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Abstract

For the planar N-body problem, we introduce a class of moving coordinates
suitable for orbits near central configurations, especially for total collision orbits,
which is the main new ingredient of this paper. The moving coordinates allow
us to reduce the degeneracy of the N-Body problem from its intrinsic symmetrical
characteristic. First, we give a full answer to the infinite spin or Painlevé-Wintner
problem in the case corresponding to nondegenerate central configurations. Then
following some original ideas of C.L. Siegel, especially the idea of normal forms, and
applying the theory of central manifolds, we give a partial answer to the problem in
the case corresponding to degenerate central configurations. We completely answer
the problem in the case corresponding to central configurations with degree of
degeneracy one. Combining some results on the planar nonhyperbolic equilibrium
point, we give a criterion in the case corresponding to central configurations with
degree of degeneracy two. We further answer the problem in the case corresponding
to all known central configurations of four bodies. Therefore, we solve the problem
for almost every choice of the masses of the four-body problem. Finally, we give a
measure of the set of initial conditions leading to total collisions.
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CHAPTER 1

Introduction

We consider N particles with positive masses moving in an Euclidean plane R?
interacting under the law of universal gravitation. Let the k-th particle have mass

my, and position ry € R? (k = 1,2,---,N), then the equations of motion of the
N-body problem are written as
(1.1) Mty = Z w, k=1,2,--- N.
= vy —rgf?
1<j<N,j#k
where | - | denotes the Euclidean norm in R2.

In the study of the N-body problem, collision singularities have shown to be
the main difficulties, and therefore they are among the center of interest.

It is relatively simple to understand binary collisions of the N-body problem.
Indeed, for the Newtonian two-body problem, one can change the variables and
rescale time so that a binary collision solution transforms to a regular solution of
equation of motions. Such a transformation is called a regularization of the binary
collision. The solution can then be extended through the singularity. Sundman [25]
showed that binary collisions can also be regularized in the three-body problem.
That is, one can transform the variables in such a way that the solution can be
continued through the binary collision as an analytic function of a new time variable.
This is also true for several binary collisions occurring simultaneously in the N-body
problem [24].

Collisions involving more than two particles are more complicated, only some
partial results are known. Consider the normalized configuration of the particles to
be the configuration divided by a norm which corresponds physically to the square
root of the moment of inertia. Sundman [25] showed that, for triple collision in
the three-body problem, the normalized configuration approaches the set of central
configurations (cf. [27] and Section 2 and Section 3 below). Wintner [27] observed
that Sundman’s techniques can be used to show that the normalized configurations
of solutions ending in total collision in the N-body problem also approach the set
of central configurations. This is also true for general collision singularity of the
N-body problem in which several clusters of particles collapse simultaneously [24].

It is natural to ask whether this implies that the normalized configuration of
the particles must approach a certain central configuration, or, may the normalized
configuration of the particles make an infinite number of revolutions before arriving
at a collision. This is a long standing open problem on the collision singularity of the
Newtonian N-body problem. This problem was posed by Painlevé and discussed by
Wintner [27, p.283] in the total collision of the N-body problem. So this problem
is usually called the Painlevé-Wintner problem or the problem of infinite spin.
For simplicity, the abbreviation “PISPW?” will be used to mean “the problem of
infinite spin or Painlevé-Wintner” in this paper.

1
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2 1. INTRODUCTION

Although there has been tremendous interest in the problem, so far, only few
progress has been made. Indeed, ones knew that PISPW could be solved in
the case corresponding to nondegenerate central configurations for a long time
[7,19,22]; for example, one of the ideas is to apply the theory of normally hyperbolic
invariant manifolds, and there are several papers mentioned this [19, etc]. On the
other hand, because little is known about central configurations for N > 3 [2; 8;
18; 23, etc], especially on the degeneracy of central configurations, PISPW is
completely solved only for the three-body problem.

Allin all, though several claims of even stronger results were published [19, etc],
however, as pointed out in [1], the proofs in the corresponding papers could not be
found up till now. Thus recently Chenciner and Venturelli [1] asked for a solution to
PISPW even in the basic case: in the total collision of the planar N -body problem.

