris-rex.Ipl.arizona.edu/.
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Some simple-shaped bodies have been used to simulate the
motion of a particle moving near an asteroid as well as to
help understanding the equilibrium points and the periodic
orbits near asteroids. The dynamics around a straight seg-
ment (Riaguas et al. 1999; Elipe and Lara 2003), a solid
circular ring (Broucke and Elipe 2005), a homogeneous an-
nulus disk (Angelo and Claudio 2007; Fukushima 2010),
and a homogeneous cube (Liu et al. 2011) have been stud-
ied in detail. These studies are limited to simple and sym-
metric bodies, which rotate around their symmetry axes.
For these bodies, the characteristic equation at the equilib-
rium points is a quartic equation (Liu et al. 2011). Werner
and Scheeres (1996) modelled the shape and the gravita-
tional potential of the asteroids using homogeneous poly-
hedrons and applied this method to 4769 Castalia. The poly-
hedron model is more precise than the simple-shaped-body
models and the Legendre polynomial model. However, this
model presents many free parameters (Elipe and Lara 2003;
Werner and Scheeres 1996).

The dynamic equation of motion of a massless particle
near a rotating asteroid in the body-fixed frame was studied
and applied to the cases of 4769 Castalia and 4179 Toutatis
by Scheeres et al. (1996, 1998). The zero-velocity surface
is defined using the Jacobi integral and this surface sepa-
rates the forbidden regions from the allowable regions for
the particle (Scheeres et al. 1996; Yu and Baoyin 2012a).
Families of periodic orbits near asteroids can be calculated
using Poincaré maps and numerical iterations (Scheeres et
al. 1996, 1998; Yu and Baoyin 2012b). The positions of the
equilibrium points near the asteroids as well as the eigenval-
ues and the periodic orbits near the equilibrium points can
be calculated numerically (Yu and Baoyin 2012a).

The stability of the equilibrium points was discussed by
several authors using special models. The periodic orbits of
a particle around a massive straight segment were inves-
tigated in Riaguas et al. (1999). A finite straight segment
with constant linear mass density was considered to study
the chaotic motion and the equilibrium points around the as-
teroid (433) Eros (Elipe and Lara 2003). The dynamics of a
particle around a homogeneous annulus disk was analysed
in Alberti and Vidal (2007). Moreover, a precise numerical
method to calculate the acceleration vector that is caused by
a uniform ring or disk was described in Fukushima (2010).
The dynamics of a particle around a non-rotating 2nd-degree
and order-gravity field was examined, and the closed-form
solutions for the averaged orbital motion of the particle were
derived (Scheeres and Hu 2001).

This paper aims to derive the characteristic equation of
the equilibrium points near a rotating asteroid and to pro-
vide some corollaries about the stability, the instability and
the resonance of the equilibrium points. Then, we will dis-
cuss the orbits and the structure of the submanifold and the
subspace near the equilibrium points. This work focuses on
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the dynamics near the equilibrium points of a rotating aster-
oid while providing the theoretical basis for orbital design
and control of spacecraft motion near an asteroid.

The linearised equations of motion relative to the equi-
librium points in the gravitational field of a rotating asteroid
are derived in Sect. 2; then, the characteristic equation of
the equilibrium points is presented. The stability conditions
of the equilibrium points in the potential field of a rotating
asteroid are obtained and proved in Sect. 3. Furthermore,
a new metric in a smooth manifold is provided in Sect. 4
to link the orbit and the geodesic of the smooth manifold.
The equilibrium points are classified into eight cases using
the eigenvalues of the characteristic equation in Sect. 5. It
is found that the structure of the submanifold near the equi-
librium point is related to the eigenvalues. A theorem that
describes the structure of the submanifold and the stable
and unstable behaviours of the particle near the equilibrium
points is proved. Using this theorem, the linearly stable, the
non-resonant unstable and the resonant equilibrium points
are studied. The equilibrium point is resonant if and only
if at least two pure imaginary eigenvalues are equal. Sub-
sequently, four families of quasi-periodic orbits are found
near the linearly stable equilibrium point. The periodic and
quasi-periodic orbits, the structure of the submanifolds and
subspaces near the non-resonant unstable equilibrium points
are studied. For the resonant equilibrium points, there are
three cases. For each case, the resonant orbits and the reso-
nant manifolds are analysed. There is at least one family of
periodic orbits near each resonant equilibrium point, and the
dimension of the resonant manifold is greater than 4.

In Sect. 6, the theory developed in Sects. 2, 3, 4 and 5 is
applied to asteroids 216 Kleopatra, 1620 Geographos, 4769
Castalia and 6489 Golevka. For asteroids 216 Kleopatra,
1620 Geographos and 4769 Castalia, the equilibrium points
are unstable, which are denoted as E1, E2, E3 and E4. There
are two families of periodic orbits and one family of quasi-
periodic orbits on the central manifold near each of the equi-
librium points E1 and E2, while there is only one family of
periodic orbits on the central manifold near each of the other
two equilibrium points E3 and E4.

For asteroid 6489 Golevka, two of the equilibrium points,
which are denoted as E1 and E2, are unstable while the other
two, labelled as E3 and E4, are linearly stable. There are two
families of periodic orbits as well as one family of quasi-
periodic orbits on the central manifold near each of the two
unstable equilibrium points E1 and E2. On the other hand,
there are three families of periodic orbits as well as four fam-
ilies of quasi-periodic orbits on the central manifold near
each of the two linearly stable equilibrium points E3 and E4.
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2 Equations of motion

The equation of motion relative to the rotating asteroid can
be given as (Scheeres et al. 1996)

()

F+20Xxr+wX (@wXr)+oxr+ 5
r

0 ey
where r is the body-fixed vector from the centre of mass of
the asteroid to the particle, @ is the rotational angular ve-
locity vector of the asteroid relative to the inertial frame of
reference, and U (r) is the gravitational potential.

Let us define a function H as (Scheeres et al. 1996)

1 1
H:Ei'-i'—i(wxr)(wxr)—i—U(r) 2)
If @ is time-invariant, then H is also time-invariant, and it is
called the Jacobian constant.

The effective potential can be defined as (Scheeres et al.
1996; Yu and Baoyin 2012a)

V(r):—%(wxr)(wxr)—l—U(r) 3)

Hence, the equation of motion can be written as

V(@)

r+2w xr+oxr+
or

0 “

For a uniformly rotating asteroid, Eq. (4) can be written as
(Yu and Baoyin 2012a)

V()

r+2w X1+
or

0 &)
and the Jacobian constant can be given by

L. .
H=Zk-t4+ V() (6)

The zero-velocity manifolds are determined by the follow-
ing equation (Scheeres et al. 1996; Yu and Baoyin 2012a)

Vir)=H @)

The inequality V (r) > H denotes the forbidden region
for the particle, whereas the inequality V (r) < H denotes
the allowable region for the particle. The equation V (r) = H
implies that the velocity of the particle relative to the rotating
body-fixed frame is zero.

Let w be the modulus of the vector w; then, the unit vector
e, is defined by @ = we,. The body-fixed frame is defined
through a set of orthonormal right-hand unit vectors e

€x

The frame of reference used across this paper is the body-
fixed frame. The equilibrium points are the critical points
of the effective potential V (r). Thus, the equilibrium points
satisfy the following condition

aV(x,y,z)  dV(x,y,z)  9V(x,y,2)
ox - ay N 9z N

0 C)]

where (x, y, z) are the components of r in the body-fixed
coordinate system. Let (xr, yL, zL)T denote the coordinates
of the critical point; the effective potential V(x, y, z) can
be written using a Taylor expansion at the equilibrium point
(xL, yL, zL)T. To study the stability of the equilibrium point,
the equations of motion relative to the equilibrium point
are linearised, and the characteristic equation of motion is
derived. In addition, it is necessary to check whether any
solutions of the characteristic equation have positive real
components. The Taylor expansion of the effective potential
V(x, y, z) at the point (x, yL, zL)T can be written as

1/8%V
Vix,y,z2) =V, yL,zL) + 5(?) (x —x)?
X /L
+l 32_V _ 2
2(8y2 )L(y yL)
i1 82—‘/) (z—z)?
2 8Z2 L . &L
a2V
+ <3x8y)L(x —xL)(y —yL)
+<82V) (x —xL)(z —zL)
axaz Lx A &L
9%V
+<8—) O-—y)z—z)+--- (10)
Y0z L

where the solving derivation sequence is changeable, which
implies that

V. 9*v. 02V v 97V 9%V
dxdy  dydx dxdz dzdx dydz  dzdy
Let’s define

Combining these equations with Eq. (5), the linearised equa-
tions of motion relative to the equilibrium point can be ex-
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pressed as

E — 200 + Vixé + Vi1 + Viug =0

i+ 20 + ViyE + Vyyn + Vit =0 (12)
4 Vgt + Vyan) + Vigg =0

It is natural to write the characteristic equation in the fol-
lowing form

M+ Vik  —20r+ Vg o Vi
20k + Viy A+ Vyy Vo, |=0 (13)
sz Vyz )\2 + sz

Furthermore, it can be written as
)LG + (Vxx + Vyy + Vi + 4602))\.4 + (Vxx Vyy
+ Voy Vi + Via Vix = Vigy = Vi, = Vi + 407 Vi, )12

z
+ (Vi Viy Viz + 2Viy Voo Vi — Vi Vi, = Viy Vg
— Vi Vi3) =0 (14)

where A denotes the eigenvalues of Eq. (12). Equation (14) is
a sextic equation for . The stability of the equilibrium point
is determined by six roots of Eq. (13). Let 1;(i = 1,2, ...,6)
be the roots of Eq. (13). The equilibrium point is asymp-
totically stable if and only if ReX; <O fori =1,2,...,6,
i.e., the equilibrium point is a sink (minimum) of the non-
linear dynamics system (Eq. (5)). Furthermore, the equilib-
rium point is non-resonant unstable if and only if there is a
i equals to one of 1,2, ..., 6, such that ReA; < 0, i.e., the
equilibrium point is a source or a saddle.

