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Abstract The present study deals with the normali-
sation of Hamiltonian for the nonlinear stability anal-
ysis in non-resonance case of the triangular equilib-
rium points in the perturbed restricted three-body prob-
lem with perturbation factors as radiation pressure due
to first oblate-radiating primary, albedo from second
oblate primary, oblateness and a disc. The problem is
formulated with these perturbations and Hamiltonian
of the problem is normalised up to fourth order by
Lie transform technique consequently a Birkhoff’s nor-
mal form of the Hamiltonian is obtained. The Arnold—
Moser theorem is verified for the nonlinear stability test
of the triangular equilibrium points in non-resonance
case with the assumed perturbations. It is found that
in the presence of radiation pressure, stability range
expanded, significantly with respect to the classical
range of stability; however, because of albedo, oblate-
ness and the disc, it contracted gradually. Moreover, it
is observed that alike to the classical problem, in the
perturbed problem under the impact of the assumed
perturbations, there always exist one or more values
of the mass ratio p within the stability range at which
discriminant D4 = 0, which means the triangular equi-
librium points are unstable in nonlinear sense.
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1 Introduction

The restricted three-body problem (RTBP) has been
playing a significant role in dealing the dynamics
of restricted mass for many space operations. It has
been providing appropriate locations for placing sev-
eral artificial satellites and helping to execute many
space exploration missions beyond the solar system
too. The RTBP consists of motion of infinitesimal mass
under the gravitational influence of two massive bod-
ies, which are orbiting about their centre of masses in
circular path [1]. Several researchers have described
the RTBP and its generalised form with or without
perturbations in the form of radiation pressure, oblate-
ness, P-R drag, disc, etc., in the context of existence of
equilibrium points and their linear stability, basins of
attraction associated to attractors as equilibrium points,
Lyapunov exponents, periodic orbits and their families
in the vicinity of equilibrium points [2-14]. The equi-
librium points in the RTBP are being used for many
space exploration missions from different space agen-
cies. The location of equilibrium points in the planetary
system would be an ideal location in future for space
colonies apart from the favourite places for other space
exploration missions. Therefore, the study of stability
property of the linearly stable equilibrium points, i.e.
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triangular equilibrium points, is a necessary step as it
describes the dynamics of small space objects such as
Trojan asteroids for long-time duration and many other
real-world applications. The stability of the equilibrium
points in the restricted three-body problem over a long
period of evolution is an important and critical issue,
and as a result, many researchers of different fields,
including mathematical physics, dynamical astronomy,
celestial mechanics, etc., are studying the Hamiltonian
system of the problem in the vicinity of the triangular
equilibrium points.

In 1969, Deprit [15] has presented the concept of
Lie series to the case, in which the generating function
is explicitly dependent on the small parameter. For the
small parameter, Lie transformations naturally define a
class of canonical mappings in the form of power series.
They have demonstrated, how the canonical transfor-
mations contemplated by Von Zeipel’s method, which
are naturally defined. The canonical mappings obtained
by using Lie transform comprise the natural ingredi-
ent for the Hamiltonian dynamical systems. Liu [16]
has studied the application of Birkhoff’s normal form
and singular perturbation in the stability of L4 point
in the RTBP. In 1986, Meyer and Schmidt [17] have
computed the normal form of Hamiltonian up to six
order and have applied the KAM theory for analysing
the stability of triangular equilibrium points. Coppola
and Rand [18] have used Lie transform method and the
method of perturbation to a Hamiltonian systems with
the help of computer algebra and have introduced a for-
mula for transforming the normalised Hamiltonian to
Birkhoff’s form for describing nonlinear stability crite-
ria. They have implemented these criteria for perform-
ing the nonlinear stability analysis of L4 point. Rao and
Sharma [19] and Ishwar [20] individually, have inves-
tigated the stability of triangular equilibrium points in
nonlinear sense, when one of the primaries is oblate
spheroid and they have found that L4 point is stable
for all o within the stability range except at the critical
value of the mass ratio.

Jorba and Villanueva [21,22] have initiated to exe-
cute efficient computation of Hamiltonian normal
forms, first integrals of these systems, invariant tori
and centre manifolds for understanding the dynam-
ics of infinitesimal mass near the equilibrium points.
This study is based on algebraic manipulation of for-
mal series that have numerical coefficients, which is
equipped with a very efficient software implementa-
tion. Further, Kushvah et al. [23,24] have studied the
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effect of PR-drag on the nonlinear stability of tri-
angular equilibrium points in the photo-gravitational
RTBP. They have computed the higher-order normal
forms of Hamiltonian system associated to the problem
and found that triangular equilibrium points are stable
within the stability range except those values of & for
which KAM theory does not holds. Alvarez-Ramirez et
al. [25] have obtained fourth-order normal form of the
Hamiltonian in the presence of radiation pressure and
have applied Arnold—Moser theorem to examine the
nonlinear stability of L4 point. In the literature, sev-
eral researchers [26—32] have studied either RTBP or
its generalised form with different kinds of perturba-
tions for nonlinear stability of equilibrium points and
have analysed the effect of perturbations in the context
of the nature of the stability property. Further, Zepeda
Ramirez et al. [33,34] have presented the nonlinear
stability analysis of equilibrium points in the planar
equilateral restricted mass-unequal four-body problem.
The RTBP has received very little attention in case of
combined effect of several perturbations in the form of
radiation pressure due to first primary, albedo of second
primary, oblateness of both the primaries and presence
of a disc.

