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ABSTRACT. We study the dynamics of the circular restricted 4-body problem
with three primaries with equal masses at the collinear configuration of the
3-body problem with an infinitesimal mass. We calculate the equilibrium
points and study their linear stability. By applying the Lyapunov
theorem, we prove the existence of periodic orbits bifurcating from
the equilibrium points and further, prove that they continue in the
full 4-body problem. Moreover, we prove analyticallythe existence
of Hill and of comet-like periodic orbits.

1. INTRODUCTION

The planar Newtonian n-body problem concerns with the motion of
n points of mass m; > 0 moving in a plane under their mutual attraction
in accordance with Newton’s law of gravitation.

The equations of the motion of the n-body problem are

n

f=— 3 mj(rig—rj)’ l<i<n,

i=Lizi U
where we have taken the unit of time in such a way that the Newtonian gravitational
constant be one, and r; € R? (i = 1,...,n) denotes the position vector of the i-body,
rij = |r; —r;| is the Euclidean distance between the i-body and the j-body.

It is well-known that the 2-body problem has been completely solved
(see for instance [9]), whereas the n-body for n > 2 is still open and
non-integrable, see for instance [3, 10].

For the Newtonian n-body problem the simplest possible motions, are
the so called the homographic solutions. In these solutions the configu-
ration formed by the n-bodies is constant up to rotations and scaling.
Only some special configurations of particles are allowed in the homo-
graphic solutions of the n-body problem, called by Wintner [11] central
configurations.
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It is well-known that for the 3-body problem when the three masses
are equal there is a unique collinear central configuration, where the
mass in the middle is equidistant from the other two.

The main objective of this paper is to study the circular restricted
4-body problem with three equal primaries in the collinear central con-
figuration of the 3-body problem, that is to describe the motion of the
infinitesimal mass with respect to the primaries under the Newtonian
gravitational force.

In [4] the authors determine the ejection-collision orbits of this circular
restricted 4-body problem. Here we determine the equilibria, and study
aspects of the dynamics mainly about its periodic orbits.

The paper is organized as follows: in section 2 we obtain the equa-
tions of motion in a rotating system of coordinates while in section 3
we calculate the equilibrium points. In section 4 we calculate the Ja-
cobian integral and Hill’s regions . Further, in Section 5 we study the
linear stability of the equilibrium points. We mention that the results
in sections 3, 4 and 5 have been considered previously in [7] and also the
content of these sections can be seen as a special case of results given
in [1], see also [2, 8]. In section 6 we determine some periodic orbits:
first we calculate the linear expression of the periodic orbits bifurcating
from the equilibrium points L;, i = 1,2, 3,4; next we prove the existence
of these periodic orbits using the Lyapunov center theorem. We also
prove the existence of Hill’s and comets orbits. In the last subsection
we prove that any elementary periodic solution of the circular collinear
restricted 4-body problem whose period is not a multiple of 27 can be
continued into the full 4-body problem with one small mass.

2. EQUATIONS OF MOTION

Taking the unit of mass equal to the masses of the three primaries and since a
central configuration is invariant under rotations and homotheties through its center
of mass without loss of generality in a convenient rotating system with angular
velocity w = \/5/2 the position vectors g;’s for i = 1,2, 3 of the three primaries are

q1 = (_170)a q2 = (O7O)a q3 = (170)

See for more details [6, 12, 13]. Denoting the position of the infinitesimal mass by
qs = (z,y), then the Hamiltonian of the infinitesimal mass in the rotating system
of coordinates for the circular restricted collinear 4-body problem is

1 1 1

1
1 H =2 +p? ) — =
(1) 2(px+py)+w(p Y= py?) T4 Toa T34

where
=@+ 1) +92, g =2+ ri = (- 1)+

For more details on how to obtain this Hamiltonian see [6, 12, 13].
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The equations of motion are
& = ps +wy,

y:py_wxa

Pe= - | ==+ —+— | +wpy,
Or \r14  T2a T34
. 0 ( 1 n 1 n 1 )
Py=5(—+—+— | —wps.
Y Oy \r14a 124 T34 ¢
The Newtonian equations of motion are obtained by eliminating the momenta from
equations (2)

Q Q
(3) fc'wiy:Z—x, i}+2wi:g—y,
where ) ) ) )
Q=@+ +—+ —+—,
2 Ti4 T24 T34

3. EQUILIBRIUM POINTS

We now compute the equilibrium points of equations (3). Calculating
the derivatives of Q and equal them to zero the equilibrium points coordinates are

determined by
o r+1 x x—1

—=wr—-— - —-——=0
3 3 3 J
Ox T4 T34 T34

o0 (2 1 1 1)
eyl —— - — | =
dy 7":1)’4 7’34 7"33:4

From the second equation we have two cases.