3 Stability of the equilibrium points in the potential
field of a rotating asteroid

In this section, the stability of the equilibrium points in the
potential field of a rotating asteroid is studied. First, the roots
of the characteristic equation at the equilibrium point are in-
vestigated; then, a theorem about the eigenvalues is given.
In addition, a sufficient condition for the stability of equilib-
rium points is presented, which only depends on the Hessian
matrix of the effective potential. Finally, a necessary and
sufficient condition for the stability of equilibrium points is
also presented.

Let’s denote

P(3) = 25+ (Vi + Vyy + Vi + 40%) A% + (Vi Vyy
+ VyyViz + Vi Vs = Vg, = Vi3, =V,
+ 407V ) A% + (Vix Vyy Vi + 2Viy Vi, Vi
— Vxx Vy2z ~ VgV, = Vau szy)

and it follows that P(A) = P(—A). Hence:
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Proposition 1 If ) is an eigenvalue of the equilibrium point
in the potential field of a uniformly rotating asteroid, then
—X, A, and —X are also eigenvalues of the equilibrium
point. Namely, all eigenvalues are likely to have the form
ta(@eR,a>0),£iB(BeR,B>0),and o Lit(o,T €
R;o0,7 > 0).

Theorem 1 If the matrix

Vix ny Vxz
VXY Vyy VYZ
Vxz Vyz Vzz

is positive definite, the equilibrium point in the potential field
of a rotating asteroid is stable.

Proof Equation (12) can be expressed as

MX + GX + KX =0, (15)
where
1 00
X=[¢ n ¢]'. M=[0 1 0],
0 0 1
0 _2(1) 0 Vxx ny VXZ
G=[20 0 0], K=V Vy V,
0 0 0 Vie Voo Vi

The matrices M, G, and K satisfy MT = M with M > 0,
GT = —G, and KT = K, respectively. The system that can
be expressed by the equation MX + GX + KX = 0 is stable
if the matrix

VXX VXy VXZ
K=|Vy Vyy Vy
Xz Vyz Vo

is positive definite. O

Theorem 1 is a sufficient condition for the stability of the
equilibrium points in the potential field of a rotating aster-
oid. The following Theorem 2 will provide a necessary and
sufficient condition for the stability of the equilibrium points
in the potential field of a rotating asteroid.

Theorem 2 The equilibrium point in the potential field of a
rotating asteroid is stable if and only if

Vix + Vyy + Vi —‘1-4602 >0

ViVyy + Voy Viz + Vi Vax + 407 Vi > VE+ V3, + Ve,
Via Vyy Viz + 2Viy Vo Vie > Vi Vg + VgV + Vi Vi,
A%+ 18ABC > 4A3C +4B% +27C?

(16)



Astrophys Space Sci (2014) 349:83-106

87

where

A= Vix + Vyy + Vg + de?

B = Vi Vyy + Vyy Viz + Vzz Vax — szy - Vyzz - szz
+ 4602 Viz

C = Vix Vyy Vi + 2Viy Vi Viz — Vixx Vy2z — Vyy szz
—Vu V3,

Proof Consider the linearised equation of motion relative to
the equilibrium point

MX +GX + KX =0

Because the matrices M, G, K satisfy MT =M withM > 0,
GT = —G, KT = K. The linearised equation is a gyroscope
conservative system.

The characteristic equation of the gyroscope conservative
system is

P(1) =20+ (Vix + Viyy + Viz +40%) A% + (Vi Vyy
+ VyyVaz + Vaa Vi — Vi3, = Vi, = V2
+40° V)22 + (Vi Vyy Vi + 2V Vi Vi
— ViV, = Viy Vi, = Vi Vi3, ) =0

Using the stability condition of the gyroscope conservative
system (Hughes 1986), the conclusion can easily be ob-
tained. (]

From Theorem 2, it can be noted that the necessary and
sufficient condition for the stability of the equilibrium points
in the potential field of a rotating asteroid depends on the
effective potential and the rotational angular velocity of the
asteroid.

4 Orbits, differentiable manifold and geodesic

Previously, we denoted (x, y, z) as the position of the space-
craft in the asteroid body-fixed coordinate system. Assum-
ing that A3 is the topological space generated by (x, y, ),
the open sets of A3 are naturally defined. It is clear that A3 is
a smooth manifold. In this section, a metric d,o2 is provided
so that the geodesic of (A3, dp?) is the orbit of the particle
relative to the asteroid.

Theorem 3 Denote dp? =2m(h — U)[dr - dr — (@ X 1) -
(@ x1)]; then, the orbit of the particle relative to the asteroid
on the manifold H = h is the geodesic of (A3, dp?) with the
metric d,oz. In addition, the geodesic of (A3, a’,oz) with the
metric dp? is the orbit of the particle relative to the asteroid
on the manifold H = h.

Proof The equation of motion is Eq. (1), and the Jacobian
constant is expressed by Eq. (2).
Let

t
J=/2[dr-dr—(wxr)-(wxr)]dt (17)
il

Then, on the manifold H = A, the variation is zero.
§J =0

On the manifold H = h, the following equation holds

dr ﬂ—( xT1)-(wxr1)=2(h—-U) (18)
dl‘.dl‘ @ XT) - (wWXr)=

Substituting this result into Eq. (17) yields the following

r
J:/ dp
r|

from which it can be shown that the variation 6J along the
orbit is zero. This result implies that the orbit on the man-
ifold H = h is the geodesic of (A3, d,oz) with the metric
dp?, and the geodesic of (A3, dp?) with the metric dp? is
the orbit on the manifold H = h. (]

Denote M = (A3, d,o2), where M is a smooth manifold,
and the metric dp? is not positive definite. For the equilib-
rium point L € M, denote its tangent space as 77 M. Then,
dimM =dimT; M = 3. Let

™ = U T,M={(p.q)lpeM,qeT,M)}
peM

then, TM is its tangent bundle. It follows that dim7M = 6.
Let = be a sufficiently small open neighbourhood of the
equilibrium point on the smooth manifold M. Then, the
tangent bundle of Z' is T&Z = J,e5 )& = {(p,9)lp €
E,q €TpZ}, and dimTE = 6. Let (S, £) be a 6-dimen-
sional symplectic manifold near the equilibrium point
such that S and 7' Z are topological homeomorphism but
not diffeomorphism, where §2 is a non-degenerate skew-
symmetric bilinear quadratic form.

5 Manifold, periodic orbits and quasi-periodic orbits
near equilibrium points

To determine the motion, the manifold, the periodic orbits
and the quasi-periodic orbits near the equilibrium points, the
stability and the eigenvalues of the equilibrium points must
be known.

@ Springer
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5.1 Eigenvalues and submanifold

The equilibrium point in the potential field of a rotating as-
teroid has 6 eigenvalues, which are in the form of Lo (x €
R,a >0;j=1,2,3), if;j(B€R,B>0;j=1,2), and
+o tit(o, 7 €R; 0o, v > 0). In fact, the forms of the eigen-
values determine the structure of the submanifold and the
subspace. There is a bijection between the form of the eigen-
values and the submanifold or the subspace.

Let us denote the Jacobian constant at the equilibrium
point by H (L), and the eigenvector of the eigenvalue A;
as u;. Let us define the asymptotically stable, the asymp-
totically unstable and the central manifold of the orbit on
the manifold H = h near the equilibrium point, where & =
H(L)+ &2, and &% is sufficiently small that there is no other
equilibrium point L in the sufficiently small open neigh-
bourhood on the manifold (S, £2) with the Jacobian constant
H (L) that satisfies H(L) < H(L) < h.

The asymptotically stable manifold W*(S), the asymp-
totically unstable manifold W*(S), and the central mani-
fold W¢(S) are tangent to the asymptotically stable sub-
space E’(L), the asymptotically unstable subspace E*(L),
and the central subspace E€(L) at the equilibrium point, re-
spectively, where

E*(L) = span{uj|ReA; <0},
E°(L) :span{uﬂReAj = O},
E"(L) =span{uj|ReAj > 0}

Let’s define W (S) as the resonant manifold, which is
tangent to the resonant subspace E" (L) = span{u;|3A, s.1.
Red; =Reiy =0,ImA; =ImAg, j #k}.

Thus, it can be seen that (S,2) ~TE = W) &
We(S) @ W*(S), where ~ denotes a topological homeomor-
phism, = denotes a diffeomorphism, and & denotes a direct
sum. Then, E" (L) C E(L) and W' (S) C W(S).

By defining 77, S as the tangent space of the manifold
(S, £2), the homeomorphism of the tangent space can be
written as TpS = E°(L) @ E°(L) @ E*(L). Considering the
dimension of the manifolds, the following equations hold

dim W*(S) + dim W¢(S) 4 dim W*(S) = dim(S, 2)
=dimT & =
dimE*(L) +dim E¢(L) +dim E¥(L) =dim7T;,S=6

dim E" (L) = dim W' (S) < dim E°(L) = dim W*(S)

Based on the conclusions above, the following theorem can
be obtained.