The present study is focused on the nonlinear sta-
bility test of the triangular equilibrium points L4 5 by
the use of Arnold—Moser theorem in non-resonance
case under the influence of radiation pressure, albedo,
oblateness and the disc. The paper is divided into five
sections, which are as follows: Sect.2 deals with the
formulation of the problem and determination of the
triangular equilibrium points. Section 3 presents the
computation of Hamiltonian and estimation of its nor-
malised form. Section4 is devoted to the higher-order
normalisation of the Hamiltonian with the help of Lie
series method and application of Arnold—Moser theo-
rem. Section 5 concludes the paper. The semi-analytical
and numerical computations throughout the paper are
performed by the use of latest version of Mathematica
software. An extra care has been given to lengthy inter-
mediate calculations and manipulations. For numerical
computation, a fixed accuracy goal up to 7 places of
decimal is used.

2 Formulation of the problem

Consider the motion of an infinitesimal mass m™ (such
as small space objects, asteroid, spacecraft, satellite,
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etc.) under the gravitational influence of two oblate
masses m1 and m> (known as primaries) such that
m* << my < my and a disc of dusts in space, which
is circumscribed the primaries and is rotating about the
common centre of mass of the system. Suppose, pri-
maries m1 and my are orbiting about their centre of
masses in a circular path and gravitational influence
of the infinitesimal mass on the remaining system is
negligible. It is also assumed that first oblate primary
m is a radiating body and second oblate primary m;
is such that it reflects the incident radiations from the
radiating oblate primary m and hence, second primary
my produces albedo effect. Suppose, F, and F, be the
radiation pressure force due to first radiating primary
and albedo of second primary then mass reduction fac-
tor g (also called radiation parameter) and albedo Q 4
are, respectively, defined [8,35] as

q=<1_£) and QAz(l—ﬁ), ()
Fgl Fg2

where Fy and F,, are gravitational forces of the
respective primaries. Let A; and Ay be the oblate-
ness coefficients of first and second primaries, which
are, respectively, defined [5,36] as
R? — R? R — R?
e15R2 PLoand Ay = ezst 2y @)
where R,; and R, fori = 1, 2 are equatorial and polar
radii of the primaries and R is the distance between
both the primaries. Since it is assumed that a circular
disc of dust in space circumscribed the system, then the
gravitational force exerted due to the disc with mass My
on the infinitesimal mass defines a potential, which is
expressed [37,38] as

My
——%  where r=vX2+Y2 and
N2+ T2
T =(a+Db), 3)

with a and b as flatness and core parameters, which
determine the density profile of the disc and r is the
radial distance of the disc.

For non-dimensionalising the parameters, let the
characteristic mass be defined as the sum of masses
of the primaries, the characteristic length be taken as
the sum of distance between the primaries and the char-
acteristic time be assumed as the orbital period of the
primaries in rotating frame. However, authors are inter-
ested to analyse the nature of motion in orbital plane,
i.e. in XY-plane, only. Therefore, the motion along Z-
direction is uncoupled and behaves like a harmonic

Ar =

¢(r, 0) =

oscillator with frequency 1, which is already in real
normal from. Hence, formulation of the problem in
hand and whole analysis are performed in XY -plane, in
which the frame of reference of the model is described
as follows: the barycentre is placed at origin of the
frame, the line joining the primaries defines the X -axis;
however, the Y-axis is perpendicular to the X-axis. Let
(—u, 0) and (1 — w, 0) be the coordinates of the first
and second primary, respectively, and (X, Y) be that of
infinitesimal mass in the XY -plane, where u = ml'izmz
is the mass ratio. Then, the equations governing the
motion of infinitesimal mass in the orbital plane under
the synodic frame are written [8,39] as

. . AR

X —-2nY = —, 4)
X

Y+2 X—m (5)
"=y

where effective potential €2 is expressed as
2
n 11— A
QX, Y) = 7(xz+1/2)+u <1+i>

r r]2
}L A

rn 2 r22

My

3
V24 T2
In Eq. (6), r1 = V(X + u)? + Y2,

rm=vX+u—D24+Y2andr = VX2 472 are
the distances of the infinitesimal mass from first and
second primaries and from the origin, respectively, and
n is the perturbed mean motion, which is given [8,40]
as

(6)

= @)

. 3(Az1 + A2) 2Myr.
2 2+ 1232

where r, is the radial distance of the test body in the
classical RTBP [41]. The Hamiltonian function of the
problem in hand is expressed [4] as

2 2
P+ P}

H(X,Y, Px, Py) = +n(YPx — X Py)

n’ 2 2
—Q(X, Y)+?(X +Y),
®)

where Py = X—nY and Py = Y +n X are momentum
coordinates.
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Fig. 1 Semi-analytical solutions relative to a linear order terms of perturbation parameters, b higher-order terms of perturbation

parameters and ¢ combination of (a) and (b)

