®

CrossMark

» SC | en d (@) Applied Mathematics and Nonlinear Sciences 5(2) (2020) 157-176

APPLIED MATHEMATICS AND
NONLINEAR SCIENCES

Applied Mathematics and Nonlinear Sciences

https://www.sciendo.com

Periodic orbit in the frame work of restricted three bodies under the asteroids belt
effect

Ahmed A. Abozaid', H. H. selim!, Kamel A. K. Gadallah?, 1. A. Hassan?, Elbaz I. Abouelmagd' ¥

I Celestial Mechanics and Space Dynamics Research Group (CMSDRG), Astronomy Department,
National Research Institute of Astronomy and Geophysics (NRIAG), Helwan—11421 - Cairo - Egypt.

2 Astronomy Department, Faculty of science, AL-Azher university, Cairo - Egypt.

Submission Info

Communicated by Juan Luis Garcia Guirao
Received July 5th 2019

Accepted November 20th 2019

Available online August 20th 2020

Abstract

In this paper, we present a comprehensive analytical study on the perturbed restricted three bodies problem. We formulate
the equations of motion of this problem, in the event of the asteroids belt perturbation. We find the locations of equilibrium
points (collinear and triangular points) and analysis their linear stability. Furthermore the periodic orbits around both
collinear and triangular points are found.
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1 Introduction

In general the model of three—body problem is related to the motion of three bodies, in space under mutual
gravitational forces without restrictions or specified conditions. The importance of this model in celestial me-
chanics will rise when the three objects move in space under the effects of their mutual gravitational attractions.
One of the most familiar emerged model from the general three—body problem is the restricted model. In this
model, we impose that the third body, “infinitesimal body”, is very small than the other two bodices “primaries”,
and it dose not affect their motion, the restricted model is called planer circular or elliptical restricted problem
when the third body in moving in the plane of primaries motion [2,8,9,13,16,31], while is called spatial restricted
three—body problem if the third body move in three dimensions [35].
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In fact there are many issue of the “restricted three—body problem”, and that is regard to the existence of
many disturbance forces. The studying of these issue enable us to get precise and accurate data about the
dynamical features of the system. Which will have more significant particulary in space mission. The most
important features of “restricted three—body problem” are the existence of libration points and their stability as
well as the periodic motion around these points. There are many authors devoted their research to investigate
the aforementioned properties within frame work of the “perturbed restricted three—body problem” [3, 5,6, 10,
11,15,17,33]. Furthermore, the analysis of lower or higher order of resonant periodic orbits with in frame of
the photogravitational “restricted three—body problem” are studied by [28,29].

In the frame work of studying the symmetric of periodic orbits, [27] analyzed the asymmetric solution in
the restricted three-body problem. He investigated the symmetry of periodic orbits numerically. Moreover he
use Levi—Civita transformation to regularize the equations of motion, in order to avoid the singularity between
the third body and one of the primary bodies. [32] used theoretical and numerical approaches to investigate and
study the symmetric relative periodic orbits within frame of the isosceles restricted problem three bodies. They
also proved that the elastance of many families of symmetric relative periodic solution, which are emerged from
heteroclinic connections between binary or triple collisions

[14] studied the real system of Saturn-Titan to explore the oblateness influence of Saturn planet on the
periodic orbits and quasi-periodic motion regions around the primaries within frame restricted thee—body model.
They analysed the positions, the quasi-periodic orbits and periodic size using the Poincaré surface of section
technique. They proved that some quasi-periodic orbits change to periodic orbits corresponding the oblateness
effect and vice-versa. [12] investigated also the periodic orbits around the libration pints, in the case of the
bigger primary is radiating, while the smaller primary suffer from lack of sphericity, due to the effect of zonal
harmonic coefficients, which are considered up to J4. In addition [7] prove that the obtained first and second
kind of periodic orbits of the unperturbed restricted 3—body problem can be extended to perturbed restricted
3-body problems, under the perturbed effect of the zonal harmonic coefficients and solar sail.

In the case of the primaries in the restricted model are enclitic by a ring-type belt of material particle points,
the infinitesimal body motion is not valid, if we ignore the effect of this belt. Already in stellar systems there
are rings of dust particles and asteroids belts around the planetary systems. Which are regarded as the young
analogues of the Kuiper belt in our Solar System, see for more details [18]. Under the effect of asteroid belt,
when the massive primaries are oblate and radiating, the locations of the equilibria points and the linear stability
around these points are studied by [34]. They demonstrated that there are two new equilibrium points (L,; and
L,») as well as the classical five points, which are found regard to the extra—gravitational asteroids belt effect.

