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Abstract The purpose of the present study is the investigation of the effect of the mass ratio parameter, 8, on the geometry of the
zero-velocity curves, when there are N = 3, 4, ..., 100 peripheral bodies. It is well known that there is a bifurcation value of the
B parameter in the N-body ring problem that produces a change in the number of stationary solutions in the system from 5N to 3N.
By examining the behavior of the critical values of the Jacobi constant that define each of the zones of stationary solutions, we have
unveiled the existence of other bifurcations or critical values of S in the scenario with SN stationary solutions, which cause different
changes in the geometry of the zero-velocity curves, which in turn affect the threshold for the total opening of the curves of zero
velocity.

1 Introduction

For decades, the N-body problem has captivated the interest of scientists, to investigate and improve the comprehension of various
celestial phenomena, such as exoplanetary systems, the Saturn’s rings, and Trojan asteroids. These scientific investigations provide a
contemporary challenge in unraveling the processes of Solar System formation. Besides that, recent researches have seen an increase
in the amount of effort devoted to understanding the dynamics of these celestial bodies, near their equilibrium points, since these
points can maintain a relatively stable position. This fact has led to design and develop several space exploration missions with
numerous benefits [1], such as the launch of the James Webb Space Telescope (JWST) in 2021, that uses a special type of orbits,
known as halo orbits of the Sun-Earth system [2, 3], and the satellites Genesis, SOHO, MAP, and ACE [4].

The first approximation of the N-body problem was presented by Maxwell in his investigation of Saturn’s rings [5] on the so-called
restricted N-body problem, which deals with the motion of a small particle under the gravitational influence of N + 1 bodies in
a planar ring configuration. Several authors have carried out qualitative research to improve our understanding on the behavior of
the motion of that small body in a complex physical system [6—19]. For instance, [8] and [11] studied the equilibrium points and
the zero-velocity curves (i.e., the contour lines that limit the zones where the particle’s motion is allowed, denoted as ZVC in the
following), distinguishing between the presence or not of a central body and unveiling a bifurcation in the number of stationary
solutions based on the mass ratio parameter 8; [10] determined the stability of the stationary solutions and their parametric variations,
extending the problem to the case when the central primary is assumed to be ellipsoidal or a source of radiation, founding also
bifurcations depending on §; [13] made a review of the change of the equilibrium points, their stability, and bifurcation points, and
used new techniques to delimit the regions of chaotic behavior, classifying different kinds of orbits (escape, collision, and bounded
orbits) and also obtaining new families of periodic orbits for some values of N; [15—-18] studied the escape dynamics through the use
of surfaces of a section unveiling structures in the basins of escape dealing with the stable and unstable manifolds of the unstable
Lyapunov orbits present in the windows of escape of the potential well; [20, 21] investigated the effects of introducing perturbation
parameters such as radiation source; [19] considered the impact of small perturbations in the Coriolis and centrifugal forces, for
N =4, 7, 32, in order to numerically illustrate the effect of different parameters on the existence of equilibrium points and regions
of motion; and [12] analyzed the shape of the ZVC depending on B for N = 10 peripheral bodies, obtaining new critical values of
B that affect the geometry of the ZVC. However, the influence of the parameters of the system in the geometry of the ZVC when N
increases is far from being completely unveiled. The existing studies present certain limitations in the prediction of the behavior of
the ZVC depending on the mass ratio parameter and the Jacobi constant of the system, as the number of peripheral bodies affects
the system dynamics.
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The purpose of the present study is to do an extensive and qualitative study of the ZVC in the planar N-body ring problem for an
increasing number of the peripheral bodies, up to N = 100, depending on the values of g and the Jacobi constant under the presence
of a central primary, that is, when 8 > 0, and considering spherical and homogeneous primaries with equal masses. In Sect. 2, we
provide a brief summary of the equations of motion of a particle subject to the gravity field of a N-body ring arrangement revolving
around a central mass. Section 3 presents a review of the location and linear stability of the stationary solutions of this dynamical
system. In Sect. 4, we focus on the study of the ZVC, discussing the influence of the mass ratio parameter, 8, on their geometry
for the values of N mentioned above. Finally, in the last section, we extract the conclusions and give future perspectives of this
investigation.