2.1 Triangular equilibrium points

In a dynamical system, the point at which velocity of
the infinitesimal mass vanishes, is called an equilib-
rium point. There are two types of equilibrium points,
namely, collinear equilibrium points and triangular
equilibrium points. In circular RTBP, collinear equi-
librium points lie on the line joining both the primaries
and are unstable in nature for all values of mass ratio
© € (0, 0.5], hence unimportant for nonlinear stabil-
ity. On the other hand, triangular equilibrium points lie
in the orbital plane except the collinear axis and consti-
tute equilateral triangle with the primaries. Triangular
equilibrium points are denoted by L4 and L5 and these

are stable in the range 0 < u < 0.0385209. These are

. .9 Q2 .
obtained by solving X = 0 and — = 0, simulta-

neously for X and Y. In the present study, only linear
order terms of the perturbing parameters are included,
whereas second- and higher-order terms are ignored to
reduce the complexity in the semi-analytical compu-
tations for finding the normal forms. For the numeri-
cal treatment, following fixed values as 7 = 0.11 and
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re = 0.90 are used so that mean motion n given by Eq.
(7) changes its form as

3(A A 3M,
w2 =14 (21;- 22)+ 2d.

Now, to avoid the lengthy and complex computations
with the available resources, only linear order terms
of the perturbation parameters, throughout the study,
are considered. However, all the perturbation param-
eters are very small quantities; hence, their contri-
butions for higher-order terms are negligible. That is
nature of motion in both the cases is very similar.
In Fig. 1, semi-analytical solutions of the linearised
equations of motion (22) are displayed, in which red
trajectory (Fig. la) corresponds to the linear order
terms of perturbation parameters in the coefficients
as, ae, ay, which are expressed by Egs. (18-20) and
blue-dashed trajectory (Fig. 1b) corresponds to that of
higher-order terms of perturbation parameters in the
coefficients as, ag, a7,i.e.nonlinearised actual expres-
sion of as, ag, a7, whereas Fig. lc represents combi-
nation of Fig. 1a, b. From Fig. lc, it can be seen that
the solution with higher-order terms of perturbations

(€]




Nonlinear stability of triangular equilibrium points

1847

seems coincident with that of linear order terms. There-
fore, the higher-order terms of the perturbations are
neglected and for further analysis and discussion, only
linear order terms of perturbation parameters are con-
sidered, so that complexity in the intermediary expres-
sions can be minimised.

As, g and Q 4 range over (0, 1],sotakingg = 1—e€;
and Q4 = 1 — e with 0 < €1, €2 < 1, the coordi-
nates (Xo, £Y) of the triangular equilibrium points
L4 5 are expressed in linear order terms of perturbing
parameters as

1 2
Xo =5 —u— 7€ —e)+ (A +An), (10)
V3, 2 ! 2
Yo=*2 <1—§(€1+62)—§(A21+A22)—§Md>~
(11)

As, the points L4 5(Xo, £Y() are symmetric in nature
with respect to the collinear axis, so it is enough
to analyse only L4(Xq, Yo) point and analysis for
Ls5(Xp, —Yp) point will be followed. Now, for the non-
linear stability test of L4 point, we determine the linear
order normal form of the Hamiltonian of the system
in the vicinity of L4 point and record the correspond-
ing symplectic changes in the state variables. Further,
these normal forms are utilised to obtain higher-order
normal forms of the Hamiltonian to predict the nature
of L4 point as summarised in [22].

3 Linear order normal form of Hamiltonian

For computation of linear order normal form, we start
from translation of the origin to the triangular equilib-
rium point L4(Xo, Yp) by the use of symplectic change
in the coordinates, which are given as

x =X — Xo,
px = Px + Yo,

y=Y Yo, (12)
py = Py — Xo. (13)

The changes in the coordinates (12—-13) transform
the effective potential 2 given by Eq. (6) to €2, which
is given as

& =[x+ X0 + (v + Y] + L4 =1 (1 + Azl)

i 27}
nQa A Mg
+— 1+ + . 14
2 ( 275) NP2 T? (19

where

P = (6 + Xo+ 0% + O + Y2,

P =/ (x + Xo+ 11— D2 + (v + ¥p)? and

F= \/(x + X0)2 + (v + Yo)*.

and the Hamiltonian function (8) takes the form

(px — Y0)? + (py + X0)?
2
+n[(y + Yo)(px — Yo)
—(x + X0)(py + X0)]
—é+ﬁ[<x+x P+ G+ Y0
) 0 0 .

5)

H(x,y, px, py) =

By the use of Taylor’s series expansion, Hamiltonian

H is expanded about the origin (i.e. about L4 point) as
H = Hy+ Hy + H> + H; + Hy

FHs 4 Hyteee (16)

where H), in the expansion (16) is given as

Hy= Y

Jj+k+1+m=n
Since the terms Hy and H; in (16) do not affect the
dynamics of the infinitesimal mass so, we take H as
starting term for higher-order normalisation of Hamil-
tonian about L4 point, which is expressed as

Hijtim x y* pl pll.

_pitpy
2
+asx® 4 agy* + arxy, (17

H, +n(ypx — xpy)

where the coefficients a5, ag and a7 are

1 11 15 51 39 10
as = ¢ (1+7€1 - Eez—jz‘\zl +?A22— EMd>,
(18)
ag = —% <1 + %61 - %62 + %Am + %Azz + gMd) ;
(19)
a7 = —y (1 - i'51 + isz + 331421 + llAzz + EMgz)
18 18 12 12 5
(20)

with y = 231 =2 ).