The effect of the gravitational potential of the asteroids belt is not limited to the changes in the mathematical
expressions, which represent the dynamical systems, but also its effect go to the dynamical properties of systems.
This encouraged many researchers to study the dynamics of astronomical dynamical systems under the asteroids
belt effect. For example, [20-22] investigated that the number and positions of equilibria, also showed that the
solution curves topology will different, when the gravitational potential of asteroid belt is considered. They
showed that the planetary system are affected by gravitational belt, where they proved that the probability to
obtain equilibria points in the inner part of the belt is larger than to obtain near the outer part. The significant
of their results is due to we can use it to investigate the observational configuration of Kuiper belt objects of the
outer solar system.

[36] studied and analyzed a Chermnykh-like problem under the effect the gravitational potential of asteroid
belt, and found a new equilibrium points for this problem. In addition the stability of equilibrium points when
the smaller body is oblate spheroid and the bigger is a radiating body under the influence of the gravitational
potential of asteroid belt, in the “restricted three—body problem” studied by [25]. The secular solution around
the triangular equilibrium points when both massive bodies are oblate and radiating with the effect of asteroid
belt are found and reduced to periodic one by [4] within frame restricted three—body problem.
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In this paper we will study the perturbation of the gravitational potential of asteroid belt, which is con-
structed by [26] on the locations of the equilibrium and their stability as well as the periodic orbits around these
points. This paper is organized as follow: An introduction, background on asteroids belt potential and a model
descriptions are presented in Sections (1 — 3). While the locations of equilibrium points and there linear stability
are studied in Sections (4 — 5). But the periodic orbits around these points are constructed in Section (6). Finally
the conclusion is drawn in last Section.

2 Background on asteroids belt potential

In the solar system, the asteroid belt is similar to a ring-shaped. it can found between the Mars and Jupiter
orbits. This region includes many objects (minor planets) with different sizes and shapes, which are irregular in
most cases but very smaller than compered to the planets. In particularly, this belt is called the main asteroids
belt, in order to characterize it from any other collection of asteroids in the solar system, such as trojan or
near—earth asteroids, see Fig.1 (Source: https: //en.wikipedia.org/wiki/Asteroidyelt). The asteroid belt region
lies between the range of radial distances from 2.06 to 3.27 AU. It includes about 93.4% minor planets. These
distances represent the inner and outer boundaries of the main belt region respectively [30]. The second law

"Trojans”

8 Jupiter

“Greeks"

Sun Asteroid belt
|:| Jupiter trojans |:| Hilda asteroids (Hildas)
[l orbits of planets ] Near-Earth objects (selection)

Fig. 1 The asteroids of the inner Solar System and Jupiter (Color figure online)

of motion and the universal gravitational law have been used as the most fundamental laws for the physical
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sciences, since their success in investigating the celestial bodies notion in the solar system. Thus the Newtonian
Law was first proved in the astronomical context. It was then applied to other fields successfully. But the
obtained results of this law lacks the accuracy in cases the of stellar or planetary systems have discs of dust or
asteroids belt [19].

In the recent years, the researchers are studying the effect gravitational potential from a belt on the linear
stability of libration points after was discovered dust ring around the star and discs around the planetary orbits
[23,24]. There are perturbations in the solar system due to asteroid belt, where several of the largest asteroids are
massive enough to significantly affect the orbits of other bodies for example affect the asteroids in the motion
of Mars (Mars is very sensitive to perturbations from many minor planets), motion space probes affected by
perturbation from asteroids and perturbations from asteroid on another asteroid when which close encounter.

In order to explore the orbital dynamics or the motion of the celestial dynamical systems, we have to build
first suitable model that describing and realistically the structures and properties of the asteroid belt. One of
the most important belt potential and used in the literatures introduced by Miyamoto-Nagai [26]. This model is
called flattened potential and used in modelling disk galaxies. It can be controlled by

M,

7 (D
2
<r2 + (a+vZP) >

Vb (I”,Z) =

where
e M, is the total mass of the disc.
* ris the radial distance of the infinitesimal body it is given by r> = x* +y?.
* The parameter a known as the flatness parameter determine the flatness of the profile.
* The parameter b known as the core parameter determine the size of the core of density profile.

Hence the perturbed acceleration regard to the asteroid belt is a,(r,z) = VV}, (r,z), thereby the acceleration can
be written in the following form

a,(1,2) M, (xyz[l—i— a }) 2)
b\l - - IRg) T S
<r2+(a+\/z2+b2)>3/2 Vel bt

If a = b = 0 the potential reduces to the one by a point mass or spherical subject whose mass is M},. Restricting
ourselves to the XY —plane (z = 0), and define T = a+ b from Eq. (1) we have

M,

3)

with a help of Eq. (3), we can get the acceleration in the XY —plane or substituting by z = 0 into Eq. (2), then

one obtains
M 124

(x,y) 4)

3 Model description

We assume that m; and m; denote the bigger and smaller primaries masses respectively, and m is the mass
of the infinitesimal body. We consider both masses m; and m; move in circular orbits around their common
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center of mass. Furthermore the infinitesimal body m moves in the same plane of primaries motion under their
mutual gravitational fields. We also assume that the coordinate system OXYZ rotates about OZ—axes by the
angular velocity n in positive direction. OX —axis is taken the joining line between the primaries, OY — axis is
perpendicular to OX —axis and OZ—axis is perpendicular to the orbital plane of the primaries. Let r| and r, be
the distances between m and the primaries m; and m; respectively, while R the separation distance between m;
and my. The coordinates of m;, my and m are (x1,0,0) , (x2,0,0) and (x,y,0) respectively.