2 The general equations of motion
Let us assume a reference frame spinning at an angular velocity equal to the unit, with its origin corresponding toward the main
body’s center of mass and the x axis fixed along the line connecting the center mass to a single of the primaries in the ring. The

non-dimensional equations of motion characterizing the planar motion of a particle S of infinitesimal mass (hence referred to as the
test particle) under the effect of this configuration are defined by [see, for instance, 8, 9]:

iU oUu

The potential function U(x, y) is described by the following general expression
N
1 1(8 1
U, ==+ +—=+Y =)
x, y) = (7 +y%) A<r0 2 ry)

where 8 = mo/m represents the ratio of the central mass, m, with one of the peripheral masses, m,

ro =4/ x2 +y?

is the test particle’s distance from the central body,

ro= x4 (- 3R

forv =1, 2, ..., N, are the distances between the test particle and the N peripheral primaries of the system, while the quantities
x and y; represent the positions of the peripheral bodies, which are written as

1
Xy = cosQv — 1)9), yi =

T5in0 sin(2(v — 1)8).

2sin6
Lastly, the parameter A is defined by
A = M(A+BM?),

where

= i sin2 0 cos(N/2+1 —1)f) i sin 6
A& sin((N+1-v)e) A sin((v - DB

and
M = ./2(1 —cosyr) = 2siné.

In such expressions, Y represents the angle between both the central and two succeeding peripheral primaries, and 6 = /2 = 7w /N.
It is straightforward to demonstrate that the set of equations (1) has a Jacobi-type integral of motion, determined by

C =2U(x,y) — (&2 +y), )

in which C is the constant of Jacobi.
The regions of the test particle’s possible motion are bounded by the zero-velocity curves, which are obtained from equation (2),
and read as follows:

N
2 1
C=2Ux,y)=x>+y"+= Foy 1) 3)
A =

ro
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Fig. 1 Partial derivatives of U(x, y) for N = 5, 8 = 0.5 (left panel), and N = 5, B = 2.0 (right panel), depicted in black color. The critical points are
organized in equal arcs on concentric circumferences from the center. For 8 = 0.5 there are five circumferences and for § = 2.0 there are three of them,
depicted in red, magenta, green, gray and brown colors

3 Zones of stationary solutions

The stationary solutions of this dynamical system, that is, its equilibrium points, satisfy the following nonlinear system

w =0, ww =0. 4)
ax ay
Therefore, they are the critical points of the potential function U(x, y), as well. Note also that the potential function has multiple
symmetries: it is symmetric with respect to the line from the center to every peripheral body as well as to the line from the origin to
the bisector across adjacent primaries. Then, in order to determine the location of the critical points of U(x, y), it is enough to focus
on the angular portion [0, 7 /N]. Equation (4) can be solved numerically, for instance, by means of the Newton—Raphson method,
and the critical points can be classified by studying the sign of the Hessian matrix of U(x, y).
Due to the fact that the stationary points satisfy the equation of the integral of motion of the system (3), they are also characterized
by a particular value of the constant of Jacobi, C, which will be here named as critical value of C. Then, we can classify the
stationary points attending to their associated critical value of C. According to [8], when 8 > 0:

e The stationary solutions are organized at the intersections of concentric circumferences with radial lines generating equal angles
7 /N between them due to the symmetries of the potential function.

e The stationary points can be grouped in subsets of N points such that all the points in the subset belong to the same circumference,
that is, each N equilibrium points are at the same distance from the center. Then, each subset of points with the same radius defines
a zone and it is associated with the same critical value of the Jacobi constant.

e The number of stationary solutions depends on N and §, and the radii of the different zones increase as N increases.

e There can be from a minimum of three to a maximum of five zones, each of them containing N equilibrium points. We shall refer
to them as zones Ay, Az, B, Dy, and D5, with associated critical value of the constant of Jacobi denoted as C4,, Ca,, Cp, Cp,,
and Cp,, respectively. These critical values can be computed by means of equation (3).

e There are always N points in each zone, but the number of zones varies depending on the value of the mass ratio parameter, S.
There exists a value ﬂl’t, for each N such that, there are five zones when f is in the interval (0, ,3;,), and there are three zones
when 8 > ﬂl’(,, which are A, Dy, and D;. When 8 = ﬁ;\“, there are 4N equilibrium points. That is, there is a bifurcation in
the N-body problem depending on the mass ratio parameter, 8y, such that there is a variation from 5N to 3N total number of
stationary solutions in the system.

In Fig. 1, we show two examples of the curves that result for the partial derivatives of U(x, y) (equations (4), as well as the
circumferences containing the equilibrium points, when N = 5 and 8 = 0.5, 2.0. In the first case, there are 5N equilibrium points,
that is, five zones, whereas in the second one, there are 3N equilibrium points, that is, there are three zones.