The main goal of this article is to study PISPW in the total collision of the
planar N-body problem. To this end, we introduce a class of moving coordinates
suitable for describing orbits near central configurations, especially for total collision
orbits.

In the moving coordinates, the degeneracy of the equations of motion from
intrinsic symmetrical characteristic of N-body problem can be easily reduced. As
a result, PISPW can be well described. In fact, once the moving coordinates are
successfully set, one can describe the motion of collision orbit effectively, and give
the equations of motion in a form suitable for P1.S PW .

As by-products, the moving coordinates are found useful in investigating other
questions of the planar N-body problem. Indeed, in addition to PISPW, we have
found that the moving coordinates are also useful in investigating the stability of
relative equilibrium solutions, degenerate central configurations and periodic orbits
of the planar N-body problem so far.

It is shown that orbits starting at total collision belong to unstable manifolds of
the origin with regard to a subsystem of equations. Unfortunately, results on stable
manifolds and unstable manifolds cannot be applied to PI.SPW directly. However
we find that some original ideas of Siegel [22] are applicable. The ideas are related
to normal forms, which is especially important for us. Since the original results on
normal forms in [22] can only be applied to the case corresponding to nondegenerate
central configurations, it is necessary to generalize the results of normal forms in [22]
to the case corresponding to degenerate central configurations. Thus the theory of
central manifolds is also introduced to explore the case corresponding to degenerate
central configurations.

First we give a full answer to PISPW in the case corresponding to nonde-
generate central configurations: the normalized configuration of the particles must
approach a certain central configuration without undergoing infinite spin for total
collision orbits. This result is an immediate application of the theory of hyperbolic
dynamics, or equivalently, the theory of normal forms. Therefore, as a separate
method, we give a new rigorous and simple proof of the above result in this paper.

However, PISPW in the case corresponding to degenerate central configura-
tions, is unexpectedly difficult.

Therefore, in the paper, we mainly study PISPW corresponding to central
configurations with degree of degeneracy two or less. We completely solve the
problem in the case corresponding to central configurations with degree of degener-
acy zero or one: the configuration of the particles must approach a certain central

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



1. INTRODUCTION 3

configuration without undergoing infinite spin. Combining some results on the pla-
nar nonhyperbolic equilibrium point, we give a criterion for the case corresponding
to central configurations with degree of degeneracy two.

Because it has been shown that for the four-body problem the exceptional
masses corresponding to degenerate central configurations form a proper algebraic
subset of the mass space [16], we conclude that, for almost every choice of the
masses of the four-body problem, the configuration of the particles must approach
a certain central configuration without undergoing infinite spin for collision orbits.
Furthermore, based upon our investigation of a kind of symmetrical degenerate
central configurations of four bodies, we answer PI.S PW in the case corresponding
to all known central configurations of four bodies.

After PISPW is investigated, we naturally study the manifold of all the col-
lision orbits (i.e., the set of initial conditions leading to total collisions). We show
that this set is a finite union of real submanifold in the neighbourhood of the col-
lision instant, and the dimensions of the submanifolds depend upon the index of
the limiting central configuration (i.e., the number of positive eigenvalues of the
limiting central configuration).

Finally, we examine the question of whether orbits can be extended through
total collision from the viewpoint of Sundman and Siegel, that is, whether a single
solution can be extended as an analytic function of time. We only consider the case
corresponding to nondegenerate central configurations.

The paper is structured as follows. In Chapter 2, we introduce some notations,
and some preliminary results of central configurations; in particular, we introduce
the moving coordinates. In Chapter 3, it will be seen that collision orbits are well
described in the moving coordinates. In particular, PISPW can be expressed in
a form suitable for deeper investigation. In Chapter 4, we investigate PISPW.
In Chapter 5, we investigate the set of initial conditions leading to total collisions
locally and examines the question whether a single solution can be extended as an
analytic function of time. In Chapter 6, we summarize the main results and give
some interesting open questions. Finally, in Appendix A, we give a criterion for the
degeneracy of central configurations by using the cartesian coordinates; in Appendix
B, we investigate degenerate central configurations of the planar four-body problem
with an axis of symmetry; in Appendix C, we show how to diagonalize the linear
part of the equations of motion in detail; in Appendix D, we give the theory of
normal forms (or reduction theorems) to simplify equations of the problem in this
paper; in Appendix E, we discuss some aspects of planar equilibrium points.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.
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CHAPTER 2

Preliminaries

In this chapter we fix notations and give some definitions, in particular, we will
introduce moving coordinates to describe motions near central configurations.