Theorem 4 There are eight cases for the non-degenerate
equilibrium points in the potential field of a rotating aster-
oid:
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Case 1: The eigenvalues are different and in the form
of £iBj(Bj € R,Bj > 0;j = 1,2,3); then, the struc-
ture of the submanifold is (S, 2) ~ T& = W(S), and
dim W”(S) =0.

Case 2: The forms of the eigenvalues are £oj(aj €R, o >
0,j=1) and £iB;j(B; €R,B; > 0;j = 1,2), and the
imaginary eigenvalues are different; then, the structure of
the submanifold is (S, 2) ~TE = W*(S) @ W°(S) &
W*(S), dim W¢(S) = 4, dim W*(S) = dim W*(S) = 1,
and dim W (S) =0.

Case 3: The forms of the eigenvalues are £oj(aj €R, o >
0;j=1,2) and £iB;(B; € R, B; > 0, j = 1); then, the
structure of the submanifold is (S, 2) ~TE = W*(S) &
wels) & W), dimWw”"(S) = 0, and dim W*(S) =
dim W¢(S) = dim W*(S) = 2.

Case 4: The forms of the eigenvalues are o j(aj €R, o >
0,j=1)and £o £it(o,T €R;0,7 > 0); or L (a; €
R,a; >0, j=1,2,3); then, the structure of the submani-
foldis (S, 2) ~TE = W5(S)® W*(S), and dim W*(S) =
dim W*(S) =3.

Case 5: The forms of the eigenvalues are i (B; € R, B; >
0,j =1 and £o Lt it(o,7 € R;o0,t > 0); then, the
structure of the submanifold is (S, 2) ~TE = W*(S) &
wels) & WH(S),dimW’'(S) = 0, and dimW*(S) =
dim W¢(S) = dim W*(S) = 2.

Case 6: The forms of the eigenvalues are Xifj(B; € R, f1 =
B2 = B3> 0;j=1,2,3); then, the structure of the sub-
manifold is (S,2) ~ TE >~ WS) ~ W'(S), and
dim W (S) = dim W¢(S) = 6.

Case 7: The forms of the eigenvalues are Zif;(B; € R, B; >
0, B1 = B2 # B3; j =1, 2, 3); then, the structure of the sub-
manifold is (S, 2) ~TE = W(S), and dim W' (S) = 4.

Case 8: The forms of the eigenvalues are aj(aj € R, o >
0,j=1,%xiBj(Bj €R, 1 = B2 > 0; j = 1,2); then, the
structure of the submanifold is (S, 2) ~TEZ = W*(S) &
wels) & W S), dimWw"(S) = dimW<S) = 4, and
dim W*(S) =dim W*(S) = 1.

Theorem 4 describes the structure of the submanifold as
well as the stable and unstable behaviours of the particle
near the equilibrium points. For Cases 68, because the res-
onant manifold and the resonant subspace exist, the equi-
librium point is resonant. Considering that the structures of
the submanifold and the subspace are fixed by the charac-
teristic of the equilibrium points, it can be concluded that
the equilibrium points with resonant manifolds are resonant
equilibrium points. Only Case 1 leads to linearly stable equi-
librium points, and Cases 2-5 lead to unstable equilibrium
points. Thus, one can obtain

Corollary 1 The equilibrium point is linearly stable if and
only if it belongs to Case 1. The equilibrium point is unsta-
ble and non-resonant if and only if it belongs to one of the
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Cases 2-5. The equilibrium point is resonant if and only if it and the coefficients yield
belongs to one of the Cases 6-8. .
Cgl =&y cos Bty — % sin Bt

The classes of orbit near the equilibrium points include: Se1 =&osin Bty + E—‘: cos fit
periodic orbit, Lissajous orbit, quasi-periodic orbit, almost Cy1 = 1o cos Bitg — M gin Bit

L. . & . . n B (23)
periodic orbit, etc. Let 7" be a k-dimensional torus. Then,

the periodic orbit is on a 1-dimensional torus T!, the Lis-
sajous orbit is on a 2-dimensional torus 72, and the quasi-
periodic orbit is on a k-dimensional torus TK(k > 1).

5.2 Linearly stable equilibrium points

Theorem 4 and Corollary 1 show that the linearly stable
equilibrium points only correspond to Case 1. In this sec-
tion, more properties of Case 1 are discussed.

In Case 1, there are three pairs of imaginary eigenvalues
of the equilibrium point, which is linearly stable. The motion
of the spacecraft relative to the equilibrium point follows a
quasi-periodic orbit, which is expressed as

& = Cg1cos Bt + Sg1sin B1t + Cgp cos ot + Sga sin ot
+ Cg3 cos B3t + Sg3 sin B3t

n = Cy1cos Bit + Sy1sin B1t + Cpo cos Bot + Sy sin ot
+ Cy3 cos B3t + Sy3 sin B3t

¢ =Crrcos Bt + Sy sinBit + Cracos Bot + Seo sin Pt
+ C¢3 cos B3t + Sy3 sin B3t

19)

There are three families of periodic orbits, which have
periods

2 2 21
Ty =—, h=—, T3 =— (20
Bi B2 B3
With the condition

Coo=Cp=Chr=8S2=8p=82=C3=Cp=
Cr3 = Se3 = Sy3 = S¢3 =0, the first family of periodic or-
bits has the form

& = Cg1cos Bt + Sg1 sin Bt
n = Cy1 cos Bit + Sy1sin 1t 21
¢ =Cyycos Bt + S¢qsin Byt

The period of the first family of periodic orbits is
Ty = 2%
Sy e s
Denote fg as the initial time. Then, the initial state can be

expressed as

£(t0) = &0, £ (10) = &o
n(to) = no, (1) = o (22)
¢ (o) = %o, ¢ (t0) = %o

Spy1 = nosin Bitg + g—? cos Bt
Cr1=&ocos Bitg — % sin Bt
Se1 = ¢osinBitg + %cosﬁlt

Using Eq. (23), we can calculate the coefficients of the
first families of periodic orbits if we know the initial state.
The other two families of periodic orbits satisfy the condi-
tion

Ca1=Cn=Cr=8S1=S1=81=Ce3=Cy3

=Cr3=8:3=8;3=83=0
or

Ce1=Cp=Cr1=8:1=8;1=S8Sc1=Ce2=Cpp=Cs2

=8:02=82=82=0

In addition, they have similar forms of the position equation
and the coefficient equation.

Theorem S For an equilibrium point in the potential field of
a rotating asteroid, the following conditions are equivalent:

(a) It is linearly stable.

(b) The roots of the characteristic equation P()) are in the
form of £iB;(B; €R,B; >0;j=1,2,3), and if j #
k(j=1,2,3;k=1,2,3), then B; # Px.

(¢c) The motion of the spacecraft relative to the equilibrium
point follows a quasi-periodic orbit, which is expressed
as

& = Cgycos Bit + Sg1 sin Bit + Cgp cos Bot + Sgp sin Bt
+ Cg3 cos B3t + Sg3 sin Bt

n = Cy1cos Bit + Sy1sin B11 + Cya cos Bot + Syo sin ot
+ Cy3 cos B3t + Sy3 sin B3t

¢ =Crrcos Bt + Sy sinBit + Crocos Bat + Seo sin Bt
+ C¢3cos B3t + S 3 sin B3t

(d) There are four families of quasi-periodic orbits in the
tangent space of the equilibrium point, which can be ex-
pressed as

&= Cg] cos Bt + Sg] sin 81t + ngCOS,th

+ Sg2 sin Bot

n = Cy1cos Bit + Sy1sin B1t + Cpo cos Bt
+ Sy2 sin Bot

¢ = Crycos Bt + Sp18in Byt + Cra cos Bot
+ S¢osin Bot
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& = Cgrcos Bt + Sg1sin Bit + Ce3 cos B3t
+ Sg3 sin B3t

n = Cy1cos Bit + Sy sin B1t + Cp3 cos Bzt
+ Sy3 sin B3t

¢ = Crycos Bt + S¢1sin Byt + Cr3 cos B3t
+ S¢3 sin B3t

& = Cgrcos ot + Sg2 sin Bot + Ce3 cos B3t
+ Sg3 sin B3t

n = Cyacos Bat + Sy sin fot + Cp3 cos Bzt
+ S,3 sin B3t

¢ = Cypcos Bot + Spp sin ot + C3 cos B3t
+ S¢3sin B3t

&= Cgl cos Bt + Sg] sin 81t + ngCOSﬁzl
+ Sgo sin ot + Ceg3 cos B3t + Sg3 sin B3t

n = Cy1cos Bit + Sy sin B1t + Cpp cos Bot
+ Sy2 sin Bot + Cy3 cos B3t + Sy3 sin B3t

¢ = Crycos Bt + S¢ysin Byt + Cra cos Bot
+ S¢2sin Bt + Cr3 cos B3t + Sz sin Bst

(e) There are four families of quasi-periodic orbits near the
equilibrium point, and they are on the k-dimensional
tori TF(k =2, 3).

(f) There are three families of periodic orbits in the tangent
space of the equilibrium point, which have the periods
T]:%—T,Tz:%—i,Tg,:z—”.

(g) There are three families of periodic orbits near the equi-
librium point.

(h) There is no asymptotically stable manifold near the
equilibrium point, and the roots of the characteristic
equation P()\) satisfy the following condition: If j #
k(j=1,2,...,6;k=1,2,...,6), then A; # A.