Now we normalize the units as the sum of two masses m; and m, is one and the distance between them also
is taken as one. In addition the gravitational constant is one. We also assume that (1 = my/(m; +m;y) be the mass
parameter. Consequently my = u and m; = 1 — p with m; > my and 0 < u < 1/2. Then in the XY —plane, the
coordinates of mj,my and m are (x;,0,0) = (1,0,0), (x2,0,0) = (1 —1,0,0) and (x,y,0) respectively. Conse-
quently in the rotating coordinate dimensionless system, the motion equations of the infinitesimal body m under
the gravitational potential of m; and m; are given by

2 (1*N)(x_u)_li

¥—2ny =n"x— —— S —u+1)
] r; 5)
1 —
)'5+2nx:n2y—7< 3,u)y_u73y
" )
In Eq. (5), the angular velocity n = 1, see for details [35], where
rt=(x—p)+y ;
2 (v 2,42 ©)
r=(x—p+1)"+y

In the case of the gravitational potential of asteroids belt is considered, then with a help of Eq.(4), the
perturbed dynamical system of the restricted three—body problem is controlled by

X—2ny=Q,
o 7
V+2ni=Q,

where i
n°(x*+ 1— M,
(") T-p b

Q= P ———
2 ri r (r2+T2)1/2

®)

and r; and r; are given by Eq. (6), while the perturbed mean motion 7 is

2Myr,

2 _
! _1+(r2,+T2)3/2

©))

here in Eq. (9), r2 = 1 — pu + u?, see [34] for details.
Using Eqgs. (7, 8) then the Jacobian integral is governed by

P4y —2Q(x,y)+C=0

In which C is the constant of integration.

4 Locations of equilibrium points

The equilibrium points are the locations of the infinitesimal body with zero velocity and zero acceleration, in
the rotating reference frame. Then these locations can be found when ¥ = j = x = y = 0, therefore Q, = Q, =0,
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then we have to solve the following two equations

1—u) u M, 1 1
x[n2_< g )_r§_<r2+T2>3/2 e )[r?_ré]_o’
(10)
» (=—w) p M
o s -5 55 |y=0
n o (rr4+T77?)

Using the above two equations, we will investigate two cases for the locations of equilibrium points in the
following subsection.

4.1 Location of collinear points

In the case of collinear equilibrium points (L, L, and L3) y = 0, so that the equilibrium points lie on the line
joining the primaries (X —axis), see Fig. 2, so we have

2 AW —p) ple—p+l) My (11
e —p|? —p+1P (24 12)32
Y A
L4
L, L, Ly X
—-— >
my =y 0 my =1-y
Ls

Fig. 2 Configuration of equilibrium points (Color figure online)

4.1.1 Location of L

The equilibrium point L; lies beyond masse m; as in Fig. 2. Then in this case, we have r; —r, = 1 therefor
dry/dx=0ry/dx=—landr, = u—x—1,r; = 4 —xusing Eq. (11), we get

(I—p) n K Mpx 0 (12)

n’x + — =
(x—p)  (r—p+1)? (24722

Letrn =&, r=1+&,x =u—1-—&,and n> = s, then with a help of Eq. (12), we get

s(u—1-— A-p B M —§T72 -
(L—1 51)+(1+§1)2+§12 (u—1—§1)2<1 2(#—1—51)2> 0 (13)
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after writing Eq. (13) in the series form, we get

3T*M, 5
pA6pE 4+ (1—s—M,+ 5 + (10455 +2Mp) p ) &;

+ ((4—"7s—4M), +3T*My,) + (4+ 305+ 6Mp) ) &}

sz

+<<6—21s—6M,,+3T +(—3+75s+6Mb),u> &
+ (4 — 355 —4Mp) + (=2 +100s +2M,) 1) &7
+((1—35s — Mp) +75s1) E8 + (—215+30su) &/
+(=Ts+5su) ES — &) =0

Then the parameter  as a function in the variation &; is given by

u :a11§12+012§13+a13§14+0[§1]5

where
aj = —1+s+M,— 3T;M”
apn =2+s—2M,+6T*M,
a3 = —8+ 105 — 552 + 10M), — TsMj, — 45TM, + gstMb

163

(14)

Consequently, we will using the Lagrangian inversion method to inverting the above series, which represents u,

to express &; as functions of i, then we get

E = e/l + el + e’

where
1
11 =
3T*M
145+ M,— b
2
(=2 —s+2M, — 6T*M,)
Cl2 =
3T*M
(2+2s+2M,,3T2M,,)(1+s+M,, 5 ”>
3/2
1 1
613:(2 2425+ 2M, — 3T2M,)? 3T°M
(—2+25+2M), — D\ s, — 2b
—12 4925 — 555% 4+ 20s> + 32M), — 128sM,,
X
+4852M,, — 18T*M, + 240sT*M), — 60s*T*M,,
hence

X1 =M —1—ci/I—cpp —cpu’?