2.1. Central Configurations

Let (R?)Y denote the space of configurations for N point particles in the Eu-
clidean plane R*: (R?)Y = {r = (r1,---,ry)|r; € R%j = 1,---  N}. In this
paper, unless otherwise specified, the cartesian space (R?)" is considered as a col-
umn space. In particular, when necessary, one may identify R? with C and (R?)"
with CN and so on.

For each pair of indices j,k € {1,..., N}, let Ay = {r € (R*)N[r; = ry}
denote the collision set of the j-th and k-th particles. Let A = UNC A k) be the
collision set in (R?)". Then (R?)V\A is the space of collision-free configurations.

The mass scalar product in the space (R?)V is defined as:

N
(r,s) :ij(rj,sj),

where r = (ry,--- ,ry) and s = (sq,--- ,sxy) are two configurations in (R?)", and
(-,+) denotes the standard scalar product in R?. We denote || || the Euclidean norm
associated to the mass scalar product, that is

[[ef} = /().

Given a configuration r, let 1 := II_:H be the unit vector corresponding to r
henceforth. In particular, the unit vector r is called the normalized configura-
tion of the configuration r.

N

Let r, = w be the center of mass, where m = Zivzl my, is the total
mass. Observe that the equations (1.1) of motion are invariant by translation, so
without loss of generality, we can assume that the center of mass is fixed at the
origin. Let X denote the space of configurations whose center of mass is at the
origin; that is r € X, where we define:

N
X ={r=(r;, - ,ry) € ®)N|DY myry = 0}.
k=1

Then X is a 2(N — 1)-dimensional subspace of the Euclidean space (R?)N. The
subset X\ A is open in X, and it is called the space of collision-free configurations
with center of mass at the origin.

Let us recall the important concept of central configurations [27]:

5
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6 2. PRELIMINARIES

DEFINITION 2.1. A configuration r € X\A is called a central configuration if
there exists a constant A € R such that

N
mimy
j=lj#k "7

The coefficient A in (2.1) is uniquely determined, and is given by
U(r)
I(r)’

where U is the opposite of the potential energy (or force function) and I is the
moment of inertia with respect to the origin. These two functions are defined as:

ur = Y ol

r
1<k<j<N

N
I(r) = mylry.
j=1

Hereafter, for given m;(j = 1,2,--- ,N) and a fixed A, let CC}, be the set of central
configurations satisfying (2.1).

Although there were a lot of works on central configurations, many significant
problems of central configurations are open up to now. Among these open problems,
the most famous one is the conjecture on the Finiteness of Central Configurations
[23]: for any given masses my,--- ,my, is the number of central configurations in
the associated N-body Problem finite? Note that if r € X\A is a central configura-
tion, so is zr for any z € C*(:= C\ {0}), where we set zr = (zry,zrs, -+ ,zry). The
transformation z defines an equivalence relation on X. Thus when counting central
configurations, we actually count the equivalence classes of them.

We remark that ir is just r rotated anticlockwise by an angle 7, where i is the
imaginary unit; and U = {e¥’|¢ € R}, the unit circle in C, is identified with the
special orthogonal group SO(2) of the plane.

There are several equivalent definitions of central configurations. One of the
equivalent definitions considers a central configuration as a critical point of the
normalized potential U:=I3U. In fact, it is easy to see that the equations (2.1)
are equivalent to

)\ =

VU(r) = —Ar,
where Vf is the gradient of a differentiable function f on X (or X\A) with respect
to the mass scalar product, i.e., given r € X,

df(l‘)(V) = (Vf(r),v>, Vv e T, X,

where T,.X is the tangent space of X at the point r; note that T,.X is naturally
identified with X, since X is a vector space. Then it follows from

VU(r) = I"2 (£)U(r)r + 17 (r) VU(r),
that a central configuration is exactly a critical point of u.