(4)

The first case is when y = 0. Substituting this into the first equation we get:

5 rz+1 T z—1
5 — - - - -
(5) R P T

and we obtain the following four equations:

527 — 1025 + 122* + 52 +4 =0, if x < —1,

(©) 527 — 1025 + 42t + 2122 — 822 +4 =0, if —1<2 <0,
527 — 1025 — 42t + 2123 + 822 -4 =0, if 0 <z < 1,
527 — 102° — 122% + 523 —4 =0, if 2 > 1.

The first equation in (6) has the single real root x; = —1.7576799791694022.., the
second equation in (6) has the single real root xo = —0.4946664910173645.., the
third equation in (6) has the single real root x3 = 0.4946664910173645.., and the
fourth equation in (6) has the single real root x4 = 1.7576799791694022... These
roots have been computed using the Newton method, and their existence
is guaranteed by the bisection method.

=0

The second case y # 0 reduces to the equation
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Multiplying this equation by —z and adding it to the first equation of (4) we obtain

ra =73 =Vy>+1, rog ==y, v=0.

Then from (7) we have the following equations for y

2 1 )

(EESVEERS T
with the real roots ys ¢ = £1.1394282249562009...

In summary we have obtained six equilibrium points L; = (z;,0) for i = 1,2, 3,4,
and L; = (0,y;) for j =5,6.

If we calculate the Hessian of the function 2 at these equilibria we get

6.31171.. 0
H(Ly) = H(L4) = H(£1.7576799791694022..,0) = < 0 1.98086.. ) ,
so L1 and L4 are saddles of €;
33.8708.. 0
H(Ls) = H(L3) = H(+0.4946664910173645..,0) = < 0 _15.0604.. ) ,

so Ly and L3 are also saddles of ;

H(Ls) = H(Lg) = H(0,+1.1394282249562009..) = ( 0.749266.. 0 > :

0 3.00073..

so L5 and Lg are minima, of ).

FIGURE 1. Plot of the surface z = Q(z,y). In the base of the
parallelepiped we have the (z,y)-plane and in the height we have
the z-axis.
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4. JACOBIAN INTEGRAL AND HILL'S REGIONS

As in the circular restricted three body problem, a direct calculation
leads for our circular restricted four body problem to the Jacobian first
integral

C =20 —v?,
where v = /12 + 9?2 is the velocity of the infinitesimal mass, and C' is a constant.

Since the square of the velocity cannot be negative we have that
1 C
+ - > .
Vi +1)2+y2 0 a2y (@ -1)2+y2 T 2

5
Qe y) = (@ +y7) +

-2+

-4 -2 0 2 4

FIGURE 2. The curves of zero velocity for different values of C' in
the (z,y)-plane.

Now we study the curves of zero velocity. If v = 0 the Jacobian first integral
reduces to 22 = C'. When the Jacobi constant varies we obtain different curves of
zero velocity. These curves of zero velocity are the boundaries of the Hill’s regions,
i.e. the set of points (z,y) of the plane where Q(x,y) > C/2, i.e. the regions of
the plane where the motion is possible for the value C' of the Jacobi constant. This
means that the motion cannot take place in the regions where Q(z,y) < C/2.

If we compute the values of the function ) at the equilibrium points we get
Q(£1.7576799791694022..,0) = 4.18227..,

Q(40.4946664910173645..,0) = 4.82244..,
Q(0, +1.1394282249562009..) = 3.00832...
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This means that no level curves exist when 2 < 3.00832.., and consequently no
motion exists for the values of {2 < 3.00832... The equilibrium points are located
at critical values where the curves of zero velocity change their topology. In Figure
3 the Hill’s regions where the motion is allowed are the white regions.

| &

- -2 - 0 B 2 -3 E) 1 [ 1 2 -3 2 = 0 1 2

(a) C = 3.00832.. (b) C € (3.00832..,4.18227..). (c) C = 4.18227..

| » I eoeo

=3 E) ] 0 1 2 £ E El 0 1 2 =3 2 -1 o 1 2

(d) C € (4.18227..,4.82244..) (e) C = 4.82244.. (f) C > 4.82244..