Now, Hamiltonian H» in Eq. (17) can be expressed
as a sum of several parts corresponding to different kind
of perturbations such as

@ Springer
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Hy = Hye + Hpe €1 + Hyey€n + Hop, Agg

+Hz4,,A22 + Hop, My, 20
where
2, 2
py+p 1 5
Hy, = —= L+ n(ypx — xpy) + —x2 = Zy2 —yxy),
2 8 8
11, 15, vy
Hy = (—x2— 2y2 4+ L
3 <16x 16y + ISX)’ 5

15 19 Sy
Hye, = (*7)‘2 + E}ﬂ - EW) ,

51 9 35
Hapy = ( e *}’2 - ny) )

- X
E Y 12
39, 75, 17y
Hony, = (2x? - 22 ¥
242 (32x 2 T

10 , 75, ldy
Hopy = (——=x?— 2y2 = =L
2Ma ( 168" "6 T 5 Y

are the parts of Hamiltonian H> corresponding to clas-
sical term, radiation parameter, albedo, oblateness of
first primary, oblateness of second primary and the
disc, respectively. Now, consider the Jordan matrix

0 0O 1 0

0 0O 0 1 ..
J = 1 0 0 0 and write it as

0O -1 0 O

(0 I _ (1 0
J_<_12 0), where 12_(0 1).

Then, the linearised equations of motion for the trans-
formed Hamiltonian function H; in Eq. (17) are given
as

X X
Y| =7 Hess(Hy) |
Px Px
Py Py
0 n 1 0 X
—n 0 0 1 y
| —2a5 —a7 0 n e (22)
—a7  —2a¢s —n 0 Dy

Suppose, M = J - Hess(H>), then the characteristic
equation corresponding to matrix M is written as

M PAZ+0=0, (23)
where

P =2as + 2a¢ + 2n?, (24)
0= n* + 2(15112 — 2a6n2 — a% + 4asag. 25)
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The characteristic equation (23) concludes that the sys-
tem (22) is stable for u € (0, wr] and unstable for
€ (g, 0.5][1,39], where u is called Routh’s value
of mass ratio of the problem in hand (see Table 1). From
Table 1, it is clear that Routh’s value of mass ratio g
increasing rapidly with respect to radiation parameter
€1 from classical value 0.0385209 to onwards within
the upper limit of . However, it decreases almost in
the same trends with respect to the values of albedo
parameter €;. Moreover, it decreases gradually from
ur = 0.0385209 towards lower limit of p relative to
oblateness of the primaries As;, i = 1,2 and that of
disc parameter M. Thus, it is concluded that in the
presence of radiation pressure, the stability range is
expanded, whereas it is contracted because of albedo
of second primary, oblateness of the primaries and the
disc. Since the nonlinear stability test is to be performed
within the stable range n € (0, wg] of the triangular
equilibrium points so, itis assumed that all the solutions
of the characteristic equation (23) are purely imaginary,
ie. X234 =Fiw12, w12 €R.

Now, we require a real symplectic change of vari-
ables which transforms the Hamiltonian function H»
to a real normal form. For this, we first determine the
eigenvector of matrix M. The matrix £, = M — A [
(where [ is identity matrix of the order of M) associated
to the eigenvalue A can be written as

Al An
E, = (B A)’ where A = <_n A) and

B = (‘2“5 N ) (26)

—a7 —2ag

Thus, the eigenvectors are obtained by solving the sys-
tem of equations

Al wry 0 .
(5) ()= 5) v
wy = <)y“> and wo = (2") 27)

On simplification, we obtain two sets for x and y as

x =a7—2ni, y=—2as5— n” + %) and (28)
x = 2a¢ +n> + 2%, y=—(a7+21). 29)
For further analysis, one can take any one of these two

sets of x and y. Using (29), in Eq. (27), we get corre-
sponding momentum coordinates as

px = naj + 2ag h +n> A+ A3,
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Table 1 Routh’s value of mass ratio g with respect to perturbation parameters

€1 € Azl Axn My KR

0 0 0 0 0 0.0385209
0.04 0 0 0 0 0.0478447
0.08 0 0 0 0 0.0573648
0.12 0 0 0 0 0.0670942
0.12 0.02 0 0 0 0.0596718
0.12 0.06 0 0 0 0.0451903
0.12 0.08 0 0 0 0.0381198
0 0 0.002 0 0 0.0346414
0 0 0.003 0 0 0.0327137
0 0 0.004 0 0 0.0307939
0 0 0 0.0001 0 0.0384916
0 0 0 0.0002 0 0.0384624
0 0 0 0.0003 0 0.0384331
0 0 0 0 0.0005 0.0377790
0 0 0 0 0.0010 0.0370382
0 0 0 0 0.0020 0.0355602
0.02 0.01 0.003 0.0003 0.0020 0.0307876
Py = 2nag — n — aih — ni2. 30) where the coefficients P and Q are written in linear

Thus, the resulting eigenvector is written as

X 2a¢ — n? + A2
y —a7 — 2nk

= . 31
Px nay + 2ag) + n2n 423 (D
Dy 2nag — nd — arh — na?