(1) There is no unstable manifold near the equilibrium
point, and the roots of the characteristic equation
P()\) satisfy the following condition: If j # k(j =
1,2,...,6;k=1,2,...,6), then Aj # Ay.

() The dimensions of the central manifold W°(S) and the
resonant manifold W' (S) satisfy dim W¢(S) = 6 and
dim W’ (S) = 0, respectively.

(k) The dimensions of the central subspace E°(L) and the
resonant subspace E" (L) satisfy dim E€(L) = 6 and
dim E” (L) = 0, respectively.

(1) The structure of the submanifold is (S,2) ~TEZ =
We(S), W' (S) =0, where @ is an empty set.

(m) The structure of the subspace is TrS = E°(L), and
E"(L)=40.

Proof (a) = (b): Using Theorem 4, it is obvious.

(b) = (c): Using the solution theory of ordinary differen-
tial equations, one can obtain (c).

(c) = (d): It is obvious.

(d) = (e): Among the four families of quasi-periodic
orbits that are expressed in (d), the first three families of
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quasi-periodic orbits near the equilibrium point are on 2-
dimensional tori 72, and the last family of quasi-periodic
orbits near the equilibrium point is on a 3-dimensional
torus 7'3.

(e) = (f): Assuming that there are four families of quasi-
periodic orbits near the equilibrium point, which are on
the k-dimensional tori T* (k = 2,3), we can eliminate
Cases 2—-8. Thus, the equilibrium point is linearly stable, and
(a) is established.

Considering (a) and (c), we derive that there are three
families of periodic orbits in the tangent space of the equi-
librium point that have the periods 71 = /26_7’ T, = %—’ZT and
T3 = iy

B3

(f) = (g): It is obvious.

(g) = (a): Because there are three families of periodic
orbits, we can eliminate Cases 2—8 and obtain (a).

(a) = (i): Because the equilibrium point is linearly stable,
there is no unstable manifold or resonant manifold near the
equilibrium point. We obtain (i).

(h) & () © () © (k) & (1) < (m): It is obvious.

(m) = (a): The structure of the subspace is T.S =
E°(L), and E"(L) = . Thus, the dimensions of the un-
stable manifold and the resonant manifold near the equilib-
rium point are equal to 0. Then, the eigenvalues have the
form £iB;(B; €eR,B; >0;j=1,2,3), and if j £ k(j =
1,2,3;k=1,2,3), then B; # B. This result leads to (a). [

Strictly speaking, Eq. (19) is the projection of the motion
to the tangent space of the equilibrium point; Eq. (19) is the
approximate expression of the motion. Because Theorem 6
is about the necessary and sufficient conditions of the linear
stability of the equilibrium points in the potential field of a
rotating asteroid, there is a corollary for the linear instability
of the equilibrium points.

Corollary 2 For an equilibrium point in the potential field
of a rotating asteroid, the following conditions are equiva-
lent:

(a) It is linearly unstable.

(b) The roots of the characteristic equation P(A) do not
have the form £iB;j(B; € R,B; > 0;B; # Br; j. k =
1,2,3,j #k).

(c) There are fewer than four families of quasi-periodic or-
bits on the k-dimensional tori T*(k = 2,3) near the
equilibrium point.

(d) There are fewer than three families of periodic orbits in
the tangent space of the equilibrium point.

(e) There is an asymptotically stable manifold near the
equilibrium point or one of the Cases 6-8 is satisfied.

(f) There is an unstable manifold near the equilibrium point
or one of the Cases 6-8 is satisfied.
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(@
. : dim We(S) =6
dim W*(8) < 6 { dﬁ va’g; >0

(h)

3 C —
dim E€(L) < 6 {dlmE (L)=6

dimE"(L) >0
5.3 Unstable equilibrium points

In this section, the unstable equilibrium points with no
resonant manifold are discussed. The unstable equilib-
rium points can be classified into four cases, which have
been presented in Theorem 4. From Theorem 4, it is
known that an equilibrium point is unstable if and only if
dim W*(S) > 1, dim W” (S) = 0, with Case 2 corresponding
to dim W*(S) = 1 and dim W"(S) = 0; Case 3 and Case 5
corresponding to dim W*(S) = 2 and dim W"(S) = 0; Case
4 corresponding to dim W*(S) = 3 and dim W" (S) = 0.

5.3.1 Case 2

There are two pairs of imaginary eigenvalues and one pair
of real eigenvalues for the unstable equilibrium point. The
motion of the spacecraft near this equilibrium point, and rel-
ative to it, is expressed by

&= Aslealt + Bgle_alt + Cg1cos Bt + Sg1 sin Bt
+ Cga cos ot + Sg2 sin Bot

n=Ape*" + Byie~ " + Cyicos fit + Sy1 sin Bt
+ Cy2 cos Bot + Syp sin Bt

= A;lealt + Bgle_alt + Crycos Bt + S¢q sin Byt
+ Cyacos Bot + Seo sin Bot

(24)

The almost periodic orbit near the equilibrium point can be
expressed by

&= Bgle_alt + Cg1cos Bt + Sg1 sin Bt
+ Cg2 cos ot + Sga sin Bt

n= Byie~ " + Cyj cos Bit + Syi sin it
+ Cy2 cos Bot + Syp sin Bt

¢ = Brie” ! + Cricos Bit + Sy sin Bt
+ Cyacos Bot + S¢o sin Bot

(25)

The central manifold is a 4-dimensional smooth mani-
fold, which is given by Ag1 = Bey = Ay = Byj1 = Agp =
B;1 = 0. The motion of the spacecraft relative to the equi-
librium point on the central manifold follows a Lissajous
orbit.

There are two families of periodic orbits on the central
manifold. The first family of periodic orbits is given by

{AglZBglenlzB,ﬂ:A;l:BCl:O
Cer=8:2=Cp=8Sp=Cr2=58,-=0

21

and the period is 71 = iR

orbits is given by

The second family of periodic

{Aglngl =An=Bp=An=B;1=0
Ce1=8:1=Cpn=851=C1=851=0

and the period is

T 2
2= 7=
p2
The asymptotically stable manifold is generated by
& = Bgje !
n=Bpie (26)
{ = Bie !

It is a 1-dimensional smooth manifold.
The unstable manifold is generated by

EZAglealt
n=A, e 27
é- ZACIE(I][

It is a 1-dimensional smooth manifold. The general result of
Case 2 is stated as follows.

Theorem 6 For an equilibrium point in the potential field of
a rotating asteroid, the following conditions are equivalent:

(a) The roots of the characteristic equation P (L) are in the
form of faj(aj € R,a; >0,j =1) and +i;(B; €
R, B; > 0; j =1,2), where B1 # B>.

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, can be expressed as

& =Ag1e™" + Bzre " 4 Cgj cos it + Sgisin Bt
+ Cga cos Bt + Sg2 sin Bt

n=Aye"" + Byie” ! + Cyicos Bit + Sy1sin Bt
+ Cy2.cos Bt + Syp sin Bt

=Ac1e" + Brre " + Crycos Bit + Sesin Bt
+ Cyacos Baot + Seo sin Bot

(¢c) The characteristic roots are different, and there are two
Sfamilies of quasi-periodic orbits in the tangent space of
the equilibrium point, which can be expressed as

&= Csl cos Bt + Sgl sin 81t + ng cos Bat + ng sin Byt
n = Cy1cos Bit + Sy1sin B1t + Cpo cos Bot + Syo sin ot
¢ =Crycos Bt + Seisin Byt + Cra cos Bat + Seo sin ot
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(d) The characteristic roots are different, and there are two
families of quasi-periodic orbits near the equilibrium
point on the 2-dimensional tori T?.

(e) There are two families of periodic orbits in the tangent
space of the equilibrium point, which have the periods
T, = 2—71, T = gy

Bi B2

(f) There are two families of periodic orbits near the equi-
librium point.

(g) The structure of the submanifold is (S,2) ~TE =
WS(S)@e We(S) W*(S); dim W(S) =4, dim W*(S) =
dim W*(S) = 1, and dim W’ (S) = 0.

(h) The structure of the subspace is TrS = ES(L) &
ES(L) & E“(L);dmE‘(L) = 4, dimE’(L) =
dim E*(L) =1, and dim W" (S) = 0.

Proof The proof for Theorem 6 is similar to that for Theo-
rem 5. (]

5.3.2 Case 3

The eigenvalues of the equilibrium point are in the form
of Xaj(aj e R,a; >0;j=1,2) and £iB;(B; €R, B; >
0, j = 1). The equilibrium point is unstable. The motion of
the spacecraft near the equilibrium point, and relative to it,
is expressed as

S=A3’:1€a1t+B§]€_alt+A§2€a2t+B§2€_a2t
+ Cg1cos Bt + Sg1sin Byt

nzAnlealt +Bnle_alt+A7]23a2t +B’]2€—a2t
+ Cy1cos Bit + Sy1 8in Byt

;— =A§1€a1t+B;1€_a1t+A§2ea2t+B;2€_a2l
+ Cricos Bit + Seq sin Byt

(28)

The almost periodic orbit near the equilibrium point can
be expressed as

£E= Bgle_all + Bgze_azt + Ce1cos Bt + Sg1sin it
n=Bye *" 4+ Bpe " + Cyy cos fit + Sy sin it
.= B;lefo”t + B;zeiazt + Cricos Bit + Seqsin Byt

(29)
The central manifold is given by

{A§1=B§1=An1=B,71=A;1=B§1=O
A§2:B§2=A172=B772:A§2=B§2=O

and it is a 2-dimensional smooth manifold.
There is one family of periodic orbits, which is given by

{Agl =B§1 =A,/1 =B,71 =A;1 =B§1 =0
Agp=Bsr=Ap=Bp=A;=B;=0
and the period is

21

T = —
Bi
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The asymptotically stable manifold is generated by

&= Bgle_alt + Bgze_azt

n=Byie ' + Bpe (30)
é‘ = B;]éialr + B;zeiazt
It is a 2-dimensional smooth manifold.
The unstable manifold is generated by
&= Aglealt + Agzeazt
n=A,e"" + Ape*? 31

C = A;lealt + A;zeazt

It is a 2-dimensional smooth manifold. Then, the general
result for Case 3 is stated as follows.