In the following, let DQﬁ(r) be the Hessian of U at the point r, i.e., the linear

operator D*U(r) : T,X — T, X characterized by
PU(r)(u,v) = (D*U(r)u,v),  Vu,veT.X.

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



2.1. CENTRAL CONFIGURATIONS 7

It is well known that the critical points of U are not isolated but rather occur
as manifolds of critical points. Thus these critical points are always degenerate
in the ordinary sense. More specifically, let r € X\A be a critical point of u. By
ﬁ(zr) = ﬁ(r) for any z € C*, it follows that the set {zr|z € C*} is a critical manifold
points of f(; furthermore, the Hessian of U evaluated at a central configuration r

must contain the real plane
P, :={zr|z € C}

in its kernel. Taking into account these facts, a central configuration r will be
called nondegenerate, if the kernel of the Hessian of U evaluated at r is exactly
Pr. Obviously, this definition of nondegeneracy is equivalent to the one used by
Palmore in his study of planar central configurations [18]. Furthermore, in this
paper, we call a central configuration is isolated, if it is an isolated critical point of
the function U in the sense of equivalence classes of central configurations. It is well
known that, due to a result of Shub on compactness of the set of normalized central
configurations [21], the famous conjecture on the Finiteness of Central Configura-
tions is equivalent to the following problem: for any given masses mq,--- ,my, is
every central configuration in the associated N-body Problem isolated?

If all the central configurations are nondegenerate for any choice of positive
masses, then the conjecture on the Finiteness of Central Configurations is correct.
However, it has been shown that degenerate central configurations exist in the N-
body problem for any N > 3. Indeed, in the N-body problem, the set of masses for
which a degenerate central configuration exists has a positive (N — 1)-dimensional
(Haussdorff) measure, provided N > 3 [18,28]. Despite all this, it is conjectured
that all the central configurations are nondegenerate for almost every choice of
positive masses [15,18]. Unfortunately, no practical progress has been made for
this open problem so far, except for N = 4. For the four-body problem it has been
shown by Moeckel [16] that the exceptional masses for which the degenerate central
configuration exists form a proper algebraic subset of the mass space.

In this paper, the following concept of degree of degeneracy for central
configurations is important.

DEFINITION 2.2. Given a central configuration r € X\A, consider the dimen-
sion of the kernel of D>U(r). The number

no = dimKerD*U(r) — 2

is called the degree of degeneracy of r. In particular, a central configuration with
degree of degeneracy zero is nondegenerate.

Given a central configuration rg € X\A, let fPlJ,B be the orthogonal complement

of Py, in X, i.e.,
X =P, & Py

It is noteworthy that P,, and fPrLO are both complex vector subspaces of X(~ CN~1).

Note that P, is an invariant subspace of Dzﬁ(ro), because U is invariant under
the action of the transformation z, i.e., ﬁ(zr) = ﬁ(r) for any z € C* and for any
r € X\A. By the fact that the Hessian D2U(ro) is a symmetric linear operator, it
follows that Py is also an invariant subspace of D?U(rg). Therefore, D*U(rq) can

be diagonalized in an orthogonal basis of X consisting of eigenvectors of DQﬁ(ro),

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



8 2. PRELIMINARIES

; and the

where the first two vectors of the basis can be chosen as r( and irg, in Py ;

remaining 2N — 4 vectors
{€1,€2,--- ,€an—5,Ean—4}

of the basis are in fPﬂB .
Assume

(22) D2ﬁ(r0)(€] ::ujgj? J € {1727 72N74}
It is noteworthy that the values of p; (j € {1,---,2N —4}) depend on the central
configuration rg. Indeed, the Hessian D?U(rg) is homogeneous of degree —2, i.e.,

~ 1 ~
D?U(pro) = p—2D2u(r0), Vp > 0.

Furthermore, by the invariance of U under the action of the transformation z, it
follows that

~ . 1 . ~ .
(2.3) D2U(petfry) = ?e“’D?ueﬂf’, Vp > 0,v0 € R.