However, eigenvalue A = iw is the solution of charac-
teristic equation (23); hence, the frequencies w; > can
be obtained from the equation

ot —P?+0=0, (32)
If w% and w% are roots of the quadratic equation (32) in

?, then we have the relations

w% + w% = P = —2as5 — 2a¢ — n?, (33)

w% w% =0 = n* + 2a5n2 — 2a6n2 — a% + 4asag.
(34)

From Eq. (32), the frequencies are expressed as

P+P2—4Q L [P=VP2-40
w| = —_——  wy = _
2 2
35)

order terms of the perturbation parameters as

Pe1_ el B At Oy
=l—z€e1+-60— — — —My,
TR T A T R T 33
(36)
LR SR L Y
16 Y T 16 T 16T 3
+ O+ 3y (37)
302 T

On substituting A = i w in eigenvector (31) and sepa-
rating the real and imaginary parts as
T

U(w) = (—2a6 + n2+a)2, ay, —na7,—n(16—i-n3 — nw2> R

(38)

T
V(w) = (O, 2nw, —2acw — o+ w3, 61760) s (39)

where U and V represent the real and imaginary parts of
eigenvector associated to each frequency w;, i = 1,2
and T denotes the transpose of matrix. Now, construct
a matrix C as C = (Vy, V2, Uj, Uy) which represents
real symplectic change in state variables corresponding
to each frequency w; and wj. For symplectic change,
matrix C must satisfy the condition C” - J - C = J. By
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the use of Eqs. (33) and (34), symplectic condition is
verified and found that

0 0 dw) 0
r o, | 0 0 0  dw)
C T C= i 0 0 o |
0 —d(w) 0 0

(40)

where d(w) = w [4a§ + a% + 4agn? — 3n*

+(2n? — 4ag) 0* + a)4]. In order to satisfy the sym-
plectic condition, a scaling is performed in the columns
of matrix C, so that CT - J - C = J. To do this,
define c¢1» = +./d(wi12) and rewrite the matrix C
as C = (Vi/c1, Va/ca, Uy/ct, Uz/cz). Again, matrix
C to be real, we must take d(w1,2) > 0. In other words,
frequencies must satisfy w; > 0 and wy > 0. With
this transformation, matrix C become symplectic, and
hence, the Hamiltonian function (17) reduces to a real

normal from as
w1 W)
Hy=— (2 +p) + — 07 + ). (41

The elements of the final symplectic matrix C = [¢;;]
are given as

0 0 —2a¢+n® + a)12
ci1=0,c2=0, c3 = ——F=—
Vd(wr)
—2ae + n?+ w%
Cl4 = ,
Vd(w2)
2nw; 2nwy asy
21 = , €2 = , €3 = —F/————,
Vd(wr) Vd(wy) Vd(wr)
az
4 = s
Vd(w2)
—Qag + n>w; + a)? —Qag + nHawy + a)g
31 = , €32 =
Vd(wr) Vd(w2)
nay nay ajwi
€33 = , 034 = —F——=, C4] = ,
Vd(wy) Vd(w2) Vd(wy)
ar1w)
C42 = )
Vd(wy)
—2nag+n®— na)l2 —2nag+nd— na)%
cp3=—r—", C}Yp=—"""—/""—
Vd(wy) Vd(w2)

In the absence of perturbation parameters €1, €,
A1, A and My, the elements of the symplectic
matrix C agree with the results in [17,22]. Next, we
obtain generating function for the solution of inter-
mediary homological equations. To obtain generating
function in simpler way, real normalised Hamiltonian
(41) is transformed in complex normal form by the use
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of complex variables defined [22] as

X1 +iX3 Xo+iXy
= , Y= ; (42
T )
| X X | X X
11X+ X3 _1Xo+ Xy (43)

Px—Ty Py—T,

and complex normal form of Hamiltonian is obtained
as

Hy =iw X1 X3 —iwy Xy Xy, (44)

where real variables X1, X5 correspond to space coor-
dinates and X3, X4 to that of corresponding momen-
tum coordinates. Equation (44) represents the linear
order normal form of the Hamiltonian of the problem
in question, which s to be used to obtained higher-order
normal form of the Hamiltonian.

4 Nonlinear stability

In this section, the nonlinear stability of the equilib-
rium points in non-resonance case with the assumed
perturbations is studied. In resonance case, one can per-
form the nonlinear stability test by the use of theorems
as in [42], also stated as in [43]. For non-resonance
case, Arnold—Moser theorem is to be applied, which
predicts the nonlinear stability of equilibrium points
in the restricted three-body problem. Before apply-
ing Arnold—Moser theorem, we have to determine
the Birkhoff’s normal form of the Hamiltonian up to
fourth order about the equilibrium point as a func-
tion of action-angle variable (I, I2, ¢1, ¢2) as follows
[17,30,44,45]:

4.1 Birkhoff’s normal form

A Hamiltonian function, which is expressed in action-
angle variables (I, I, ¢1, ¢2) as

K=K2+K4+"'+K2n+K2n+l’ (45)

is of Birkhoff’s normal form [45,46] up to the terms n
if K, denotes homogeneous polynomial of degree n
in action variables 77, I> and K7, is that of higher
degree polynomial than n; Ko = w11 —w», I with con-
stants w1 2 > 0; Ky is givenas K4 = —(A112+Bll I+
C 122) with A, B, C as constants to be determined.
This form can be found by imposing non-resonance
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0.00 0.02 0.04 0.06 0.08