The bifurcation value of 8 for each N, 8}, can be found numerically following the procedure described in [19]. In Table 1, we
show the total number of stationary solutions and the range of values allowed for § in each case for several values of N. It can be
remarked that the length of the interval (0, 85 ) such that the corresponding dynamical system has SN equilibrium points increases
when N increases.
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Table 1 Intervals of 8 such that N SN stat. sol. 3N stat. sol.

ts}tlzftisglr:;}r}1 Sl(;ell:ltisé\rllso ;oiIZeveral © ) P oo

values of N 3 (0,0.014021) (0.014021,00)
4 (0,0.18708) (0.18708,00)
5 (0,0.67771) (0.67771,00)
6 (0,1.6084) (1.6084,00)
7 (0,3.0988) (3.0988,00)
8 (0,5.2731) (5.2731,00)
9 (0,8.2558) (8.2558,00)
10 (0,12.16) (12.16,00)
11 (0,17.13) (17.13,00)
12 (0,23.26) (23.26,00)
13 (0,30.7561) (30.7561,00)
14 (0,39.58) (39.58,00)
15 (0,50.02) (50.02,00)
16 (0,62.11) (62.11,00)
17 (0,76.05) (76.05,00)
18 (0,91.91) (91.91,00)
19 (0,109.83) (109.83,00)
20 (0,129.92) (129.92,00)
32 (0,592.8242) (592.8242,00)

The pattern of the location of the equilibrium points for each zone is also known. Due to the symmetries of the potential function,
all the equilibrium points are placed either in the line that joins the origin with any of the primaries or in the line from the center to
the bisector of two consecutive primaries. The characteristics of each of the possible zones are as follows [see, for instance, 8]:

e The closest zone to the origin (denoted as A;) represents the stationary points which lie on the lines connecting the central body
with a peripheral primary and they are located between them. These points are known as inner collinear points.

e The second closest zone to the origin (denoted as A») represents the stationary points which relate the bisector between two
successive primaries and are between the central body and the primaries. These points are known as inner between-masses points.

e The third zone (denoted as B) comprises the stationary points which lie also on the same bisector but are between two successive
peripheral primaries. These points are known as peripheral between-masses points.

e The fourth zone (denoted as D;) contains the stationary points which lie also on the bisector between two subsequent peripheral
primaries, but independent of them. These points are known as outer island points.

e The outermost zone (denoted as D) represents the stationary points that relate with the identical lines as the primary zone;
however, they are not part of the peripheral primaries. These points are known as outer collinear points.

When B grows, the zone delimited by the inner between-masses, A», and the one created by the peripheral between-masses, B,
approach each other up to the bifurcation point 85,, where they both disappear. Besides, when 8 — oo, the radii of the three zones
that remain tend to the radius of the ring, ry = 1/(2sin6) = 1/M [13]. Note that the radius of the ring gets bigger with N.

In Fig. 2, we illustrate the evolution of the zero-velocity curves and the location of the stationary solutions for N = 5 and the
mass ratio values 8 = 0.5 and 2.0, which belong to the intervals (0, ﬁ;,) and (ﬂl’{,, +00), respectively. The red asterisks mark the
position of the inner collinear stationary points (zone Ap), the inner between-masses points are depicted with magenta crosses (zone
A»), the green boxes mark the location of the peripheral between-masses points (zone B), the outer island points are plotted with
gray diamonds (zone D»), and the brown circles mark the position of the outer collinear points (zone D).

3.1 The stability condition of the equilibrium points

The stability of the equilibrium points determined by Eq. (4), can be analyzed by finding the roots of the following characteristic
equation:

W+ (4= Uey — Up)A? + (Usr Uy — U7 = 0. 5)

An equilibrium point is said to be linearly stable if the eigenvalues of the characteristic equation are purely imaginary [22]. Several
authors [13, 23-25] have studied their linear stability, which permits us to recall the next proposition:

Theorem 1 The equilibrium points of the (N + 1)—body ring problem satisfy the following properties:
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Fig. 2 Zero-velocity curves and stationary points for N = 5 and 8 = 0.5, 2.0. On the left panel, for 8 = 0.5, we show an example of each of the five
different stages of the zero-velocity curves, as well as the location of the 25 stationary points. On the right panel, for 8 = 2.0, we show an example of each of
the three different stages of the zero-velocity curves and the location of the 15 stationary points. The stationary points that belong to the same circumference
(zone) are plotted with the same symbol and color. The primaries are depicted with black dots

i) The equilibrium points that are located in zones A1, B, and D1 are always unstable.
ii) For all N, there exists a B1(N) such that if B > B1(N) the equilibrium points located in zone D are stable, with

7(13 +4/10) I(3) N3
prwy = "IN
TT
where
+00 1
1(3):1{2]73.
=1

iii) The equilibrium points of zone A, are stable if and only if the following conditions are satisfied:

- N > 10930,

-3/2
7\ aS/N=6) ’

where S = % log (%ey> — eyt O(1/N?), and y stands for the Euler constant.