Similarly, it is easy to see that
~ . 0
(2.4) VlU(pelfr) = S Vl(r), Vp>0,¥0 € R,¥r € X\A.
p

By definition of ng, the cardinality of the set of j € {1,--- ;2N — 4} such that
pj = 0 is equal to ng. Let n, be the cardinality of the set of j € {1,--- ,2N — 4}
such that p; > 0. By (2.3), it follows that ng and n,, are invariant under the action
of the transformation z, i.e.,

Tlo(Zro) = no(ro), Tlp(Zro) = Tlp(ro).
Note that, by a classic result (see [14,18]), it follows that n, > N — 2.

The degeneracy of central configurations can also be described in a specific
coordinate system of (R?). In particular, this method offers some convenience at
practical calculations of degeneracy of central configurations, for more detail please
refer to Appendix A and Appendix B.

Obviously, {ty, if, &1, ,égN,4} is an orthonormal basis of X. Every config-
uration r € X can be written uniquely as r = yy,To + Yir,ilo + Z?Zfl yjéj. The
equations (1.1) of motion can be expressed clearly in these coordinates, which would
be especially useful in studying relative equilibrium solutions of the Newtonian N-
body problem. However, we will adopt another coordinate system originating from
a kind of moving frame, which is more suitable for collision orbits and relative
equilibrium solutions.

2.2. Moving Coordinates

In this subsection, we shall introduce moving coordinates to describe the or-
bits near central configurations. Here we say a configuration r is near the central
configuration ro, if r is near the SQ(2)-orbit S of rg, where S = {e¥r|0 € R}.

The notations in this subsection are inherited from the previous subsection.
For any configuration r € X\Py, set r = ||r[|, then r = rf. It is easy to see

that there exist 6(r) € R, unique up to integer multiple of 27, such that

(e70M¢ i) =0

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



2.3. INVARIANT SET 9

and
(e M3 §0) > 0.

Moreover, by decomposing e ()i with respect to the basis {f'o,if'o,él,-~-,

égN_4}, and denoting z = (21, -+ ,2on_4)" the coordinates with respect to the
vectors él, e ,82N74, it holds

2N—4
(2.5) r = ri = rel@ (/1 — 2280 + Z 21Er);

k=1

where “T” denotes transposition of matrices, and
2N —4

2P =2Tz= Z Z.
j=1

Indeed, we have defined a real analytic diffeomorphism:
(0, +00) x U x B2N =4 — X\ P

ro’

2N —4
(r,e,2) > 1 = e (VI =P+ Y i),
k=1

where B2V~ is the (2N — 4)-dimensional unit ball in R2V =%, Therefore, the total
set of the variables r, 8, z can be thought as the coordinates of r € DC\(P#] ,and r, 60, z
are referred as the moving coordinates.

2.3. Invariant Set

Let us finish the section by recalling some well known notions of differential
equations [4,9,20].
Given a differential system

(2.6) = v(q),
where v : Q@ — R"™ is a continuously differentiable vector field and 2 is an open
set in R™. For any p € Q, let ¢(¢,p) be the solution of (2.6) passing through p at
t =0, ie., if ¢t) = ¢(t,p), then ¢(t) = v(q(t)) and ¢(0) = p. We also call ¢ the
flow of (2.6) if ¢(t,p) is defined for all t € R and all p € Q. The orbit O(p) of
(2.6) through p is defined by O(p) = {¢ = ¢(t,p) | t € R}, the positive semiorbit
through p is 07 (p) = {q¢ = #(t,p) | t > 0} and the negative semiorbit through p is
0~ (p) ={qg=o(t,p) | t <0}

An equilibrium point of (2.6) is a point p such that v(p) = 0. A set ¥ in
) is called an invariant set of (2.6) if O(p) C ¥ for any p € ¥. Any orbit O of
(2.6) is obviously an invariant set of (2.6). A set ¥ in  is called positively (resp.
negatively) invariant if O (p) C 3 (resp. O~ (p) C %) for any p € 3.