Theorem 7 For an equilibrium point in the potential field of
a rotating asteroid, the following conditions are equivalent:

(a) The roots of the characteristic equation P (X)) have the
form xtaj(a; € Ryaj > 0;j =1,2) and *iB;(B; €
R,8;>0,j=1).

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, is expressed as

g=A§1€alt+B§1€_alt+A§2€a2t+B§2€_a2t
+ Cg1cos Bt + Sg1 sin Bt

n:Anlealt +Bnle—a1t+Anzea2t +ane—a2t
+ Cy1cos Bt + Sy sin Byt

§:A§1€alt +B§Iefol1t+A§2€a2t +Bg_2efot2t
+ Cricos Bit + Seqsin Byt

(c) There is one family of periodic orbits in the tangent
space of the equilibrium point, which has the period
T = 2—717, and the dimension of the unstable manifold
satisfies dim W*(S) = 2; there is at least one character-
istic root in the real axis.

(d) There is one family of periodic orbits near the equilib-
rium point, and the dimension of the unstable manifold
satisfies dim W (S) = 2; there is at least one character-
istic root in the real axis.

(e) The asymptotically stable manifold is generated by

£E= Bgle_o”t + Bgze_azt
n=Bye *" 4 Bpe !
¢ =Brie™ " + Brpe™®!

(f) The unstable manifold is generated by

&= Aglealt + Agzeaz[
n= Anledlf -+ Anzeazt
{ = A;le"”’ + A;zeo‘z’

(g) The structure of the submanifold is (S, 2) ~T&Z =
WS@S) @& WeS) & W*%S), and dimW*S) =
dim W€(S) = dim W*(S) = 2; there is at least one char-
acteristic root in the real axis.
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(h) The structure of the subspace is T S = E*(L) &
E°(L) & E*(L), and dimE*(L) = dimE“(L) =
dim E*(L) = 2; there is at least one characteristic root
in the real axis.

5.3.3 Case 4

The forms of the eigenvalues are *oj(a; € R,aj > 0,
j=1) and £o £it(o,7 € Rjo,7 > 0), or *a;(a; €
R,a; >0, j =1,2,3). The equilibrium point is unstable.
The motion of the spacecraft near the equilibrium point, and
relative to it, is expressed as

£ =Ag1e®" + Bgre ' + Ege®' costt + Fge®' sintt
+ Gge %' costt + Hge %'sintt

n=Ape*"" + Byie~ " + E, e’  costt + F,e’" sintt
+ Gpe %' costt + Hye °'sintt

{=Ap1e" + Brre ' + Ece?’ costt + Fre?' sintt
+ Gre %'costt + Hee ' sintt

or (32)

£ =Az1€"" + Bere M + Agre*?' 4 Bepe ! + Agze®!
+ Bg3€_a3t

n =A,7]€a|t +tBnle—a1t +A’]2€a2t +Bﬂze—a2t +A,]3€a3t
+ Bjze™®

{ = A“e“l’ + B;le_“” + A;ge‘m + B;ze_‘w + A{3€a3t
+ B£3e—0{3[

The asymptotically stable manifold is generated by

& =Bgie " + Gge ' costt + Hge 7' sintt
n=Byie """ + Gpe ' costt + Hye °'sintt
{=Brie ™ +Gre " costt + Hee ' sintt

or (33)
%': Béle_a]t +B§26_a2t + Bé3e_a3t

n=Bpie~ """ + Bype ' + B,ze~*
.= B;]E_a't + B;ze_azt + B§3e_a3t

It is a 3-dimensional smooth manifold. The unstable
manifold is generated by

£ =Ag1e*" + Eze®' costt + Fge?'sintt
n=Ae* + Eye® costt + Fpe® sintt
{=Ac1e" + Ece®' costt + Fe”' sintt

or (34)

&= Aglealt + Agzeazt + Ag3ea3t
n=Ae® + Ape*? + Apze*!
; = Aglealt + A;ze‘azt + A;3€a3[

It is a 3-dimensional smooth manifold. Then, the general
result of Case 4 is stated as follows.

Theorem 8 For an equilibrium point in the potential field of
a rotating asteroid, the following conditions are equivalent:

(a) The roots of the characteristic equation P(A) are in
the form of *aj(a; € R,aj > 0,j =1) and o =
it(o,T € Rjo,7 > 0), or 2aj(a; € R,a; >0,j =
1,2,3).

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, is expressed as

&= Aglealt + Bgle_all + Egeot Ccos Tt

+ Fee®'sintt 4+ Gge %' costt + Hee 7' sintt
n=Ape*" + Byie " + E, e’ costt

+ Fye?'sintt + Ge %' costt + Hye ' sintt
{=Ar1e" + Brre ' 4 Ege®! cos tt

+ Fre?'sintt + Gre %' costt + Hee ' sintt
or

&= Aglealt + Bgle_o”l + Agzeazt + Bgze_aﬂ
+ Ag3ea3t + Bg3€7‘13l

n=Ape*" 4+ Byie " + Ape® + Bype *!
+ Aj3e*3' + Byze” !

{=Ap1e" + Brie™ " + Appe®?' 4 Bype !
=+ A;ge”‘ﬁ + B§3€_a3t

(c) There is no periodic orbit in the tangent space of the
equilibrium point.

(d) There is no periodic orbit near the equilibrium point.

(e) The asymptotically stable manifold is generated by

& =Bgre ' + Gege %' costt + Hee 'sintt

n=Bpie " + Gpe ' costt + Hye "' sintt

{=Brie ' +Gre %" costt + Hee ' sintt
or

& = Bzre ' + Bgre ' + Bgze *3!
n=Bye *" 4+ Bpe *' + Byze !
é‘ = Bgleialt + B;—2€70{2[ + B;}Eia}t

(f) The unstable manifold is generated by

& =Ag1e"" + Ege®' costt + Fge®' sintt

n=Ae"" + Eye® costt + Fye?' sintt

{=Ag1e"" + Ece costt + Fre® sintt
or

&= Aglea]t + Agzeazt + A§3ea3t
n= Anlealt + Anzeazt + A,73ea3t
é‘ = A{]@a]t + Agzé’azt + AC3€a3t

(g) The structure of the submanifold is (S,2) ~TE =
W (S) @ WH(S).

(h) The dimension of the unstable manifold satisfies
dim W (S) = 3.

(i) The dimension of the asymptotically stable manifold sat-
isfies dim W*(S) = 3.

(G) The structure of the subspace is TS = ES(L) @ E"(L).
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(k) The dimension of the unstable subspace satisfies
dim E*(L) =3.

(1) The dimension of the asymptotically stable subspace
satisfies dim E* (L) = 3.

5.3.4 Case 5

The forms of the eigenvalues are +if;(B8; € R, 8; > 0,
j=1and 0 £ it(o,t € R; 0,7 > 0). The equilibrium
point is unstable. The motion of the spacecraft near the equi-
librium point, and relative to it, is expressed as

& = Cgicos Bit + Sgisin it + Ege®' costt

+ Fee®'sintt + Gge ' costt + Hge 7' sintt
n = Cp1cos Bit + Sy sinBir + Epe®’ cos tt

+ Fye?'sintt + Gye %' costt + Hye %' sintt
¢ =Crrcos it + SgisinBit + Eqe”' costt

+ Fre?'sintt + Gre %' costt + Hpe ' sintt

(35)

The almost periodic orbit near the equilibrium point can be
expressed as

& = Cgicos Bit + Sgrsinpit + Gge ' costt
+ Hze “'sintt

n=Cp1cos Bit + Sy1sinBir + Gpe ' costt
+ Hye %'sintt

¢ =CrrcosBit + Seisinpit + Gee ' costt
+ Hye %'sintt

(36)

The central manifold is given by
Ee=F:=Gg=H: =0

E,=F,=G,=H,=0

(37)

It is a 2-dimensional smooth manifold.
The asymptotically stable manifold is generated by

&£ =Gge ?'costt + Hze 'sintt
n=Gne " costt + Hye 'sintt
{=Gre 'costt + Hre 7' sintt

(38)

It is a 2-dimensional smooth manifold.
The unstable manifold is generated by

§ = Eze?' costt + Fze®'sintt
n=Eye’ costt + F,e’ sintt
{=E;e’ costt + Fre®'sintt

(39)

It is a 2-dimensional smooth manifold. Then, the general
result for Case 5 is stated as follows.

Theorem 9 For an equilibrium point in the potential field of
a rotating asteroid, the following conditions are equivalent:
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(a) The roots of the characteristic equation P(A) are in
the form of £i;j(B; € R,B; > 0,j =1) and o =
it(o,T1€R;0,7>0).