4 The zero-velocity curves and their relation with

In order to fulfill the main objective of this research, we have carried out an extensive analysis of the geometry of the zero-velocity
curves for several values of 8 in the intervals (0, ﬁ;,) and (,3;{,, +00), for N = 3, 4, ..., 100. The zero-velocity curves are
characterized by three parameters: the number of peripheral primaries, N, the mass ratio parameter, 8, and the constant of Jacobi,
C. From a first analysis of the zero-velocity contours for several values of 8, we can extract the following conclusions:

e When 8 > By, there are only three (different) critical stages of the zero-velocity curves, which are in accordance with the three
different zones (A1, D2, and D) created by the stationary solutions (see the right panel of Fig. 2). In this scenario, the zero-velocity
curves are topologically equivalent when the value of the Jacobi constant decreases for different values of S.

e When 0 < B < B, there are five (different) critical stages of the zero-velocity contours, which are in accordance with the five
different zones (A, A, B, Dy, and D) created by the stationary solutions (see the left panel of Fig. 2). However, contrarily to
the previous scenario, the transitions in the zero-velocity curves when value of the Jacobi constant decreases present a different
pattern depending on 8.

A deeper analysis of the influence of 8 on the evolution of the zero-velocity curves when 0 < 8 < B, unveils that there are some
critical values of § in the N-body ring problem that are directly related to the different patterns of the zero-velocity curves in this
scenario, as we will explain in the next section.
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Table 2 Values of ,BE[, fori =1, 2, ..., 7, for several values of N from 3 to 100
N BE, BE, BE; BE, BE; BEg BE,

Ca, =Cp, Cp, =Cy, Cp, = Cy Cp, =Cy, Cp =Cy Cp, =Ca, Cp=Cp,
3 - - - - 0.00642192204 - -
4 - - - 0.0211687364 0.1056265308 - -
5 0.0145514611 0.01464692201 0.1369728160 0.1545667160 0.4085592184 - -
6 0.1459689364 0.14889593300 0.379749559 0.4316140001 0.9962877306 - -
7 0.4142013834 0.42549434600 0.7748770500 0.884634632 1.941930973 2.981730512 3.004145950
8 0.8384906000 0.86529626070 1.349449902 1.548632560 3.316234786 4.433851700 4.712717720
9 1.4401360100 1.49136944800 2.130267000 2.461349210 5.188900200 6.174944211 6.981986165
10 2.2406440000 2.3272540000 3.143930200 3.664162200 7.629044000 8.21202000 9.484532727
11 3.26142052000 3.396645600 4.416923040 5.203657260 10.70540910 10.54097200 13.45723370
12 4.5236971800 4.723304610 5.975656480 7.134380950 14.48647910 13.14746300 17.79742110
13 6.0485114800 6.331021370 7.846500000 9.524164300 19.04054615 16.0024440 22.96287172
14 7.8567035900 7.856703800 10.05579500 12.46617400 24.43575935 19.0504600 29.02136220
15 9.9689203500 10.48485800 12.62986400 16.11408300 30.74015400 22.17466000 36.04066800
16 12.405621050 13.07860610 15.59502202 20.85833604 38.02168000 25.02070420 44.08853809
17 15.187079000 16.04866200 18.97757011 - 46.34820800 - 53.23270200
18 18.333398100 19.41884300 22.80380910 - 55.78755050 - 63.54086020
19 21.864507200 23.21296156 27.10003340 - 66.40748000 - 75.08066880
20 25.800171400 27.45482601 31.89252614 - 78.27570080 - 87.91978320
30 91.651430000 99.73504210 112.8933603 - 280.4930500 - 302.6404040
40 218.69901000 242.9541000 272.4168100 - 681.8690000 - 721.5828000
50 424.76842000 480.8720012 536.7109740 - 1349.873540 - 1412.206042
60 726.89230000 837.2272000 932.0210430 - 2351.931710 - 2441.928150
70 1141.4900000 1335.770000 1484.580000 - 3755.451000 - 3878.153900
80 1684.4765000 2000.200000 2220.611000 - 5627.823000 - 5788.274500
90 2371.3619100 2854.260610 3166.342000 - 8036.430470 - 8239.670000
100 3217.2930000 3921.662000 4348.0000 - 11048.65600 - 11299.72500