DEFINITION 2.3. The positive or w-limit set of an orbit O is the set

w(0) = () 0F ().

pe®

where the bar denotes closure. Similarly, The negative or a-limit set of a point p

is the set
a(0) = () 0~ (p)-
peO®

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



10 2. PRELIMINARIES

Recall that w(0) and a(0) are invariant and closed, and if ¢ (¢, p) for ¢ > 0 (resp.
t < 0) is bounded, then w(O) (resp. «(O)) is nonempty compact and connected,
furthermore, ¢(t,p) — w(O) (resp. «(0)) as t — +oo (resp. t — —o0), that is,
dist(¢(t,p),w(0)) — 0 (resp. dist(p(t,p),a(0)) = 0) as t — 400 (resp. t — —o0),
here dist(p, q) denotes the distance of p,q € R™.
DEFINITION 2.4. The stable set of a positively invariant set X is the set
W3(2) ={p € Q| dist(¢(t,p),X) = 0 as t — +o00};
The unstable set of a negatively invariant set ¥ is the set
W () ={p e Q|dist(¢(t,p),X) = 0 ast - —oo};
In particular, in case of ¥ consisting of one equilibrium point py, we have

DEFINITION 2.5. The stable set of an equilibrium point pg is the set
W?(po) = {p | ¢(t.p) = po as t — +o0};

The unstable set of an equilibrium point pq is the set
W (po) = {p | ¢(t,p) = po as t = —oc}.

In a small neighbourhood of an equilibrium point pg, we can expand v in a
Taylor series

Ov
v(po +q) = a(ZO)q+---

Let us consider the following linearized system of the system (2.6)

dv(po)

Jq

DEFINITION 2.6. The equilibrium point py of (2.6) is hyperbolic if all of the
eigenvalues of %50) have nonzero real parts. Otherwise, i.e., if at least one of

the eigenvalues of %’;0) is on the imaginary axis, the equilibrium point pg is non-

hyperbolic. Furthermore, if at least one of the eigenvalues of %f;o) is zero, the

equilibrium point pg is degenerate.

It is well known that if the equilibrium point pg of (2.6) is hyperbolic, then the
system (2.6) is topologically equivalent to its linearized system in a small neigh-
bourhood of pg. This is the famous Hartman-Grobman Theorem. Moreover, by
Hartman-Grobman Theorem it follows that the stable (resp. unstable) set W*(pg)
(resp. W¥(pp)) is an immersed submanifold and it is called stable (resp. unstable)
manifold of the hyperbolic equilibrium point pg.

However, the behavior near a nonhyperbolic equilibrium point is more compli-
cated. In particular, if the equilibrium point pg is degenerate, it is generally very
difficult to understand the system (2.6) near po. For instance, we could not find
any literature on system (2.6) with three vanishing eigenvalues of %50).
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CHAPTER 3

Equations of Motion
for Collision Orbits and PISPW

Let us recall the concepts of the kinetic energy, the total energy, and the angular
momentum, respectively, defined by

N

. 1 i
X(r) = ngj|rj|2,

j=1

H(r,r) = K(r) — U(r),

N
= E m;r; X r;,
=1

where x denotes the standard cross product in R2. Note that

1,. .
§<I‘,I‘>,

J(r) = (ir, ),
and the total energy and the angular momentum are first integrals for the N-body
problem.

Recall that, an orbit r(t) of the N-body problem starts (resp. arrives) at a total
collision at some instant ¢ if and only if r(¢) — 0 as t — to+ (resp. t — to—),
that is to say, r(t) = ||r(¢t)|| — 0 as t — to+ (resp. t — to—). Without loss of
generality, assume the instant ¢y = 0 and we consider only that r(¢) — 0 as t — 0+
henceforth.

Some classical results concerning the total collision orbits can be found in [27].
We summarize the results as follows.

X(r) =

THEOREM 3.1. Suppose a solution r(t) of the N-body problem arrives at a total
collision at the instant 0, then there exists a constant k > 0, such that
o I(r(t)) ~ (%)%Ko%t%,f(r(t)) ~ (12)3k3t3, I(x(t) ~ (%)gn%t_% as t —
0+.
o Ur(t) ~ (s)3 w33, K(k(t) ~ ()3 K5t 5 ast — O+,
e (t) = CC, (i.e.,dist(¥(t),CCx) — 0) as t — 0+, where A = §
e J(r(t)) =0.