15)

(16)
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4.1.2 Location of L,

Since the point L, lies between the two primaries, thereby r1 +rm =1, m =x—u+1, ry = u —x and
dry/dx = —dr;/dx = 1, then by using Eq. (11), we get

(I—p) H  Myx _0 a7

n2x+ =
(x—p)?  (r—p+1)? (247122

If we take r, = &, r1 = 1— &, and x, = u — 1 + &, then we can rewrite Eq. (17) in the following form

~ D 3 r _
AR TR (—1+<§z)2<1 2(u—l+§z)2> ° e

again Eq. (18) in the series form is

—p+6ué+ ((1—My—s+3M,T?/2) + (—20+2M), + 5s) ) €3
+ ((—4+4My,+ 75— 3M,T?) + (36 — 6M, — 30s) 1t) &5

+ ((6—6My —215+3M,T?*/2) + (—33+6M, + 755) 1) &
+((— 4+4Mb+35s)+(14—2Mb—100s)u)§25

+ (1 — My, —358) 4+ (—2+75s) ) 9 + (215 — 30su) ]
+(=Ts+5su) ES + &) =

Then the mass ratio u as function in &, is given by
U =—ané& +an&; +ané +0&
where a;; and a;, given by Eq. (14) while a3 is given by

397%M,
My _ gstMb
2 2

a3 = 2+2S—52—4Mb+sMb+
again using the Lagrangian inversion method to inverting the above series, we get

& = —ciy/R+cnp+eap’/? +0[u)’

where c11 and ¢y, given as Eq. (15) while c,3 is given by

3/2

1 1
€23 = 2 2 2 3T2M
(—2+2S—|—2Mb—3T Mb) 1—s—M,+ b

12 4205+ 175> — 453 — 16M;, — 325M,,
x u3?)
+3072M), + 144sT*M,, — 125*T>*M,,

hence
X = =1+ e/ +enp +conp? +0[u)? (19)
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4.1.3 Location of L3

The point L3 lies beyond the large mass according to Fig.2, n —ri =1, ry =x—ur, =x—u+1 and
dri/dx = dry/dx =1, then Eq. (11) can be rewritten in the form

1-— M,
2y — ( .U)z B H - pX - ~0 20)
(x—p)" (x—p+1)° (24T
after substituting r, = &3 +2 and r; = &3 + 1, into Eq. (20), we get
1— M, 3 T2
PRI N il R b 1 —— ] =0 @1)
(1+8&)" (2+8&)" (u+&+1) 2(u+&+1)

Again the form series of Eq. (21) is given by

azo+daolt + (a3 +d3i ) E + (az +dsop) EF + (azs +dsap) &3
+ (azs + dzapt) E + (ass + dzsp) & + (aze + det) EF
+ (a37 +ds7t) & + (ass + dagt) ES + (azo + daout) &5 = 0

where
3M,T? 3
azo=—1—Mp+s+ ; s d30:Z+ZMb+S—6MbT2
7
asy :2+2Mb+s—6MbT2, d31 = _Z_6Mb+30MbT2
2 45 2
aszpy = —3 —3My+ 15M,T~, dy = R—I—leb—gOMbT
2 31 2
azz = (4+4M, —30M,T~, dys = —5 —20My+210M,T
105M,T* 315
azq = —5—5Mb+Tb, dzg = a+3OMb_420MbT2
, 381 )
azs = 6+ 6M;, — 84M,T~, dys = —67 —42M, 4+ 756M;,T
) 1785 )
aze = —7 —TMy, + 126M, T2, g = <o +56Mp — 1260MT
s 511 5
az; = 8+ 8M;, — 180M, T~ dy; = —67 —72M}, + 1980M,T
495M,,T? 9207 5
aszg = *9*9Mb+#, d38 = 10ﬁ‘F90Mb*29701‘4bT
10235
azo = 10+ 10M — 330M,T?, d3g = T 7R 110M;, + 4290M, T>

Then u as a function series in &3 is given by

1= b3+ b31&3 + bn&F + O[&]]
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where

32 (—2—2M,+2s+3MT?)

by =

07 48— 128M), — 645 + 384M, T2
b 2 (2+ 18Mp, + 16Mj; — 365 — 80M)s — 85 — 129M,,T* + 336M,,sT?)