4.1 Critical values of 8 in the interval (0, Bj)

When 8 € (0, By ), there exist some critical values that explain the differences in the transitional shapes of the zero-velocity curves.
These critical values of the parameter 8 are found by studying the intersections of the curves that provide the relation between f
and each of the five critical values of the Jacobi constant, C4,, Ca,, Cp, Cp,, and Cp,. The latter are obtained, as mentioned in
Sect. 3, by computing numerically the stationary solutions of the system, that must satisfy the system of Eq. (4), and substituting
them in Eq. (3), that is, each critical value C; is associated with a set of stationary solutions of the system. In order to compute the
critical values of B8 with a high level of precision, we used an algorithm based on the bisection method, implemented in the software
Maple, so that we started by searching for an initial interval of 8 such that there is a change in the order of magnitude of two critical
values of the Jacobi constant, that is, there is a change from C; < C; to C; > C; or vice versa, with i, j € {Ay, A2, B, D, Dy},
i # j, and next we continuously narrowed down this interval up to a precision given by |C; — C;|< 10719, obtaining the critical
value of B such that C; = C;.

Our analysis reveals that there can appear up to seven critical values of 8, here named as S, i =1, 2, ..., 7, which correspond,
respectively, to the following intersections between the critical values of the Jacobi constant: C4, = Cp,, Ca, = Cp,, Cp, = Ca,,
Ca, =Cp,,Cp =Cyu,,Ca, = Cp,,and Cp = Cp,. Note that Cy, and Cp, can intersect twice, so that B¢, and Bg, stand for the
first and the second intersections of C4, and Cp,, respectively.

In Table 2, we show the values of B, for several values of N in the interval [3, 100]. Let us observe that the maximum number of
intersections occurs when 7 < N < 16, and they satisfy the relation 8¢, < BEg,,,,fori =1,2, ..., 6,except when 11 < N < 16,
for which Bg; > BE,, that is, the second intersection between C4, and Cp, appears before the intersection between Cp and Cy, .
When there are three peripheral bodies, only the values of Cp and Cj,, intersect for some 8, which corresponds to Bg. in our
notation; for N = 4 only the values Bg, and Bg, appear; for N = 5, 6 there appear just the first five intersections, that is, B, for
i=1,2,...,5, and they also verify that B, < Bg,,,; and finally, for 17 < N < 100, there are, as well, five intersections, but they
correspond to the values Bg,, fori =1, 2, 3, 5, 7, which satisfy also the relation Bg, < B, < Be; < BEs < BE;-
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Fig. 3 Evolution of the bifurcation 14 . . . . . .
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these values when the intersection
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= 6f 1
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In Fig. 3, we show a plot of comparison between the evolution of the bifurcation value ,3;{, and the critical values Bg;, fori =1,
2,3,...,7,when 3 < N < 10, with colored solid lines. In addition, in dotted lines, we have depicted a prediction of the critical
values of B for the values of N where they do not occur, by means of a polynomial interpolation. Let us observe that when the curves
of BE; are below the curve of S5, the critical values exist, whereas when they are above it (the dotted line corresponding to the
extrapolated values), the critical values do not appear. This fact explains the absence of intersection between some zones for certain
values of N. In summary, we can extract the following conclusions:

o The intersection values Bg;,i =1, 2, 3, for N = 3, 4, and Bg,, for N = 4 do not appear due to the fact that the two inner zones
A1 and A, do not exist when 8 < By ~ 0.001 [12], and the critical values Bg,, fori = 1, 2, 3, 4, which define the intersection
of the zones A; and A, with the other zones, are expected to arise in such range of values.

e For N = 3, 4, 5, 6, the critical values Bg, and Bg, do not exist due to the fact that they are predicted to increase beyond the
bifurcation value ﬂ,ﬁ,, but in such case, the zones A, and B disappear. Therefore, the intersections defined by g, and B, cannot
occur because they involve the zone D with A, and B, respectively.

In addition, we can conclude that for N > 16, the values B, and Bg, do not exist due to the fact that the adjacent zones A1, A
and D1, D, become too close to each other [8].

On the other hand, the critical values of 8 provide also information about the relation of order between the critical values of the
Jacobi constant, C;, fori = Ay, Az, B, D2, Dy, that define the different zones of stationary solutions. Indeed, for each sub-interval
(BE;» BE,,,) there is a fixed order in these values, which varies depending on the number of peripheral bodies, N. These different
patterns are shown in Tables 3, 4, and 5. Note that they are in correspondence with the information provided by Table 2. We have
also included in these tables the relation of order of the critical values of C when g > g7, for which there are only the three zones
Ay, Dy, Dy.