Therefore, it is natural to ask whether there exists a certain central configura-
tion sg € CC, such that

r(t) — so, as t—0+.
The point is that:

11
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12 3. EQUATIONS OF MOTION FOR COLLISION ORBITS AND PISPW

(1) if the number of central configurations is infinite for given masses my,--- ,
mpy, then it would be possible that the normalized configuration r(t)
comes closer and closer to more than one central configuration, which are
not in the same equivalence classes, in such a way as to oscillate between
these central configurations;

(2) if the number of central configurations is finite for given masses my,--- ,
my, then it would be possible that the normalized configuration & (¢)
moves in spirals without asymptotes (or in other words, make an infinite
number of revolutions) as ¢ — 0+. This is the so-called problem of infinite
spin.

For more detail please refer to [27, p.282-p.283].

To investigate the problem of infinite spin or Painlevé-Wintner (abbreviated
“PISPW?”), we will focus on a collisions solution ¢ — r(t) such that #(¢) converges
to the SO(2)-orbit S of an isolated central configuration ro = g € CCy. As a
result, it is easy to see that PISPW explores whether there exists a fized central
configuration e%ry € S such that #(t) — e%ry as t — 0+.

3.1. Equations of Motion

In this subsection we will write equations of motion for total collision orbits by
using McGehee’s coordinates and the moving coordinates.

3.1.1. McGehee Equations. In the subsection let us write equations of mo-
tion in McGehee’s coordinates.
First the equations (1.1) of motion can be written:

3-1) {v = VU(r),

where (r,v) € T(X\A) = (X\A) x X. Equations (3.1) determine a vector field on
T(X\A).
It is well known that the total energy and the angular momentum are conserved:
along solutions of the equation (3.1),
1

H= §<v, v) — U(r) = constant,

d = (ir, v) = constant.
We now introduce the following McGehee’s variables:

= rfl

r
8]

;=
T =r2(v,t),

R=rzv—-17_r,

-

note that R is orthogonal to * with respect to the mass scalar product. Certainly,
the old variables can be written in terms of the new variables:

r=r7r,
v=r"2(Yf+R).
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3.1. EQUATIONS OF MOTION 13

Hence the velocity v has been decomposed into a radial component Y and a tangen-
tial component R. Furthermore, the relations of the total energy and the angular
momentum become:

1 ~
3 (T2 IRJ?) — U(E) = r¥,

r2 (it, R) = .
Let us introduce the time transformation:
(3.2) dt = r3dr.

Differentiation with respect to time t is denoted by ": j—{ = f in the previous pages.

Similarly, differentiation with respect to the new variable 7 will be denoted by
- % = [’ henceforth. Note that

j} _ T—%f/7 f _ ,,,fo// . gr—4,’,/f/.

Now a straightforward computation shows that the equations (3.1) of motion
become

(33) /_ 1y2 2 _9((+
T = 172 1 |R? - U(H),
R’ = VU(#) - |R|%F — LTR.
In the calculation, please note that
U(r), Ur), VU(r), VU(r)

are homogeneous and use Euler’s formula.

3.1.2. Equations of Motion for Collision Orbits. Given a central config-
uration ry, let us describe the motion of a total collision orbit near rg by using the
system of coordinates r, 8, z introduced in subsection 2.2. Without loss of generality,
assume 'y = ro below, i.e., ||ro]| = 1.

Following the notations introduced in subsection 2.2, consider the decomposi-
tion of

2N—4
i =ef(\/1—|z?ro + Z Z1€r).
k=1

For the sake of compact notations, we temporarily set

2N—4
20 =+/1— 2%, z = Z 2, €k,
k=1

By differentiating
= e (zorg +2)
with respect to 7, it follows that
R = ¢'(z)ro + Oziry + Oiz + 2),

where © = 0" and z = 7.
By Theorem 3.1, the relation of the angular momentum reduces to

(ir,R) = © + (iz,z) = 0.
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14 3. EQUATIONS OF MOTION FOR COLLISION ORBITS AND PISPW