31 =

(—3 — 8M), — 4s +24M,T?)*

. 1 —2+78M), + 5225+ 3608M,s — 5205 — 1152M),5°

32 =

2(—3 — 8Mj, — 4s +24M,T?)’ —2097M,T? — 20460M,,sT> + 9600M,s>T*

Now using the Lagrangian inversion method to inverting the above series, we get

&=+

where
(=3 —8M), —4s +24M,T?)’
= 2+ 18M, — 365 — 80Mys — 852 — 120M,T2)
2
(o sy (2 )
2T T 22+ 18M), — 365 — 80Mys — 852 — 129M, T2 + 336M,,sT?)
hence

x3=1+Uu+cap+en (22)
Finally we can use Egs. (16, 19, 22) to find the locations of collinear points.
4.2 Location of triangular points

In the case of the triangular equilibrium points (L4 and Ls) y # 0 and Q, = 0 = Q,. Using Eqs. (10), we get

»_(-w) _n My,
. . 32
" o (rP4T?)
(23)
p—p) pl-p _,
r 3

From the second equation in Eq. (23), we get
ry =rn.

If we assume that the effect of the potential from the belt is neglected, i.e., M;, = 0, then Egs. (23) are reduced to
the classical case of Szebehely solutions r; = r, = 1 [35]. But, due to the perturbations from the belt, we assume
that the solutions may change slightly by &, then we can write

rn=rn=1+e¢ (24)
From Egs. (9, 23, 24), we get

2Mbrc Mb
(R+12? (P471?)

1—(1+¢&) 7+ 0 (25)

32
where € is very small quantities represents perturbation effect of asteroids belt.
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Now we will keep the linear terms € and neglecting the higher orders, then with a help of Eq. (25), we have

My, (2r, —1
e fﬂ#& 26)
3(r2+T?)
From Egs. (6,24, 26), we get the locations of the triangular points in the following form
1 3 aM, (2r. —1
x=U—, yzii 1_M (27)
2 2 9(rz+ T2)3/ 2

5 Stability of motion around the libration point

After determining the locations of libration points, we will move to understand the stability motion prop-
erties around these points. In order to study the motion of the infinitesimal body in the neighborhood of an
equilibrium points (xo, yo), we employ small displacement (&,17) to the coordinate (xo,yo) where (xq,yo) repre-
sents the coordinates of one of five equilibria points. So that the vector of variation is related to the initial stat
vector by r = ro + Ar where ro = (x0,y0), r = (x,y) and Ar = (£, 1), then we can write

x:)Co-i-é:

(28)
y=yo+n

We linearize the equations of motion by using Taylor series around equilibrium. Then using Eqgs.(7) and
Egs. (28), we obtain

N 1 0 d 1 d d
— N — 0 J— _ 0 J— _ _
s —2m QX+1!(§8x+n8y>QX+2!<§8x+nay
~ 1 d d 1 d d
- _ 0 o g g 0 L v g
=216 Qy—i_l!(§8x+n8y>9y+2!<€8x+n8y
From the above equations the linear variational equations are
il +2n& = QY + Q) n

where subscripts x and y denoted to the second partial derivatives of Q. While the superscript O indicates that
the partial derivatives have been evaluated at one of the equilibrium points (xg,yo), where these derivatives are
given by

o _p 30w e-p? T dparlop?’ o op M 3My2
o = 5 7+ 5 3 2 732 2 L 1an5/2
n n ) o (rP+T?) (r*+17)
3(1-—p)y* 1—p 3uy* p M, 3M,y*
_ 2
ny—l’l + 5 - 3 + 5 3 ) 2 3/2+ 2 2\5/2 (30)
n r noon (rP+T?) (r*+177?)
o 3-pa—py 3ubx+l-p)y 3Mpxy
Xy ”15 r25 (r2+T2)5/2

Now we suppose that the solutions of the Egs. (29) are
& =KeM, n=Me" 31)
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where K, M and A constant, thereby
E=kret, E=kA%M, n=MALeM, @) =MAM. (32)

substituting Egs. (31, 32) into Eqgs. (29), then the characteristic equation is determined by
A2—Q. —2nA— Q|

2nA —Qy A% —Qyy 0
hence, we get
A4 (4n? - Q2 — Q%) A2 +00.00 — (2%)° =0 (33)

The equilibrium point (xg,yp) is stable, when all the roots of the characteristic Eq. (33) are distinct pure imagi-
nary numbers, this will be search in the next section.