According to the information provided by these tables, we can set the following relations between the critical values of the Jacobi
constant for N =3, 4, 5, ..., 100:

e Forevery 8 > 0, the relation Cp, > Cp, is always satisfied.

e For B € (0, BY%), the two extra zones that appear, A and B (which are not present if 8 > g}) always satisfy the relations
Ca, > Ca,,Cp > Cypy,and Cp > Cp,.

e For g > ,B;,, the relation C4; > Cp; > Cps always holds, which explains the fact that the transitions in the shape of the
zero-velocity curves for different values of C are topologically equivalent for different values of 8 and N.

Then, these relations are also consistent with the fact that there can only be up to a maximum of six different intersections between
the values Cy4,, Ca,, Cp, Cp,, and Cp, from a maximum of ten that could happen theoretically.

4.2 Parametric evolution of the zero-velocity curves

As it has been mentioned previously, when 0 < B < S5, the critical transitions of the zero-velocity curves, defined by the five
critical values of the Jacobi constant, are not topologically equivalent, that is, they evolve differently depending on the value of B.
However, it is possible to identify a pattern with respect to this parameter depending on each of the sub-intervals that are created by
the values Bg,,i = 1,2, ..., 7.InFigs. 4,5, 6,7, 8, and 9, we illustrate some examples of the zero-velocity curves for one value of
B in each of the sub-intervals (B8g;, BE,,,), for N =8, N = 11,and N = 17, respectively. The graphs are ordered from the point
of view of their associated value of the Jacobi constant, from highest to lowest values. The white regions denote the areas where
the particle’s motion is allowed whereas the motion is not possible in the gray ones. Our analysis reveal that the geometry of the
zero-velocity curves is influenced by the appearance of each of the critical values Bg;,i = 1, ..., 7, that s, they create certain effect
in the shape of the zero-velocity curves. This effect is highlighted in Figs. 4, 5, 6, 7, 8 and 9 by coloring the boundary of the two
consecutive panels or sub-figures where there is a change in the pattern of the zero-velocity curve, with a color code in accordance to
Fig. 3, that is, the red, brown, blue, violet pink, green, orange, and cyan colors indicate the effect of Bg;,i =1, ..., 7, respectively.
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Table 3 Effect of the mass ratio
parameter 8 on the arrangement of

Sub-intervals created by the critical values of 8 Order of the critical values of C;, i = Ay, A, B, Dy, D

the critical values of the Jacobi B €, BE,) Cp>Cp, >Cp, > Cy, > Cy,
constant C4,,Ca,,Cp,Cp,, and
CDl,when]lV:72, 8,9, 102 ﬂe(ﬂEl’ﬂEz) CB >CD1 >CA1 >CD2 >CA2

B € (BE,» BE3)
B € (BEy» BEy)
B € (Bey» BEs)
B € (BEs, BEg)

Cp>Cp, >Cyy >Cyy, >Cp,
Cp>Cy >Cp, >Cx, >Cp,
Cp >Cypy >Cyy >Cp, >Cp,
Cqy >Cp >Cy, >Cp, >Cp,

B € (BEg» BE;) Ca, >Cp>Cp, > Cy, >Cp,
B € (Be;. By) Ca, > Cp, >Cg >Cy, >Cp,
B> By Ca, > Cp, >Cp,

In the following, we provide an extensive description of those effects, which have been organized by subsections depending on
the number of peripheral primaries, N, for the shake of clarity.

4.2.1 Scenario with N < 11

1.- When 8 € (0, BE1):

e If C > Cp, the zero-velocity curves start determining an open outer space of motion and N + 1 closed areas surrounding the
primaries with no connection between them. Then, the particle is trapped, and the motion is only possible around the masses.

e If Cp > C > Cp,, the particle may move from one peripheral primary to another because there are opened windows between
the primaries. However, transport between the central body and the peripheral masses is not possible, owing to the fact that there
appears an annulus around the central body.

e If Cp, > C > Cp,, the external closed area shrinks and decomposes into N isolated islands, creating N windows through which

the particle can escape. However, there is still not possible escape from the center area as the annulus remains.
e If Cp, > C > Cy,, the N islands disappear, but the annulus remains.
e If C4, > C > C,,, the annulus that surrounded the center body opens into N small isolated islands, so that the particle can

escape from the system.

2.- When 8 € [Bg,, BE,):

e The first three transitions, as well as the last one, are equivalent to the previous case.