Fig. 2 Frequency w; (bold line) and w, (dashed line) with
respect to mass ratio u at (i) € = 0 (red) (ii) €; = 0.04 (blue)
(iii) €; = 0.08 (green) (iv) € = 0.12 (black) (v) 7 = 0.20
(cyan)

condition on the frequencies wi, w; described as in
[30,31,47] and which is stated as if frequencies of
infinitesimal mass in linear dynamics are w;, w, and
s € Zis such that s > 2, then

siw1 + s2wy # 0 (46)

for all 51, s € Z with [s1| + |s2] < 2s. This con-
dition of irrationality insures the existence of a sym-
plectic normalising transformation which transforms
the Hamiltonian (16) in the form of Hamiltonian (45)
and the coefficients of the normalised Hamiltonian are
independent to the integer s as well as to the transfor-
mation determined. In particular, the determinant

’K _3*K K

3]12 oo, 0l

9’k °K 9K 4
det\5hon a1z oh “47)

[V ) S

al alp 11,b=0

is an invariant of the Hamiltonian (45) with respect
to this symplectic transformation. Now, the Arnold—
Moser theorem is stated [17,48] as

Arnold—-Moser Theorem: The origin is stable for
the system whose Hamiltonian is in Birkhoff’s normal
form provided for some integer i € [2, n], Dy =
Ko (w2, 1) # 0.

In this paper, we are interested to compute the
Birkhoff’s normal form of the Hamiltonian (16) in
action variables and then compute the determinant D4
corresponding to K’s (45) in terms of assumed pertur-
bations.

Fig. 3 Frequency w; (bold line) and w, (dashed line) with
respect to mass ratio p at (i) 2 = 0 (red) (ii) €2 = 0.02 (blue)
(iii) 2 = 0.04 (green) (iv) e = 0.06 (black) (v) e = 0.08
(cyan)
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L 06
3

04

0.2

0.0

Fig. 4 Frequency w; (bold line) and w, (dashed line) with
respect to mass ratio p at (i) Ap; = 0 (red) (ii) Ap; = 0.002
(blue) (iii) A2; = 0.006 (green) (iv) A2; = 0.008 (black) (v)
Az = 0.020 (cyan)

1.0F 1
0.8} \ ;
2 4
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Fig. 5 Frequency w; (bold line) and w, (dashed line) with
respect to mass ratio p at (i) Azo = 0 (red) (ii) Ao = 0.002
(blue) (iii) A2x = 0.006 (green) (iv) Azx = 0.008 (black) (v)
A = 0.020 (cyan)
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Fig. 6 Frequency w; (bold line) and w, (dashed line) with
respect to mass ratio p at (i) My = 0 (red) (ii) My; = 0.002
(blue) (iii) My = 0.006 (green) (iv) My = 0.008 (black) (v)
M, = 0.020 (cyan)
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Fig. 7 Comparison between the frequencies up to linear order
(red line) and higher-order (black dashed line) terms of pertur-
bation parameters with respect to mass ratio p
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Fig. 8 D4 Vs p in the absence of perturbations

@ Springer

4.2 Fourth-order Normalised Hamiltonian

However, at least fourth-order Birkhoff’s normal form
of the normalised Hamiltonian is required to verify the
Arnold—Moser theorem, which can be obtained from
second order normalised Hamiltonian (44) by using the
Lie transform method described in [18,22,30,31,49].
Suppose, higher-order normalised Hamiltonian [49,50]
is given as

K=Ky+Ks+Ks+Ks+--+Ky+---, (43
where K, is defined as
K= Y KjumX] X5x5x7"

Jj+k+1+m=n

The first term K, of the normalised Hamiltonian K,
equals to Hp (44) and the n'" term of K (48) is
expressed as [18]

1
K, = — {Hy, W,} + terms previously known,
n

where {., .} denotes Lie bracket and W,, is generating
function to be determined. Now, generating function
W, is chosen in such a way that K,, is reduced in its
better form. The Lie bracket { H>, W, } is expanded as

oW, X 8W,,]

{Hy, Wy} =iw; |:X3

aX; lax
. oW, ow,
- X - X . 49
lwz[ 48X4 ZBXJ (49)

Now, we have to determine W, such that the partial
derivatives of W,, result in cancellation of terms as
much as possible in K. It is noticed that these terms
be of the form M*X{ X4 X, X" where M* is constant
and W, is chosen to be the sum of terms that cancels
each terms, given as W, = N*X{ X’chéXZ" where N*
is to be determined. The expression

1 1
- {Hy, Wy} = - lior (I — j) —iwp (m — k)]

N*xT x5 xLxm (50)
leads to

inM*

N* = - . (51
w1 (I —j)—wr(m—k)

If the denominator in Eq. (51) vanishes, then
the above scheme fails. But, we are discussing the
case of non-resonance (in which frequencies are in-
commensurable), so the denominator equals to zero
only if I = j and m = k, simultaneously. This
implies that the terms in normalised Hamiltonian
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Fig. 9 D4 Vs u in the presence of radiation pressure a €; = 0.04,be; = 0.08,ce; = 0.12and d ¢y = 0.20

K will be a homogeneous polynomial of the form
(X1X3)/ (X2X4)*. Thus, in non-resonance case, the
terms of the normalised Hamiltonian K (48) reduce
to the form as
Ky =Hy=iw) X1 X3 —iwy Xy Xy,
K3 =0,
Ka = K020 (X1 X3)* + K111 (X1 X3) (X2 X4)
+Ko202 (X2 X4)%,
Ks =0,
Ko = K3030 (X1 X3)* 4+ Koo11 (X1 X3)*(X2 Xa)
+K1122 (X1 X3)(X2 X4)* + Koso3 (X2 X4)?,
K7 =0,

and so on.