5.1 Stability of collinear points

At the collinear libration points y =0, and r; = [x— u| and r, = |x — u + 1|. From Egs. (30, 33), the charac-
teristic equation in case of collinear libration points can be reduced to

At (4n? - Q0 — Q%) A7+ Q0,00 =0 (34)

Xx= =y
Let A = A2, Eq. (34) can be rewritten in the form
A’ +bA+c.=0 (35)

then Eq. (35) represents a quadratic equation, which its solution can be written in the form

1
— _ 2 _
Az =—3 {bci,/bc 4cc] (36)

where
be=4n" — Q) — Q) a7
ce =Q) Q)

Then with a help of Egs. (36,37), the roots of characteristic Eq. (34) can be write as A, = £0, A34 = +it
where ¢ and 7 are real number, which can be calculated by

1
2_ - 2 _ _
o _2{\/@ 4c, bc]
72:;[1/%—40“—1—1&}

From the above two equations, we can determine the eigenvalues and the properties of the equilibrium point.
5.2 Stability of triangular points

At the triangular points, we have

3 SMy, (2r. —1)  My(u—1/2)?
o =3 (14 b (2r, %/§+ b(u /5)2
3(r2+T2?) 3(r2+T?) /

4
o 9 <1+7Mb (2re—1) " M ) (38)

33 M, 1M, (2r, — 1)

0 _ b b c

Qo =F U2\t = s~ o
(r24+17?) 9(r2+172)
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and substituting A2 = @ into the characteristic Eq. (33), then we get
0 +bo+c=0 (39)
where a and ¢ can be evaluated with a help of Egs. (38) and the following two relations
b=4n"—Q) — Q)
¢ =00,00 — (20 )

hence we have

My, (2r.+3) 3M,r?

b=1+ —
(217 (272"
27  33M,(2r.—1) 27M,, )
TN\ T T 22 a2 a2 (40)
2(rz +12) 4(re+T17)
27  33M,(2r.—1) 27M,,
VPRSP 2 | 72)5/2
2(r2+17?) A(r2+T7?)
Thereby the roots of Eq. (39) are given by
1
012 =—3 [bF VD) (1)

where D = b* — 4c is discriminant

66Mj (2r. — 1 217M,
D—<27+ b (2re=1) | b )/ﬂ

(2412 (24T12)%?
66M, (2r. — 1 27M
(274 SMp2re—1) | b (42)
(2412 (24T12)%?
+ 2Mb (2I‘C+3) _ 6Mbl"g
(24127 (247122

+1

which can be written as of a function of the mass parameter u in the form

D=oap’—Bu+y (43)

here o and 3 are the coefficients u? and u respectively. Using Eq. (41) the roots are given by

Mp=tVor, As==+Vm,

Since 0 < u <1 / 2, then with using Eq. (43), we can study the behavior of D in the interval (0, 1 / 2)

2M,, (21, +3) 6M,,r2
+ 5 32 o N >0,when u =0
(r2+17) (r2+17)
D= (44)

23 M, . —4 3M, (872 +9
- j—k b (58r 3/52) b(rt—:z <0,whenu =1/2
4 2(24712) 4(r2412)Y
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Also the derivative of D with respect to the parameter U is given by

dD 66M,, (2r. — 1 27M,
S =227+ b (2 3/2) b5/2
ap (r2+7?) (r2+71?)

(274 66Mb (ZI’C— 1) 27Mb
(24T (2T

thereby

. [66My2r—1)  2TMy
(2412 (24712)%?

0, when u =1/2

<0,whenu =0
& (45)
du

because M;, < 1, and using Eqgs. (44, 45), we obtain

dD
— <0Vue(,1/2
ap S0V HeE01/2)

Eqgs. (44,45) show that the discriminant D has two different signs at the end of interval (0,1/2), further
dD/du < 0 in the interval (0,—f/2¢a). Then D is strictly decreasing function in this interval, and there is only
one value for u in (0,1/2), where D vanish, which is called the critical mass parameter (t.). Consequently we
will examine three possible cases for the value of .

* If 0 < u < y, implies D = b> —4c > 0, and D decreasing in the interval (0,1/2). Since b > 0, b*> —4c < b*
(Vb? —4c < b) then < 0, thereby the four roots of A are distinct pure imaginary numbers. Hence the
triangular points are stable in this interval.

 If u = u. (D = 0), then we have double equal roots of A which lead to secular terms, thereby the triangular
points are unstable.

e When pu. < u <1 / 2, then D < 0 and we obtain four complex roots, with two of them whose the same
real part and positive. Therefore the triangular points are also unstable.

5.3 Critical mass

Under the previous discussion, when Eq. (43) is equal zero, then one can obtain the value of critical mass
(U¢), which is governed by

1
= 24 } 46
u 2a[a+ a ay 46)
where
4M;, (2r. — 1 1458M,
o = 729 1 2264My (2re — 1) 25M,

)T Ty
216M;, (2r.+3)  648Mr?