FIGURE 3. The curves of zero velocity and their Hill’s regions.
The motion is allowed in the white regions.

5. STABILITY OF THE EQUILIBRIUM POINTS

At the equilibrium points the linearized system corresponding to system (2) has
the matrix

|
&
(e
o
—
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For the equilibrium points L; = (x;,0) for ¢ = 1,2,3,4 on the z-axis, the above

matrix becomes

0 V5/2 1 0

—/5/2 0 0 1

20 0 0 V5/2

0 —a  —V5/2 0

where
1 1 1

o= + + )
lzi + 113 fag® |z — 13

The eigenvalues of this matrix at the equilibrium points L; and L4 are

~1.68164..i, 1.68164.4, —1.69079.., 1.69079..,

fori=1,2,3,4.

and the eigenvalues at the equilibrium points L, and L3 are
—4.08808..7, 4.08808..i, —5.52474.., 5.52474...

Since for each one of these equilibrium points one eigenvalue is real positive, all
these equilibrium points are unstable.

For the equilibrium points L; = (0,y;) for j = 5,6 on the y-axis, the matrix (8)
becomes

0 V/5/2 1 0

—/5/2 0 0 1
8 0 0 V5/2

0 v —=5/2 0

where )
6 —2(1+ vy 1
p=820tu) L pisse,
(1+y7)> |yl
and
6y2 — 2(1 + y? 2
_ Gy =20+ ;) for i = 5,6.

(1+7)3 il
The eigenvalues of this matrix at the equilibrium points Ly and Lg are

0.661228.. + 1.03064..7, 0.661228.. — 1.03064..7,

and
—0.661228.. + 1.03064..7, —0.661228.. — 1.03064..1,

respectively. Hence the equilibrium points Ls and Lg are unstable.
In summary we have proved the next result.

Theorem 1. The six equilibrium points of the circular restricted 4-body problem
with three equal primaries in the collinear central configuration of the 3-body problem
are unstable.
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6. PERIODIC ORBITS

The study of the periodic orbits of the circular restricted 4-body problem with
three equal primaries in the collinear central configuration of the 3-body problem
of the subsections 6.2 to 6.5 are follow the methodology presented for the study of
the periodic orbits of the circular restricted 3-body problem in the book of Meyer,
Hall and Offin [6].

6.1. The linear expression of the periodic orbits bifurcating from the
equilibrium points L;, i = 1,2,3,4. At these four equilibrium points we have
Qe >0, Qpy = 0 and Qy, < 0 and we denote by £ their two real eigenvalues, and
by 431 their two purely imaginary eigenvalues. The linearised equations of motion
(3), called the linear variational equations, are

(9) Z = 2wy = 20z + YQay,  §+ 20T = 20y + yQyy,

where the second order partial derivatives of {2 are calculated at the equilibrium
points L; for i = 1,2,3,4. The solution of these linear variational equations is

w(t) = Ay + Age M + AgeP + Age M,

(10) , ,
y(t) = Bie* + Boe ™ + BseP'' + Bye Pl

The coefficients Aq,..., A4, Bq,..., By are not independent because from the first
equation of (9) we have

)\2 - Q:mv|L17L4 Al

B, = ) = a1 Ay,
A — Qo —
By = —ﬂfb = —a14s,
(11) 2WA
240
By = ““f—mAgi = a3 Asi,
2wp
240
By= A Seeliicna g5
2w

taking into account that €., = 0 at the equilibrium points L; for i = 1,2,3,4. As
in [12] we can see that the four initial conditions of (9) will completely determine
the coefficients A4,..., A4, B1,...,Bs. Thus we have

zo = x(to) = Ao + Age Mo 4 AgePlol 4 A e Plot
(12) iy = (to) = MM — NAge Mo 4 B AzeP0% - BAeProi) |
Yo = y(to) = a1 A1e™M0 — ag Aze 0 + az Azel0li — ag Age P,
Jo = U(to) = a1 A1 + ag A Age M0 — a3 BAzeP0 — azBAe P
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Taking into account (11) the determinant of this system is

1 1 1 1
A —A Bi —Bi B QME|L1*L4()\2+52)2Z-#0
. | wA\B '
(65} — Q7 31 —Q31?
atA g\ —013,8 —0436
Therefore the solution of system (12) is
—to . .
A= [ azBro  asdo n Byo L Yo }’
2 036%*011)\ alﬂ—/\ag Oélﬂf>\0é3 04364’0[1)\
o — eMo { aszfxg asio  Byo n Yo }
(13) 2 2 lagB+aA  a1B—Xdas a1 —Adas  azB+aAl’
A — e~ hto [ a1ATo _ ;o w Ao Yo }
3770 lasBrarh - Az | B — Az azB+an)’
A et [ a1 AT . o . Ao Yo }
= 1 — 1 — .
T2 lagBtaih | aif—Xaz  aif—az  azB+aih