Table 4 Effect of the mass ratio
parameter 8 on the arrangement of
the critical values of the Jacobi
constant CA1 ) CAz’ Cpg, CDz’ and
Cp,,when N =11, 12, ..., 16

The bold stands for the changes in
the order of the critical values of 8
with respect to the previous table

Table 5 Effect of the mass ratio
parameter 8 on the arrangement of
the critical values of the Jacobi
constant CA1 s CAz’ Cpg, CDz’ and
CDl,whenN =16, 17, ..., 100

The bold stands for the changes in
the order of the critical values of 8
with respect to the previous tables
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Sub-intervals created by the critical values of 8

Order of the critical values of C;, i

= A1, Ay, B, Dy, Dy

B €O, BE))

B € (BE,» BE,)
B € (BE,» BE3)
B € (Bes» BE,)
B €(BE,- BEg)
B € (BEg. Brs)
B €(Bxs. BE,)
B € (Be;s By)
B> By

Cp >Cp, >Cp, >Cy; >Cy,
Cp >Cp, >Cy >Cp, >Cy,
Cp>Cp, >Cyy >Cyy, >Cp,
Cp >Cyp >Cp, >Cxy, >Cp,
Cp > Cy, > Cy, > Cp, > Cp,
Cp > Cp, > Cp; > Cy, > Cp,
Ca; > Cp > Cp; > Cy, > Cp,
Cqy >Cp, >Cp>Cy, >Cp,
Ca, >Cp, >Cp,

Sub-intervals created by the critical values of 8

Order of the critical values of C;, i

= A1, Ay, B, Dy, Dg

B €O, Bg,)

B € (BE,- BEy)
B € (BE,» BE3)
B €(Br;. BEs)
B €(Bx;. BE,)
B € (Be;» By)
B> By

Cp >Cp, >Cp, > Cy, >Cy,
Cp>Cp, >Cy >Cp, >Cy,
Cp>Cp, >Cy >Cyy, >Cp,
Cp > Cp; > Cp; > Cy, > Cp,
Ca, > Cp > Cp, > Cy, > Cp,
Cqy >Cp, >Cp >Cy, >Cp,
Ca, > Cp, >Cp,
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Fig. 4 Curves of zero velocity for N = 8 and 8 = 0.5, 0.85, 1.0, 1.4. From left to right and from top to bottom: § = 0.5 and C = 12.0, 11.0, 10.5, 10.3,
10.194; 8 = 0.85and C = 11.5, 10.5, 10.15, 10.015, 10.01; 8 = 1.0 and C = 11.0, 10.5, 10.0, 9.92, 9.90; 8 = 1.4 and C = 11.0, 10.0, 9.67, 9.66, 9.61
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Fig. 5 Curves of zero velocity for N = 8 and g = 2.5, 4.0, 4.5, 4.9. From left to right and from top to bottom: g = 2.5and C = 9.5, 9.15, 9.02, 8.95, 8.9;
B =4.0and C =9.0, 8.4, 8.31, 8.29, 8.25; 8 =4.5and C = 8.5, 8.25, 8.13, 8.115, 8.1; B =4.9 and C = 8.5, 8.1, 7.99, 7.98, 7.96
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Fig. 6 Curves of zero velocity for N = 11 and 8 = 3.0, 3.3, 3.5, 5.0. From left to right and from top to bottom: 8 = 3.0 and C = 17.4, 17.0, 15.9, 15.8,
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Fig. 7 Curves of zero velocity for N = 11 and 8 = 10.0, 10.6, 10.8, 13.47. From left to right and from top to bottom: § = 10.0 and C = 14.0, 13.5, 13.4,
13.347, 13.3; p = 10.6 and C = 13.4, 13.359, 13.3, 13.219, 13.2; 8 = 10.8 and C = 13.5, 13.315, 13.2, 13.18, 13.15; 8 = 13.8 and C = 13.0, 12.8,
12.69, 12.68, 12.63
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Fig. 8 Curves of zero velocity for N = 17 and g = 12.0, 15.5, 17.0. From left to right and from top to bottom: g = 12.0 and C = 33.9, 32.0, 31.3, 31.2,

31.1; B = 15.5and C = 32.4, 30.5, 30.2, 30.16, 30.15; B = 17.0 and C = 31.6, 30.0, 29.84, 29.8, 9.78
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Fig. 9 Curves of zero velocity for N = 17 and g = 40, 50, 58. From left to right and from top to bottom: 8 = 40 and C = 27.5, 26.9, 26.8, 26.76, 26.72;
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e The effect of B, is produced in the fourth transition, i.e., when C4, > C > Cp,, highlighted in red in Fig. 4: the zero-velocity
curves are totally open: the N outer islands shrink at the points of zone C; and, at the same time, the annulus that surrounded
the central body begins to decompose into small isolated islands at the locations of the stationary points that define the zone A;.
Therefore, the particle can move between the central body and the primaries and escape from the system through some of the N
windows that exist.