4oy =108+ (r§+T2)3/2 - (r§+T2)5/2 (47)
264M;, (2r.— 1) 108M),
(24T (24T
utilizing Eqs. (46,47) we get
He = Ho+ Hp (48)
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Eq. (48) represents the value of the critical mass with two parts. The first p) is related to the classical restricted
problem without perturbation. While the second () is related to the effect of asteroids belt. Of course in the
absence of the asteroids belt effect, the value of critical mass is given by . = o, where the values of t and ,,
are given by the following relations

1 ( \/@> (76 — 8r.) Mj, (146r2) M,

y_ — i
T 21v69(r2 + T2 3v/69(r2 + 12)Y?

= — 1—7
Ho 5 9

6 Periodic orbits

6.1 Periodic orbits around collinear points

Now it is easy to obtain the periodic orbits around the collinear points. Although these points are unstable
i.e. if a body in any of these points is disturbed, a body will move a way. After substituting Eq. (31) into Eq. (29)
with some simple computations, we will get a relation between the coefficients K; and M;, it is governed by

Mj:OCjKj (49)

where

(2-9%)  om,

o; = =
/ 2]17Lj 'Qg)y — l]z

This relation means that the coefficients K; and M; (j = 1,2,3,4) are dependent. Therefore the four initial con-
ditions &y, no, éo and 1) associated with Eqgs. (29) will determine the two sets of coefficients and will completely
determine the eight coefficients (K;,M;). Where the subscript 0 indicates to these quantities are evaluated at the
initial time (# = o). Substituting Eq. (49) into Eq. (31), we get

4 4
& =Y K" & =Y Kjhe"
=1 =1
(50)
4 4
Mo =Y. Kjoe! o= Y. K;Ajoe
J=1 j=1

The coefficient can be expressed as function of the initial conditions, because the determinant (A) of System of

Egs. (50) is not zero.
Q 0 0 2 1 0 n0
A=—y] Q—g [(Qxx-i-ny —4n) — EQxeyy #0

The motion is bounded and consists of two harmonic motion when all roots of characteristic equation are purely
imaginary [ 1], where the solution depends on the eigenfrequencies o, T, can be written in the from

& =Kjcoso(t —1t9)+ Kasino(t —19) + Kzcos t(t —1y) + Ky sint(t —19),

51
N =M;cosc(t —ty) +Mpsino(t — o) + MszcosT(t —tg) + MasinT(t —to). ©b
Now We can take K| = K> = 0, therefor the solution in Egs. (51) can rewritten in the following form
Mo .
& =Eycost(t—19) + - sint(r —19)
Bs (52)

n =nocost(t —to) — EoP3sint(t —1o)
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where the real quantities 7 and f3; are defined by

1 1/2
i {2 {\/(4’12 — Q- ng)z — 43, Q) +an® — Q) — ng] }
5 C2+Q%  2ar
3T Tone 2 +Q0

in which A3 = it and o3 = i35

From Egs. (52)we get the velocity variation in the form

& =—&Tsint(r—19) + ——TCcosT(t —19)

B

N =—notsint(t—1t9) — EPstcost(t —1o)

Mo
3 (53)

Using Eqgs. (53), when t = 1y, one obtains

Eo=mt/B3,  To=—EPst (54)
With a help of Eq. (54) we can eliminate the time from Eq. (52), and the equation of periodic orbits reduced to
E2B+n’ =mn5 +& B3
which can be rewritten in the following standard form
£ n?
G+ &R /B (m+&PY)

Eq. (64) shows that the trajectory of the body around the collinear points is an ellipses whose center at these
points. The parameters of the ellipse, the semi—major axes (a.), the semi-minor axes (b.) and the eccentricity
(e.) are given by

=1 (55)

1
=+ 8. o= (igp) . @=(1- )
3
where the semi—major axes parallel to the )—axes while the semi-minor axes parallel to the &—axes. Also the
periodic time (7;) can be calculated by 7T, = 27t/ t. Since 1o = —&yB37, & = 0 at & # 0 and 1y = 0, the motion
along the orbits is retrograde.

6.2 Periodic orbits around triangular points

The triangular points are linearly stable in the range 0 < y < u.. And the characteristic equation has four
purely imaginary roots in neighborhood of the triangular points. So we have bounded motion around the trian-
gular points. Which composed of two harmonic motions governed by the variation  and 1 by the following
relations

& =C cos st + Dy sinsit + Cycos sat + Dy sin syt

_ _ _ _ 56
N =Cj cossit + D sinst 4+ C, cos spt + Dy sinsot. (56)

Therefor the terms with coefficients C;,D;,C,D; associated with angular frequencies s; (mean motion) refer to

the long periodic orbits and terms with coefficients C5, D5, C,, D; associated with angular frequencies s,, which
refer to the short periodic orbits. In addition s%qz = —, thereby we get

5y = % b¥ VD) (57)
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Substituting Egs. (42, 40) into Eq. (57), with some simple calculations, the angular frequencies of motion s; and
sy are given by