As, fourth-order Birkhoff’s normal form is sufficient
to apply Arnold—Moser theorem so we are restricted
to perform analysis with K7, K3 and K4, only. Now,
in the action variables I} = i X X3 and I, = i X, X3,
K>, K3 and K4 are expressed as

Ko =H,=w1 Ii —ws D2, (52)
K3 =0, (53)
Ky = —(Kaoool? + Ki11111 I + Kopoa I3), (54

where K»g20, K1111 and Kqpgo are the coefficients of
homogeneous quadratic terms (54) in action variables.
Equations (52-54) together constitute the Birkhoft’s
normal form of the Hamiltonian of the problem in ques-
tion up to order four, which is similar to that in [18,22].
Now, these coefficients are further expressed in terms
of perturbation parameters €1, €2, Az1, A and My as
follows

K020 = K5 + K3bao€1 + Ksingea + Kagap Az
+K4Z A + Ko My,

Kini = K{jy, + Kilye + Kiye + K Ax
FK2 Ay + KM My,

Ko2o = Kipgp + K11 €1 + KGne2 + Ko A2i

FK2 Ap + Kid My,

(55)
(56)

(57)
where the coefficients K¢, K;.}dm, K]E.ilm, K ]f.‘kzl'm ,

K42 and K34 with j, k.1, m = 1,2,3,4 such that
j+k+1+m=4, j =1and k = m, in each terms of
Eqgs. (55-57) correspond to the classical term, radiation
parameter €, albedo parameter €, oblateness of first

primary Ajj, oblateness of second primary Aj; and
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Fig. 10 D4 Vs p in the presence of albedo a e = 0.04, b €2 = 0.06, ¢ €2 = 0.08 and d €2 = 0.08393
the disc parameter My, respectively. In the absence of and M, are, respectively, given as
all perturbing parameters, the expressions of the coef-
ficients K»po0, K1111 and Ko coincide with coeffi- Dl — ﬂ De — @ pha % A _ ﬂ and
cients as in case of the classical RTBP [18,22]. Now, the TGy T TGy Gs ¢ Gs
determinant D4 (w2, w1), required to use the Arnold— DM G7 60
Moser theorem [17], is computed to examine the non- 4 T Gy (60)
linear stability of triangular equilibrium points Ly 5 in
the non-resonance case, which is given as where

Dy(w, 1) = D§ + Di'er + D ex + D3> Ay

+D,? Ap + DY My, (58)

where D§, Dy', Di?, Df” , szz and Diwd are the parts
of D4 correspond to classical case, radiation parameter,
albedo parameter, oblateness of first primary, oblate-
ness of second primary and disc parameter, respec-
tively. In the absence of perturbing parameters, expres-
sion (58) of Dy is agreed to that of classical result as in
[18,30,47], which is

—36 + 541 ? @3 — 644 0} w3
8(1 —2w3)(—4+ 25w} wf)

In the present problem, corresponding parts of the Dy

associated to the perturbing parameters €1, €2, Az1, A2

Dy =D§ = (59)

@ Springer

G = 93676500 — 55882005303 w3 — 36253945401 w)

+470308824w8w§

+1601717760} w8 + 1157734400},

Gy =

Gy =

—111837348 + 7860579937 w3
42379308438} w5 — 273866264805 wS
—26522342405 w8 — 62580736w] w1,
—197618292 + 5093401725w} w3
—24531749522w w5 + 1363728740008 w§
—436132019208 w8 — 16226324480} w1,
—294388668 + 2672825103wlw3
—5556998150w] w3 + 47382701360 w$
425710310405 0§ — 384555008w1%w1°,

= — 1148948460 + 787547417 1w w3
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Fig. 11 D4 Vs p in the presence of oblateness of first primary a, b Ay; = 0.002, ¢ A1 = 0.004 and d A} = 0.0044

—3538195892w w3 + 347597019005 w$
4137205662005 0§ — 6763729501%w1°,

G = 4313088w]ws — 608716800 w]
+145590681605wS — 15720284160 w}
—589824000} w1,

G7 = 8626176w}w5 — 121743360(01(02
+5525176320005 — 78476083205 8
— 1179648001 w1,

Gg = 1195587993607 w3
—1687362969600w] w2 + 7657894379520w1w2
—10876785 131520a}1 a)2 16349921280000)10