3.- When B € [BE,, BE;):

e The first four transitions are equivalent to the previous case.

e The effect of B, is produced in the fifth transition, i.e., when C4, > C > Cp,, highlighted in brown in Fig. 4: the zero-velocity
curves are also open but there is a shift in their shape with respect to the preceding case: the small inner isolated islands disappear
whereas the N outer larger islands remain.

4.- When 8 € [BE;, BE,):

e The first two transitions are equivalent to the previous cases.

e The effect of B, is produced in the third transition, i.e., when C4, > C > Cp,, highlighted in blue in Fig. 4: the annulus that
surrounded the central body is decomposed into N small isolated islands, at the locations of the points of the zone A1, but the
zero-velocity curves are still closed, then, the particle may move between the central body and the primaries, but it cannot escape
from the system.

e The zero-velocity curves open in the fourth transition and their evolution to the fifth transition is similar to case number 3.

5.- When B € [BEg,, BEs):

e The first two transitions are similar to all the previous cases.

e The third and fifth transitions follow the same pattern as the case described in item number 4.

e The effect of Bk, is produced in the fourth transition, i.e., when C4, > C > Cp,, highlighted in violet pink in Figs. 4 and 5:
the N inner small isolated islands disappear, but the zero-velocity curves remain closed so that the particle is trapped, and it can
move only between the primaries and the central body.

6.- When B € [BE;, BEg):

e The behavior of the zero-velocity curves is similar in transitions one and three to five.

o The effect of B is produced in the second transition, i.e., when C4, > C > Cp, highlighted in green in Fig. 5: the zero-velocity
curves are still closed, but the central annulus disappears, and the inner curves of the zero-velocity curves merge at the location
of the points of zone B, creating N small openings that allow the particle to move between the central body and the primaries.

7.- When 8 € [BE,. BE,):

e Transitions one to three and five are similar to the preceding case.

e The effect of B, is produced in the fourth transition, i.e., when Cp, > C > Cja,, highlighted in orange in Fig. 5: the external
forbidden area shrinks and splits up into N windows, at the location of the points of zone Ci, through which the particle my
escape, but there are still N small islands between the primaries at the location of the points of zone Aj.

8.- When 8 € [BE,, B):

o In this last case there is a change in the evolution of the zero-velocity curves in the third transition with respect to the previous
case, that is, when Cp, > C > Cp, highlighted in cyan in Fig. 5: they open at this stage, as the external forbidden area shrinks
and forms N islands, creating N windows at the location of the points of zone D;. Then, the particle may escape through them.

An example of this behavior is illustrated in Figs. 4 and 5, for N = 8§ and several values of §.

4.2.2 Scenario with 11 < N < 16

There is only a change in the order of appearance of the intersections that define Bg; and Bg; hence, the effects described in the
zero-velocity curves defined in items 6 and 7 when N < 11 are shifted (see Tables 3, 4, and 5 and Figs. 6 and 7).

4.2.3 Scenario with 17 < N < 100

Due to the fact that Bg, and Bk, do not exist in this case (then, zones D and A do no intersect) there are N small isolated islands
present simultaneously with the opening of the N windows during the fourth transition (see Figs. 8 and 9).
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5 Conclusions

In this research, we have carried out a qualitative analysis of the shape of the zero-velocity curves (which bound the regions of
possible motion of the test particle) in the planar N-body ring problem for N = 3, 4, ..., 100 peripheral bodies with the presence
of a central body (8 > 0). For this purpose, we have accomplished a very accurate analysis of the different intersections of the
so-called critical values of the Jacobi constant, which characterize the sets of stationary points of the system, when g is lower than
the bifurcation value of the system, 85,. As a result, we have found that there can be up to a maximum of seven intersections between
these critical values, which are directly related to a particular value of 8, here denoted as Bg;,i =1, 2, ..., 7. We have shown that
each of these Bg, produces a specific change in the arrangement of the critical values of the Jacobi constant, which then involve
a different evolution of the shape of the zero-velocity curves for decreasing values of the constant of Jacobi. The number of these
critical values of B is not constant with N, that is, there is a relation between the number of peripheral bodies and the behavior of the
intersections of the different zones of stationary solutions. It has also been shown that there is not intersection between the zones
Aj and Dy when N > 16, which causes that the small isolated islands around the central mass have not still disappeared when the
zero-velocity curves open. Finally, due to the fact that the set {z = 0, z = 0} is invariant in this system, the results of this research
can be applied to explain the motion of an infinitesimal particle that lies on the XY plane in the 3D N-body ring problem, which we
can then conclude that will be subject to the same structure of the zero-velocity curves in the plane.
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