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, is expressed as

& = Cgycos it + Sgrsin Bt + Ege®' cos Tt

+ Fee®'sintt + Gge ' costr + Hge 7' sintt
1= CyicosBit + Sy sinBit + Ene® cos tt

+ Fye®'sintt + Gpe ' costr + Hye %' sintt
¢ =CqicosBit + Seisin it + Eqe’ costt

+ Fre'sintt + Gee ' costt + Hpe ' sintt

(c) There is only one family of periodic orbits in the tan-
gent space of the equilibrium point, which has the pe-
riod T = 2—”, and the dimension of the unstable mani-
fold satisfies dim W*(S) = 2. There is no characteristic
root in the real axis.

(d) There is only one family of periodic orbits near the equi-
librium point, and the dimension of the unstable mani-
fold satisfies dim W*(S) = 2. There is no characteristic
root in the real axis.

(e) The asymptotically stable manifold is generated by

& =Gge 'costt + Hze 'sintt
n=Gue °"costt + Hye 'sintt
{=Gre 'costt + Hee ?'sintt

(f) The unstable manifold is generated by

& = Ege’ costt + Fre' sintt
n=Epe° costt + F,e’ sintt
{=E;e" costt + Fre' sintt

(g) The structure of the submanifold is (S,2) ~TE =
WS(@S) & WS) & W“S), and dimWS(S) =
dim W¢(S) = dim W*(S) = 2. There is no character-
istic root in the real axis.

(h) The structure of the subspace is TS = E°(L) &
E°(L) & E“(L), and dimE*(L) = dimE°(L) =
dim E*(L) = 2. There is no characteristic root in the
real axis.

5.4 Resonant equilibrium points

The resonant manifold and the resonant orbits exist if
and only if one of the Cases 6-8 is satisfied. An equilib-
rium point is resonant if and only if dim W’ (S) > 0, with
Case 6 corresponding to (S, 2) ~TE& ~ W(S) =~ W' (S),
dim W' (S) = dim W¢(S) = 6; Case 7 corresponding to
S, 2)~TE ~WS), dim W) = 6 and dim W’ (S) =
4; as well as Case 8 corresponding to (S,2) ~T& ~
WS(S) @& W) & W*(S),dim W' (S) = dim W¢(S) = 4,
and dim W*(S) = dim W*(S) = 1.
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5.4.1 Case 6

The motion of the spacecraft relative to the equilibrium point
ison a 1:1:1 resonant manifold, which can be expressed as

& = Cgrcos Bt + Sg1sin Byt + Pgit cos Byt

+ Q¢1tsin Byt + sztz cos Bt + nglz sin 81t
n = Cy1cos Bit + Sy sin Bt + Pyt cos Bit

+ Opitsin Byt + Pn2t2 cos it + antz sin Bt
¢ =Crycos Bt + Sg1sin Byt + Pyt cos Bit

+ Q1 sin Bt + P;2t2 cos it + Q;ztz sin Bt

(40)

The resonant manifold is a 6-dimensional smooth man-
ifold. There is only one family of periodic orbits, which is
given by

Pe1 = Q1= P2 =0e0=0
P,71=Q,71=P,72=Q,72=0
Pr1=Q0r1=P2=0,=0

2

and the period is 71 = B

Then, the general result of Case
6 is stated as follows.

Theorem 10 For an equilibrium point in the potential field
of a rotating asteroid, the following conditions are equiva-

lent:

(a) The roots of the characteristic equation P (L) are in the
Jformof £iB;(Bj €R, B1=po=p3>0;j=1,2,3).

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, can be expressed as

& = Cg1cos Bt + Sg18in Bit + Pgqt cos it

+ Qg1tsin Byt + sztz cos it + ngtz sin Bt
n = Cy1cos Bit + Sy sin Bit + Pyt cos Bt

+ Oyt sin Byt + Pnzt2 cos it + antz sin 1t
¢ =Crycos Bt + Seqsin Byt + Pyt cos Byt

+ Qc1tsin Bt + szt2 cos it + Q;zt2 sin Bt

(¢c) The structure of the submanifold is (S,2) ~TE =
W) = wWn(S).

(d) The resonant manifold is a 6-dimensional manifold:
dim W (S) = dim W¢(S) = 6.

(e) The structure of the subspace is TtS = E(L) = E"(L).

(f) The resonant subspace is a 6-dimensional space:
dim E€(L) =dim E" (L) =6.

5.4.2 Case7

The motion of the spacecraft near the equilibrium point, and
relative to it, can be expressed as

& = Cgycos B1t + Sg1 sin Bit + Peyt cos Bt

+ Q¢1t sin Byt + Cg3 cos B3t + Sg3 sin B3t
n = Cy1cos Bt + Sy sin Bit + Pyt cos Bit

+ Opitsin Byt 4 Cy3cos B3t + Sy3 sin B3t
¢ =CrycosBit + Sgisin Byt + Prytcos Bit

+ Qc1tsin Byt + Cr3cos B3t + Se3sin B3t

(41)

There is a 1:1 resonant manifold, which is generated by

& = Cgycos B1t + Sg1sin Byt + Pgyt cos Bt
+ Qg1 sin Byt

n = Cy1cos Bit + Sy1sin B1t + Pyit cos Bt
+ Oyt sin Byt

¢ =CrrcosBit + Sgysin Byt + Prytcos Bt
+ Q1 sin Byt

(42)

The resonant manifold is a 4-dimensional smooth manifold.
There are two families of periodic orbits. The first family of
periodic orbits is given by

Pey = Qg1 =Ce3=Se3=0
Pnlem:Crﬁ:Srﬂ:O
Pr1=0Q0;1=C3=8;3=0

27

B The second family of periodic

and the period is 71 =
orbits is given by

Pey=Qe1=Ce1 =81 =0
Pnlem:CnIZSnIZO
Pr1=0Q;1=C¢1=81=0

and the period is 73 = %—’3’ Then, the general result of Case
7 is stated as follows.

Theorem 11 For an equilibrium point in the potential field
of a rotating asteroid, the following conditions are equiva-
lent:

(a) The roots of the characteristic equation P(A) are in
the form of £if;(Bj € R,B; > 0,1 =P # B3;j =
1,2,3).

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, can be expressed as

& = Cg1cos Bit + Sg1sin Bt + Pgtcos Bt

+ Qg1t sin Byt + Cg3 cos B3t + Sg3 sin B3t
n = Cy1cos Bit + Sy1sin B1t + Pyt cos Bt

+ Opitsin Byt + Cy3cos B3t + Sy3 sin B3t
¢ =Crycos Bt + Seisin Byt + Pyt cos Bit

+ Qc1tsin Byt + Cr3cos B3t + S3sin B3t
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(c) There are two families of periodic orbits in the tangent
space of the equilibrium point, and dim W' (S) = 4.

(d) The structure of the submanifold is (S,2) ~TE =
We(S), and dim W’ (S) = 4.

(e) dim W¢(S) =6 and dim W’ (S) = 4.

(f) The structure of the subspace is TS = E°(L), and
dimE" (L) =4.

(g) dimE“(L) =6 and dim E" (L) =4.

5.4.3 Case 8

The motion of the spacecraft near the equilibrium point, and
relative to it, can be expressed as

&= Aélealt + Bgle_alt + Cg1cos Bt + Sg1 sin Bt
+ Pgitcos Bit + Qgt sin Byt

n=A,1e*" + Byie~*" + Cpy cos Bit + Sy1 sin Bt
+ Pyitcos Bit + Qyit sin Byt

=Ac1eM" + Brre " + Cyycos Bit + Se sin Bt
+ Pritcos Bit + Qc1t sin Byt

(43)
There is a 1:1 resonant manifold, which is generated by

& = Cgrcos Bt + Sgisin Byt + Pgit cos Bit
+ Qg1 sin Byt

n = Cy1cos Bit + Sy1sin B1t + Pyt cos Bt
+ Qyit sin Byt

¢ =Crycos Bt + Seqsin Byt + Pyt cos Bit
+ Q¢1tsin Byt

(44)

The resonant manifold is a 4-dimensional smooth manifold.
There is only one family of periodic orbits, which is given
by

Ag1=Bg1 =Pe1 =061 =0
AnlzBrﬂ:Pnl:in:O
Aci=Br=Pr1=01=0

and the period is 71 = 2—717 The asymptotically stable mani-
fold is generated by

& = Bgje !
n=Byie (45)
{ =Bge !

It is a 1-dimensional smooth manifold. The unstable mani-
fold is generated by

£ = Ag e
n=Ae" (46)
=Ag1e*

It is a 1-dimensional smooth manifold. Then, the general
result of Case 8 is stated as follows.
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Theorem 12 For an equilibrium point in the potential field
of a rotating asteroid, the following conditions are equiva-
lent:

(a) The roots of the characteristic equation P()\) are in the
form of foj(aj e R,a; > 0,7 =1) and xip;(B; €
R, pi=p>0;j=12).

(b) The motion of the spacecraft near the equilibrium point,
and relative to it, can be expressed as

&= Aglealt + Bgle_all + Cg1cos Bit + Sg1sin Bt
+ Pgitcos Bit + Qgt sin Bt

n=Ape*"" + Byie " + Cyy cos it + Sy sin it
+ Pyt cos Bit + Qyit sin Byt

= A;lealt + Bgle_alt + Cicos Bit + S¢qsin Byt
+ Pritcos Bit + Qc1t sin Byt

(c) There is one family of periodic orbits in the tangent
space of the equilibrium point, and dim W" (S) = 4.

(d) The structure of the submanifold is (S,2) ~TE =
WS (S) & W) & W(S), and dim W' (S) = 4.