Since we are looking for a periodic solution, we must have A; = Ay = 0. If
we choose the initial conditions so that A1 = Ay = 0, then from the first two
relations of (13) we get that, if xg,yo are arbitrarily selected, then o = SByo/as
and yo = —asfzo. Evaluating As and A4 from (13) and substituting them into
equations (10) we obtain the periodic orbit

a(t) = xocos (B(t —to)) + (yo/x3) sin (B(t — to)),
y(t) = yo cos (B(t — to)) — woasin (B(t — to)).
This orbit is the ellipse

(14)

2
Y 2, Y%
15 247 = J0
( ) "+ CY% Lo + a§7
where o = 5.90773.. at the equilibrium points L; and L4, and o = 30.6199.. at
the equilibrium points Ly and Lg.

Taking into account that at the equilibrium points L5 and Lg all the eigenvalues
are complex with real part different than zero, we conclude that there are no periodic
orbits bifurcating from these equilibrium points.

6.2. Lyapunov families at the equilibrium points L;, i = 1,2,3,4. A first
integral F is called nondegenerate on a point z if its gradient VF(xg) # 0.

We note that the Hamiltonian (1) is always a nondegenerate first integral on a
nonequilibrium solution because VH (zy) = 0 implies that z( is an equilibrium.

Theorem 2 (Lyapunov Center Theorem). Assume that the differential system
& = f(x) admits a nondegenerate integral and has an equilibrium point with expo-
nents £wi, Az, ..., Am, where iw # 0 is pure imaginary. If \j/w is never an integer
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for j =3,...,m, then there ezists an one-parameter family of periodic orbits em-
anating from the equilibrium point. Moreover, when approaching the equilibrium
point along the family, the periods tend to 2w /w and the nontrivial multipliers tend
to exp(2m\j/w) forj =3,...,m.

For a proof of Theorem 2 see Theorem 9.2.1 of [6].

Theorem 3. The existence of the periodic orbits near the linear approximated pe-
riodic orbits closed to the equilibrium points L; for i = 1,2,3,4 of the circular
restricted 4-body problem with three equal primaries in the collinear central configu-
ration of the 3-body problem studied in subsection 6.1 is proved using the Lyapunov
center theorem.

Proof. At the equilibrium points L; and L, we have a pair of purely imaginary
eigenvalues +1.68164..i and a pair of real eigenvalues £1.42144.., so the Lyapunov
center theorem implies that there is a one-parameter family of periodic solutions
emanating from each of these equilibrium points, points whose linear approxima-
tions are given in (14) and (15).

At the equilibrium points Ly and L3 we have a pair of purely imaginary eigenval-
ues +4.08808..7 and a pair of real eigenvalues +5.52474.., so the Lyapunov center
theorem implies that there is an one-parameter family of periodic solutions ema-
nating from each of these equilibrium points, points whose linear approximations
are given in (14) and (15). O

6.3. Hill’s Orbits. In this subsection we consider the case when the infinitesimal
particle moves very close to one of the primaries. This is the Hill’s problem. By
symmetry, it is sufficient to study the motion of the infinitesimal mass near the
masses m; and ma.

Theorem 4. For each primary there exist two one-parameter families of nearly
circular periodic solutions of the circular restricted 4-body problem with three equal
primaries in the collinear central configuration of the 3-body problem that encircle
the corresponding primary.

Proof. We introduce a small parameter considered the infinitesimal particle to be
very close to one of the primaries. We start with the primary situated at the origin
of the coordinates system, i.e. the primary of mass ms. We introduce a scale
parameter ¢ by changing coordinates by (z,y) = €%(&1,&2), (P2, py) = €1 (71,72)
which is a symplectic change of coordinates with multiplier e~!. The Hamiltonian
(1) becomes

[nl® 1
2 el

where we have dropped the constant terms because they do not affect the equations
of motion and

H=€73{ } —weTKn+ 0(e),

0 1
K = |: -1 0 ]v H£||2 :£%+§§’ ||"7||2 :77%""77%'

We scaled the time by t — ¢3¢t and H — ¢3H, and the Hamiltonian becomes

||77||2 1 3 T 4
= —— —cwE Kn+ O(%).
> )




THE CIRCULAR RESTRICTED COLLINEAR 4-BODY PROBLEM 11

For the other case when the infinitesimal particle is very close to one of the primaries
which are symmetric with respect the origin, if we translate first the origin in one
of these primaries and we apply the same change of coordinates as above we get
the same Hamiltonian up to the terms of order three in e.