“:3?@(1+“Mb<2“—1>+ My )

92 +T12)** 202412

27 20M, (2r. — 1 M
sp=1-Zu(l-p) {1+ b (2r 3/2)+ "7 (58)
8 9(r2+T2) (r2+T1?)
My, (2r.+3) 3Mbrg

224722 22+ T12)"

We can determine the relation between the coefficients of short and long period terms, when we substituting
Eq. (56) into Eq. (29) and equating the coefficients of sine and cosine terms, we get

C_',' :F,' (ZHD,'S,' - Q%,C,-)
D —TI; (2nC,'S,' + ngDi)

where
1 s+

s+ Q) B 4n2s? + (Q%,)z
ng and ng are given by Egs. (38).

i

here (i =1,2) and Q¥

XX

Either the long or short period terms can be eliminated from the solving by properly selected initial condi-
tions. The four initial conditions at # = 0 ( &y, no, 50 and 1o ) are linearly related to the four coefficient. Therefore
we are not found difficulty in establishing the desired initial condition. Hence if we suppose that the short pe-
riodic terms are vanished, i.e. C; = D, = C; = D, = 0, then the relation between the initial conditions and the

coefficients in Egs. (56)are

&o=Cr, no=Ci, & =Disi, To=Dis
where 0 0,2 0,2 0
b &QY + 10 (), +57) 5 — & (Q), +s7) + 109,
! 2ns1 ’ ! 2ns1

6.2.1 Elliptic orbits

Now we assume that a triangular point represents the origin of the coordinates system, where the third body
starts its motion at the origin of the coordinate system. So we can get the initial conditions from Eq. (27) by

(&0,m0) = (—x0,—y0) where

‘ ; ﬁ(l_mh(zrcl))

:*_u7 n()::F 2 9(rg+T2)3/2

In which the negative sign (plus) means that the infinitesimal body starts its motion from L4 (Ls). The trajectory
of infinitesimal body after the elimination the short or long periodic terms becomes an ellipse. Which can be
seen when we rewritten Eq. (56) for the long periodic solution in the form

& =C|cosst + Dy sinsit,

o D si (59)
N =Cjcossit + D sins;z.
After eliminating the time from Egs. (59), we get
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Since
I3 (40253 +(Q9)%) 1Y

1 = (2ns 1 r 1 >0
Q) 1 = ">

Eq. (60) represents of an ellipse with center at the origin coordinate system (&, 17), which is coinciding with Ly
or L4, where
2
_ 4n2s% + (ng) ng

2 b) ﬁl - 2 0 b)
(S% + Q(y)y) ST+ Ly,

N =& +2B1Eono+ng

6.2.2 The orientation of principal axes of the ellipse

Since Eq. (60) includes bilinear term €7 that appears as a result of the rotation of the principal axes of
ellipses through an angle 6 with respect to the coordinate system (&, n). So we introduce a new coordinate
reference frame (é_ , 1']) called normal coordinates such that the bilinear term dose not appear. Hence the old and
new coordinates system are related by the following equation

& =Ecos@ —Msin0

~ 61
1N =Esin6 +fcos6 b

Substituting Egs. (61) into Eq. (60) and equate the coefficient of 5_ 7 by zero, therefor after simplify the equation,
we get

2 —_
g+bz_1 (62)

where the orientation of the principal axes is governed by

2Q),
tan20 = ol — i, QO (63)

From Egs. (38, 63), we obtain

1—=2u)2re—1)M, 2u(1— M
tan20 = +/3 1—2‘LL—|—8( .u)("c32) b u( 3#5)2b
9(rz+17?) / (r2+T?) /

where plus sign (minus sign) refers to the center of ellipse at Ly (Ls).

Furthermore the lengths of semi—major (a), and semi—minor (b) axes are controlled by

72 2n
(14+0q)—(1—0;)cos26 +2;sin20) 64)
= 2y
((1 + 061) + (1 - OC])COSZQ — 2[31 sin29)
The eccentricity e of the ellipse is
2 2((1 —ay)cos20 —2fsin26) 65)

" ((T+ay)+ (1 — ) cos26 — 2P sin26)

While the periodic of motion 7' = 27 /s, where s is given by the relations in Egs. (58). Finally we demonstrate
that the motion of the infinitesimal body around the triangular point will be elliptical and it is given by Eqs. (62)
in normal coordinates, where the parameter of motion are given in Egs. (64, 65).
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Conclusion

We conducted a comprehensive analytical study on the effect of the gravitational force of the asteroids belt
within frame of the restricted three—body problem. We have formulated the equations of motion of the restricted
three—body problem, in the event of perturbation of the asteroids belt. Hence we conducted an analytical study
to determine the locations of liberation points and study the linear stability of motion around these points.
Furthermore we identified the elements of the periodic orbits of the infinitesimal body in the presence of the
asteroids belt perturbation.
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