(e) dim W¢(S) =dim W’ (S) =4.

(f) dimW<¢S) = dmW’"(S) = 4 and dimW*(S) =
dim W*(S) = 1.

(g) The structure of the subspace is TpS = ES(L) &
E°(L)® E*(L), and dim E" (L) = 4.

(h) dmE°(L) = dimE"(L) = 4 and dimE*(L)
dim E*(L) =1.

6 Applications to asteroids

In this section, the theorems described in the previous sec-
tions are applied to asteroids 216 Kleopatra, 1620 Ge-
ographos, 4769 Castalia, and 6489 Golevka. The physical
model of these four asteroids was calculated using radar ob-
servations and the polyhedral model of Neese (2004).

6.1 Application to asteroid 216 Kleopatra
The estimated bulk density of asteroid 216 Kleopatra is

3.6 gem™3 (Descamps et al. 2011), its rotational period is
5.385 h and with overall dimensions of 217 x 94 x 81 km

Table 1 Positions of the equilibrium points around asteroid 216
Kleopatra

Equilibrium points x (km) y (km) z (km)

El 142.852 2.45436 1.18008
E2 —144.684 5.18855 —0.282998
E3 2.21701 —102.102 0.279703
E4 —1.16396 100.738 —0.541516
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Table 2 Eigenvalues of the equilibrium points around asteroid 216 Kleopatra

x1073 71 A %) A3 A4 As A6

El 0.376 —0.376 0.413i —0.413i 0.425i —0.425i

E2 0.422 —0.422 0.414i —0.414i 0.466i —0.466i

E3 0.327i —0.327i 0.202 4 0.304i 0.202—-0.304i —0.202 + 0.304i —0.202—-0.304i
E4 0.323i —0.323i 0.202 + 0.306i 0.202—-0.306i —0.202 + 0.306i —0.202—-0.306i

155

145
140

135

y(km) 20 130 x(km}

Fig. 1a A quasi-periodic orbit near the equilibrium point E1

(Ostro et al. 2000). There are two moonlets near 216 Kleopa-
tra, which are Alexhelios (S/2008 (216) 1) and Cleoselene
(572008 (216) 2) (Descamps et al. 2011). Table 1 shows the
positions of the equilibrium points in the body-fixed frame,
which were calculated by the function of NEQNF in Fortran
to solve Eq. (9). Table 2 shows the eigenvalues of the equi-
librium points, which were calculated using Eq. (14). E1 and
E2 belong to Case 2, whereas E3 and E4 belong to Case 5.
Yu and Baoyin (2012a) calculated the positions of the equi-
librium points as well as the eigenvalues of the equilibrium
points for asteroid 216 Kleopatra using a numerical method.

155

140

y(km) 0130 x(km)

Fig. 1b A single periodic orbit near the equilibrium point E1

Figure la shows a quasi-periodic orbit near the equilib-
rium point E1 of asteroid 216 Kleopatra, where the coeffi-
cients have the values

Ce1=Ce1=8;1=Cpp=10
S;p=2

other coefficients being equal to zero. The flight time of
the orbit for the massless test particle is 12 days. Figure 1b
shows a single oscillation of the periodic orbit near the equi-
librium point E1 of asteroid 216 Kleopatra, where the coef-
ficients have the values C¢1 = C;1 = §j;1 = 10; other coef-
ficients being equal to zero. E1 belongs to Case 2. There is
one family of quasi-periodic orbits near E1, which is on the
2-dimensional tori 2. The orbit in Figs. 1a, 1b belongs to
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z(km)

100 -150 *(km)

y(km)

ottt
gragYe,
)
i

y(km) 20 185

X(km)

Fig.2 A quasi-periodic orbit near the equilibrium point E2

the quasi-periodic orbital family. For the equilibrium point
E2, Fig. 2 shows a quasi-periodic orbit near the equilibrium
point E2 of asteroid 216 Kleopatra, the coefficients have the
values

Ce1r=Cr1=8;1=Cpp=10
Sep =2

and the remaining coefficients being equal to zero. The flight
time of the orbit for the massless test particle is 12 days.
E2 also belongs to Case 2. There is one family of quasi-
periodic orbits near E2, which is on the 2-dimensional
tori 2. The orbit belongs to a quasi-periodic orbital fam-
ily that is notably similar to that of E1.

Figure 3 shows an almost periodic orbit near the equilib-
rium point E3 of asteroid 216 Kleopatra. The flight time of
the orbit for the massless test particle is 12 days. There is
only one family of periodic orbits near E3. Figure 4 shows
an almost periodic orbit near the equilibrium point E4 of as-
teroid 216 Kleopatra. The flight time of the orbit around the
equilibrium point E4 is 12 days. There is only one family of
periodic orbits near E4.
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104

z(km)

104

-20
-60

40
-100

y(km) 120 20 X(km)

Fig. 3 An orbit near the equilibrium point E3

Table 3 Positions of the equilibrium points around asteroid 1620 Ge-
ographos

Equilibrium points x (km) y (km) z (km)

El 2.69925 —0.041494 0.085296
E2 —2.84097 —0.057621 0.142056
E3 —0.141618 2.11961 —0.021510
E4 —0.125678 —2.08723 —0.025536

6.2 Application to asteroid 1620 Geographos

The estimated bulk density of asteroid 1620 Geographos is
2.0 gecm™3 (Hudson and Ostro 1999), its rotational period
is 5.222 h (Ryabova 2002) and with overall dimensions of
(5.0 x 2.0 x 2.1) £ 0.15 km (Hudson and Ostro 1999). Ta-
ble 3 shows the positions of the equilibrium points in the
body-fixed frame, which were calculated using Eq. (9). Ta-
ble 4 shows the eigenvalues of the equilibrium points. E1l
and E2 belong to Case 2, whereas E3 and E4 belong to
Case 5.
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Table 4 Eigenvalues of the equilibrium points around asteroid 1620 Geographos

x1073 71 A A2 A3 A4 As A6

El 0.455 —0.455 0.4271 —0.4271 0.487i —0.4871

E2 0.608 —0.608 0.511i —0.5111 0.5661 —0.566i

E3 0.334i —0.334i 0.152 4 0.271i 0.152—-0.271i —0.152+0.2711 —0.152—-0.271i
E4 0.334i —0.334i 0.174 4 0.284i 0.174—0.284i —0.174 4 0.2841 —0.174—-0.284i

-0 x(km)

y(km)

30

100

ylkm) %0 20 x(km)

Fig. 4 An orbit near the equilibrium point E4

Figure 5 shows a quasi-periodic orbit near the equilib-
rium point E1 of asteroid 1620 Geographos, where the coef-
ficients have the values

Ce1=Cr1=8;1=Cp=0.01
S;2=0.02

other coefficients being equal to zero. The flight time of the
orbit for the massless test particle is 12 days. E1 belongs to
Case 2. There is one family of quasi-periodic orbits near E1,
which is on the 2-dimensional tori T2. The orbit in Fig. 5
belongs to the quasi-periodic orbital family. For the equi-
librium point E2, Fig. 6 shows a quasi-periodic orbit near

-0.06 2.695

y{km) 0.08 2685 *(km)

Fig. 5 A quasi-periodic orbit near the equilibrium point E1

the equilibrium point E2 of asteroid 1620 Geographos, the
coefficients have the values

Ce1=Cr1=8S1=Cp=0.1
S;2=0.2

with the remaining coefficients being equal to zero. The
flight time of the orbit for the massless test particle is 12
days. E2 also belongs to Case 2. There is one family of
quasi-periodic orbits near E2, which is on the 2-dimensional
tori T2. The orbit belongs to a quasi-periodic orbital family
that is notably similar to that of E1.

Figure 7 shows an almost periodic orbit near the equilib-
rium point E3 of asteroid 1620 Geographos. The flight time
of the orbit for the massless test particle is 12 days. There is
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Fig. 6 A quasi-periodic orbit near the equilibrium point E2

Table 5 Positions of the equilibrium points around asteroid 4769
Castalia

Equilibrium points x (km) y (km) z (km)

El 0.978767 0.023603 0.028032
E2 —1.01550 0.116078 0.0257862
E3 —0.043617 0.815747 0.002265
E4 —0.034338 —0.823895 —0.006950

only one family of periodic orbits near E3. Figure 8 shows
an almost periodic orbit near the equilibrium point E4 of as-
teroid 1620 Geographos. The flight time of the orbit for the
massless test particle around the equilibrium point E4 is 12
days. There is only one family of periodic orbits near E4.

6.3 Application to asteroid 4769 Castalia

The estimated bulk density of asteroid 4769 Castalia is
2.1 gcm_3 (Hudson and Ostro 1994; Scheeres et al. 1996)
and its rotational period is 4.095 h (Hudson et al. 1997). The
minimum radius is approximately 0.3 km at the poles of the
asteroid, the maximum radius is approximately 0.8 km at the
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Fig. 7 An orbit near the equilibrium point E3

ends, and the mean radius is 0.543 km (Werner and Scheeres
1996). Table 5 shows the positions of the equilibrium points
in the body-fixed frame, which were calculated using Eq.
(9). Table 6 shows the eigenvalues of the equilibrium points.
El and E2 belong to Case 2, whereas E3 and E4 belong to
Case 5.