If we introduce the polar symplectic coordinates (7,6, R, ©) as follows

& =rcosb, & =rsind,

m = Rcosf — 9Sinﬁ, Ne = Rsinf + 9(:059,
r r

we get the Hamiltonian

_1 2 @2 1 3 4
H_i(R +ﬁ)_;_5 w@—i—@(&? ),

and its Hamiltonian equations are

: S C LS|
T:R, R:Ti'?’_’rj’

9:92—53w, 60 =0,
T

where the terms of order £* have been omitted. We have two solutions © = #c, R =
0,7 = ¢?, where c is a constant, which are periodic solutions for the above system, of
period 273 /(wcPe3 £1). If we linearize the r and R equations about these solutions
we get

. : r

r=R, R= ~ %
These linear equations have solutions of the form exp(=it/c?), and so the nontriv-
ial multipliers of the circular orbits of the system are exp(F2mi/(wce® + 1)) =
1+ 2miwc?ed + O(g%). Using the Poincaré continuation method, as in section 9.4 of
[6], we can conclude that for each primary there exist two one-parameter families
of nearly circular elliptic periodic solutions of the circular restricted 4-body prob-
lem with three equal primaries in the collinear central configuration of the 3-body

problem that encircle the corresponding primary. (]

6.4. Orbits close to infinity. Now we study the orbits that are close to infinity.

Theorem 5. There exist two one-parameter families of nearly circular periodic
solutions of the circular restricted 4-body problem with three equal primaries in the
collinear central configuration of the 3-body problem which tend to infinity.

Proof. We scale the variables by (z,y) = ¢ 2(£1,&2), (pz,py) = €' (11, 72) which is
a symplectic change of coordinates with multiplier e. The Hamiltonian (1) becomes

T nl* 1
H = —(JJf K77+€3 [? - m} + 0(65).

When ¢ is small the infinitesimal body is near infinity and the Hamiltonian shows
that near infinity the Coriolis force dominates, and the next important force looks
like a Kepler problem with all three primaries at the origin. If we change to polar

coordinates we get the Hamiltonian
a1 02 1
H=—-wo+¢e* [5 (R2 + —2) } + O(e%),

r

r
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and its Hamiltonian equations are

. 1
7 =R, R:€3(9——),
(16) o
9:7w+53—2, @ZO,
r

where the terms of order £ have been omitted. We get © = +£1, R =0, r = 1 are
periodic solutions with period 27 /(w F €3) of (16). The linearized equations for r
and R around these solutions are 7 = e*R, R = —e®r. These linear equations have
solutions of the form exp(4-ie3t), and so the nontrivial multipliers of the circular
orbits of the system are

exp(Fie®2n/(w F £%)).
Using the Poincaré continuation method we can conclude that there exist two one-
parameter families of nearly circular periodic solutions of the circular restricted

4-body problem with three equal primaries in the collinear central configuration of
the 3-body problem which tend to infinity. [

6.5. From the restricted to the full problem. We now use the result in [5, 11]
to show that the periodic solutions found above persist in the 4 body problem
with one small mass. Recall that a periodic solution of a conservative Hamiltonian
system always has the characteristic multiplier +1 with algebraic multiplicity at
least 2. Thus we have the following definition: a periodic solution of a Hamiltonian
conservative systems with no continuous symmetries is called non-degenerate or
elementary periodic solution if the characteristic multiplier +1 has the algebraic
multiplicity exactly equal to 2 [5]. If the system is symmetric under the symplectic
action of a continuous group (e.g. admits rotational symmetry), then the same
definition applies for the reduced Hamiltonian system on a fixed symplectic reduced
space [11].

Theorem 6. Any periodic solution of the circular restricted 4-body problem with
three equal primaries in the collinear central configuration of the 3-body problem
whose period is not a multiple of 2w can be continued into the full 4-body problem
with one small mass and the other three masses equal.

Taking into account the values of the multipliers found in this section, the pe-
riodic orbits at all equilibria are non-degenerate, and the proof of Theorem 6 is a
particular case of Proposition 3 of [11].
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