Now, the variation in the frequencies w; and w,, which

defines the determinant D4 (w2, 1) at different values

of perturbation parameters, is shown in Figs. 2, 3,4, 5

and 6. It is noticed that

because of radiation pressure €; = 1 — ¢, the value
of w increases and that of w, decreases, whereas due
to the presence of albedo € = 1 — Q 4, oblateness of
the primaries As;, i = 1, 2, and the disc M, the value

of frequency w; decreases and that of the value of w»

increases. This significant change in the values of fre-

quencies w; and w; leads to a considerable change in
the value of zeros of the D4 on p-axis. Figure 7 is drawn
for the comparison between the frequencies which is
computed by truncating the expansion for perturba-
tion parameters up to linear order (red line) and those
obtained by taking higher-order terms of the perturbing
factors (black dashed line). Alike, in case of Fig. 1, it
is observed that frequencies in both the cases, i.e. red
curve and black dashed curve with respect to the mass
ratio u, seem coincident (Fig. 7). As, in the absence
of perturbations, it is seen that semi-analytical results
agreed to that of classical one [22,30,47] and in that
case there exist only one value of  such that Dy = 0
(Fig. 8). In order to analyse the effect of radiation pres-
sure €] = 1 —q, albedo e; = 1 — Q 4, oblateness of the
primaries Aj;, i = 1,2 and the presence of disc My
in the context of the nonlinear stability of triangular
equilibrium points L4 s, the variations in the values of
the determinant D4 with respect to mass ratio p within
the stability range 0 < u < g are observed (Fig. 9).
Figure 9 illustrates the changes in D4 and the existence
of values of u within the stability range 0 < © < upg
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Fig. 12 D4 Vs p in the presence of oblateness of second primary a, b A2 = 0.0001, ¢ A2x = 0.00036 and d Az; = 0.00037

at which D4 vanishes at different values of perturbing
parameters, which are responsible for the changing the
values of zeros of Dy. It is seen that for the nonlinear
stability, the region within the stability range is con-
stant, where D4 # 0 at different values of perturbing
parameters. We found that there exist some values of
at which Arnold—Moser theorem fails (Fig. 9). In case
of radiation pressure €; = 1 — ¢, there exist two val-
ues of u for which D4 = 0 and the difference in these
two values increases with the increase in the value of €
(Fig.9). But for albedo parameter €, there are two zeros
of Dy for 5 € (0, 0.08393) and after that no such u
exists at which D4 = 0 (Fig. 10). Further, due to oblate-
ness of the first primary A;j, number of zeros of Dy is
varying. At A>; = 0.002, D4 = 0 for three values of
w and at Ay; = 0.004, D4 vanishes at two places on
the p-axis, whereas nearly after Ay; = 0.0043579, D4
is non-zero within the range of stability 0 < u < ug
(Fig. 11). A similar trend is obtained for the oblateness
of the second primary Ay and noticed that D4 crosses
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j-axis four times when Az € [0, 0.0001), twice when
Axy € [0.0001, 0.000356] and once when Ay €
(0.000356, 0.013905) and for nearly A>; > 0.013905,
no such values of  are found, where Arnold—Moser
theorem fails (Fig. 12). In case of variation in the val-
ues of disc parameter M, there exists two values of
n at which Dy = 0 for 0 < M; < 0.00241 and
for 0.00241 < My < 0.5, D4 # 0; hence, Arnold—
Moser theorem is applicable for all values of u within
the stability range 0 < u < wupr (Fig.13). Now, it
is summarised that because of perturbations, Arnold—
Moser theorem fails at several places within the range
of stability. Also, due to these perturbations, stability
range increases and the triangular equilibrium points
Ly 5 are stable in nonlinear sense for those values of
u, where Dy # 0. Thus, the effect of perturbations
in the form of radiation pressure, albedo, oblateness
of the primaries and the disc influenced the stability
range as well as nature of triangular equilibrium points
in nonlinear sense within the stability range.
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Fig. 13 D4 Vs p in the presence of disc a My = 0.0005, b My = 0.0024 and ¢ M; = 0.0024148

5 Conclusion

The perturbed restricted three-body problem is studied
in the context of nonlinear stability analysis of the tri-
angular equilibrium points L4 5 in non-resonance case
by applying Arnold—Moser theorem under the influ-
ence of perturbations in the form of radiation due to
first primary, albedo of second primary, oblateness of
both the primaries and presence of the disc. First, equa-
tions of motion are established and then Hamiltonian
of the proposed problem is obtained. Next, the linear
order normalization of the Hamiltonian is performed by
placing the origin at L4 point. Again, by the use of Lie
series method, fourth-order normalised Hamiltonian is
determined, which is similar to that of in [22,47,51], in
the absence of perturbations. Further, the nonlinear sta-
bility test is performed with the help of Arnold—Moser
Theorem. It is noticed that in the absence of pertur-
bations, determinant D4 vanishes at © = 0.0109137
within the classical stability range 0 < p < 0.0385209
asin [22,47,51]. However, in the presence of radiation
pressure, the range of stability expanded, significantly

with respect to the classical range of stability but in the
presence of other perturbations, i.e. albedo, oblateness
and the disc, it is contracted gradually. Moreover, the
number of zeros of the determinant D4 (w>, w) at wu-
axisisincreased as compared to one as in classical case.
The trend of existence of zeros of D4 within the cor-
responding stability ranges are different for different
kind of perturbations. It is also found that frequencies
w12 are influenced due to the perturbations. Finally,
it is concluded that in the presence of perturbations,
Arnold—Moser theorem fails at many point within the
respective stability ranges; hence, the triangular equi-
librium points L4 5 are unstable in nonlinear sense for
those value of mass ratio p on the w-axis at which
D4 = 0. In opposite of this, it is also mentioned that
the points L4 5 are stable within the range of stability
except for those values of p at which D4 # 0. The
current study and observations are applicable to other
generalised problem of a restricted few body system
and can be extended to higher-order normal form with
various types of disturbances such as P-R drag, solar
wind drag, etc.
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