Figure 9 shows a quasi-periodic orbit near the equilib-
rium point E1 of asteroid 4769 Castalia, where the coeffi-
cients have the values

Ce1=Ce1 =Sy = Cyp =0.04
Sg2 =0.08

other coefficients being equal to zero. The flight time of the
orbit for the massless test particle is 4 days. E1 belongs to
Case 2. There is one family of quasi-periodic orbits near E1,
which is on the 2-dimensional tori T2. The orbit in Fig. 9
belongs to the quasi-periodic orbital family. For the equilib-
rium point E2, Fig. 10 shows a quasi-periodic orbit near the
equilibrium point E2 of asteroid 4769 Castalia, the coeffi-
cients have the values

Ce1=Cr1 =Sy = Cyp =0.04
Sg2 =0.08
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Table 6 Eigenvalues of the equilibrium points around asteroid 4769 Castalia

x1073 71 A A A3 A4 As A6

El 0.341 —0.341 0.416i —0.416i 0.470i —0.470i

E2 0.423 —0.423 0.467i —0.467i 0.490i —0.490i1

E3 0.380i —0.380i1 0.19540.324i 0.195—-0.324i —0.19540.324i —0.195-0.324i
E4 0.386i1 —0.386i1 0.19740.322i 0.197—-0.322i —0.19740.322i —0.197-0.322i

2(km)

0.6~

0.4

0.2

z(km)

0.6

-2

y(km) 25 04 x(km)

Fig. 8 An orbit near the equilibrium point E4

with the remaining coefficients being equal to zero. The
flight time of the orbit for the massless test particle is
4 days. E2 also belongs to Case 2. There is one family of
quasi-periodic orbits near E2, which is on the 2-dimensional
tori 7. The orbit belongs to a quasi-periodic orbital family
that is notably similar to that of E1.

Figure 11 shows an almost periodic orbit near the equi-
librium point E3 of asteroid 4769 Castalia. The flight time
of the orbit for the massless test particle is 4 days. There is
only one family of periodic orbits near E3. Figure 12 shows
an almost periodic orbit near the equilibrium point E4 of
asteroid 4769 Castalia. The flight time of the orbit for the

Fig. 9 A quasi-periodic orbit near the equilibrium point E1

massless test particle around the equilibrium point E4 is 4
days. There is only one family of periodic orbits near E4.

6.4 Application to asteroid 6489 Golevka

The estimated bulk density of asteroid 6489 Golevka is
2.7 gcm_3 (Mottola et al. 1997), its rotational period is
6.026 h and with overall dimensions of 0.35 x 0.25 x
0.25 km (Mottola et al. 1997). Table 7 shows the positions of
the equilibrium points in the body-fixed frame, which were
calculated using Eq. (9). Table 8 shows the eigenvalues of
the equilibrium points. E1 and E2 belong to Case 2, whereas
E3 and E4 belong to Case 1.

Figure 13 shows a quasi-periodic orbit near the equilib-
rium point E1 of asteroid 6489 Golevka, where the coeffi-
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Table 8 Eigenvalues of the equilibrium points around asteroid 6489 Golevka

x1073 71 A %) A3 A4 As X6

El 0.125 —0.125 0.297i —0.297i 0.3091 —0.309i
E2 0.181 —0.181 0.304i —0.304i 0.329i —0.329i
E3 0.207i —0.207i 0.216i —0.216i 0.280i —0.280i1
E4 0.185i —0.185i1 0.213i —0.213i 0.297i —0.2971

z(km)

y(km) 0 -1.06 x(km)

Fig. 10 A quasi-periodic orbit near the equilibrium point E2

Table 7 Positions of the equilibrium points around asteroid 6489
Golevka

Equilibrium points x (km) v (km) z (km)

El 0.564128 —0.0234156 —0.002882
E2 —0.571527 0.035808 —0.006081
E3 —0.021647 0.537470 —0.001060
E4 —0.026365 —0.546646 —0.000182

cients have the values

Cs1 =Cr1 =Sy = Cpa=0.01
Se2 =0.02
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Fig. 11 An orbit near the equilibrium point E3

other coefficients being equal to zero. The flight time of the
orbit for the massless test particle is 4 days. E1 belongs to
Case 2. There is one family of quasi-periodic orbits near E1,
which is on the 2-dimensional tori 72. The orbit in Fig. 13
belongs to the quasi-periodic orbital family. For the equilib-
rium point E2, Fig. 14 shows a quasi-periodic orbit near the
equilibrium point E2 of asteroid 6489 Golevka, the coeffi-
cients have the values

Ce1=Cr1 =85;1=Cp2=0.01
S;2=0.02

with the remaining coefficients being equal to zero. The
flight time of the orbit for the massless test particle is 4
days. E2 also belongs to Case 2. There is one family of
quasi-periodic orbits near E2, which is on the 2-dimensional
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Fig. 12 An orbit near the equilibrium point E4

tori 2. The orbit belongs to a quasi-periodic orbital family
that is notably similar to that of E1.

Figure 15 shows a quasi-periodic orbit near the equilib-
rium point E3 of asteroid 6489 Golevka, where the coeffi-
cients have the values

=0 Cy2 = 0.005 Cya = 0.003
ch—oo1  S=0006" | 5s=0002

other coefficients being equal to zero. The flight time of the
orbit for the massless test particle is 12 days. E3 belongs
to Case 1. There are four families of quasi-periodic orbits
near E3, which are on the 3-dimensional tori 7°. The orbit
in Fig. 15 belongs to a quasi-periodic orbital family. For the
equilibrium point E4, Fig. 16 shows a quasi-periodic orbit
near the equilibrium point E4 of asteroid 6489 Golevka, the
coefficients have the values

G0 Cy2 = 0.005 Cya = 0.003
Cn;ll_z 001 S¢2=0.006 - S¢3 =0.002

with the remaining coefficients being equal to zero. The
flight time of the orbit for the massless test particle is

z(km)

y(km) -0.06 055

x(km)

Fig. 13 A quasi-periodic orbit near the equilibrium point E1

12 days. E4 also belongs to Case 1. There are four fami-
lies of quasi-periodic orbits near E4, which are on the 3-
dimensional tori T3. The orbit belongs to a quasi-periodic
orbital family that is notably similar to that of E3.

6.5 Discussion of applications

The theorems described in the previous sections have been
applied to asteroids 216 Kleopatra, 1620 Geographos, 4769
Castalia and 6489 Golevka in Sects. 6.1, 6.2, 6.3 and 6.4.
For asteroids 216 Kleopatra, 1620 Geographos and 4769
Castalia, the equilibrium points E1 and E2 belong to Case
2, whereas the equilibrium points E3 and E4 belong to Case
5. There are two families of periodic orbits and one family
of quasi-periodic orbits on the central manifold near each of
the equilibrium points E1 and E2. There is only one family
of periodic orbits on the central manifold near each of the
equilibrium points E3 and E4.

On the other hand, for asteroid 6489 Golevka, E1 and
E2 belong to Case 2, whereas E3 and E4 belong to Case 1.
There are two families of periodic orbits and one family of
quasi-periodic orbits on the central manifold near each of
the equilibrium points E1 and E2. The equilibrium points
E3 and E4 around asteroid 6489 Golevka are linearly stable.
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2(km)

y(km) x(km)

Fig. 14 A quasi-periodic orbit near the equilibrium point E2

There are three families of periodic orbits and four families
of quasi-periodic orbits on the central manifold near each of
the equilibrium points E3 and E4.

7 Conclusions

We have studied the motion of a massless test particle in the
potential field of a rotating asteroid by means of the analysis
of the linearised equation of motion relative to the equilib-
rium points and the characteristic equation of the equilib-
rium points. In addition, one sufficient condition and one
necessary and sufficient condition for the stability of the
equilibrium points in the potential field of a rotating asteroid
are derived.

Considering the orbit of the particle near the asteroid, we
link the orbit and the geodesic of a smooth manifold with
a new metric. The metric does not have a positive definite
quadratic form. Then, we classify the equilibrium points into
eight cases using the eigenvalues. The structure of the sub-
manifold near the equilibrium point is related to the eigen-
values. A theorem is presented to describe the structure
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Fig. 15 A quasi-periodic orbit near the equilibrium point E3

of the submanifold as well as the stable and unstable be-
haviours of the particle near the equilibrium points.

Near the linearly stable equilibrium point, there are
four families of quasi-periodic orbits, which are on the k-
dimensional tori TX(k = 2, 3). There are neither asymptoti-
cally stable nor asymptotically unstable manifolds near lin-
early stable equilibrium points; only central manifolds near
them. The structure of the submanifold and the subspace
of the linearly stable equilibrium points are different from
those of the linearly unstable equilibrium points.

Near the non-resonant unstable equilibrium points, the
dimension of the unstable manifold is greater than 0. The
various orbits have been studied near the non-resonant un-
stable equilibrium points. Near the resonant equilibrium
points, there is at least one family of periodic orbits. The
dimension of the resonant manifold is greater than four.

The theory is applied to asteroids 216 Kleopatra, 1620
Geographos, 4769 Castalia and 6489 Golevka. For aster-
oids 216 Kleopatra, 1620 Geographos and 4769 Castalia,
the equilibrium points are unstable, which are denoted as E1,
E2, E3 and E4; two of them belong to Case 2 while the other
two belong to Case 5. However, for asteroid 6489 Golevka,
two of the equilibrium points belong to Case 2; whereas the
other two belong to Case 1, i.e. they are linearly stable.
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Fig. 16 A quasi-periodic orbit near the equilibrium point E4

The different behaviour found for the various asteroids
studied to the actual shape of the asteroid is that clubbed-like
asteroids are more likely to have no linearly stable equilib-
rium points while spheroidal-like asteroids are more likely
to have linearly stable equilibrium points.
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