Consequently,
© = —(iz,z) = (z,iz),
0" = —(iz, 7).
Therefore, by (2.4) and 23 + ||z||> = 1, a straightforward computation shows

that the equations (3.3) become:
(3.4
=77,

Y= 35702+ 2 — 6% + [lz]* — U(zor0 +2),
7' =z,

7 =[0% — 22 — ||z||!](zor0 + 2) — %T(z{)ro + Ozyirg + Oiz + z)~
—[(2f — ©220)ro + (©'20 + 202()irg — ©2%z + O'iz + 20iz] + VU(zoro + 2);

and
0 =0,

(3.5) O = (z,iz),
0" = —(iz, 7').

Note that z,iz,z,iz,72' € fPﬂB. By considering the projection of the last equation in
(3.4) along the directions Rro, Rirg and Py , it follows that the equations (3.4) can
be reduced to

r=rT,
T =372 4 22 — €% + ||z]|* — U(zoro + 2),
(3.6) 7 =7z

7z = Vﬁ(ZOI‘O + Z) - <Vﬁ(ZOI‘0 + Z), I'0>I'0 - <Vﬁ(201‘0 + Z), ir0>ir0
+20% — 2 — |12|]?]z — (3YO + ©')iz — 3Tz — 204z,

)

where
(VU(zorg + 2),10) = (||2]* + 2 — 202)20 + %Tzé + 2§,
(VU(20r0 + 2), irg) = 1TOz + 0z + 202,

It is noteworthy that, the last three equations in (3.6) is a closed subsystem in
T,z,z. Once the subsystem of T, z,z is solved, the variables r, 6 can be solved by
using ' =Y, 0" = (z,iz).

Now let us use the variables z, Z = 2’ to write the equations above in a more
concise form. Set g;, = (éj, i€},), then the square matrix

Q = (qjk) (2N—1)x (2N —4)

is an anti-symmetric orthogonal matrix. Since

2N—4
U(zoro +2) = U(VI—[2Pro+ Y zép)
k=1
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3.1. EQUATIONS OF MOTION 15

only contains the variables z; (j = 1,--- ,2N — 4), we will simply write it as U(2)
henceforth. As a result, it is easy to see that the equations of motion above become:

(3.7)
7 =27,
7/ =2 Tz (24 Loy, (22TQZ+2TQ2)Qz - 2(:TQZ)QZ,
v =rT,
ZT 2
T =50+ Eh 127 - (:TQ2) - U(a),
0 =0,
where
i _ 'z
zo  1—|z]*?
Z_c,)/ _ _zTZ'+|Z|2 _ (=T 7)2
R 1—]z|? (1—1z[?)2>
and
0=:'QZ
In fact, it suffices to note that
oUu ~ 0 3] ~ ~ A
a,zE-Z) = (VU(z070+2), 35— (20T0+2)) = 5 (VU(z070-+2), 7o)+ (VU(z0r0 +2), ).

REMARK 3.2. Equations (3.7) look more complex than the Newtonian equa-
tions (1.1), however, an advantage of using equations (3.7) is that there is no de-
generacy according to intrinsic symmetrical characteristic of the N-body problem.
More specifically, the subsystem of (3.7) below

7 =27

7 =WE Tz (A XAy, (1:7Q7+:7Q7)Qz - 2(:TQ2)QZ.
T 2
T =302+ ED 122 (2TQ2)2 - U(2),

is a reduction of (1.1) with the aid of the 6 classical integrals of the planar N-body
problem (i.e., the four center of mass integrals, the angular momentum integral and
the total energy integral) and the “scale invariance” of the N-body problem (i.e., the

Newton equations (1.1) are invariant under the transformation (r,t) — (pr, p3t)).

REMARK 3.3. To solve Z’ in (3.7), note that the equation below

% /

7' = a(giz) - gz + (z—z + gz—z)z - (;JQZ +2'QZNQz—2(2'Q2)QZ
is equivalent to

2z’ T '
I+ T—F +Qz2' Q)7 =v(z,2,7),
where
v(z,Z,T) = W(z) _ EZ*( ik + (z12)° - IZ—é)z
T 0z 2 1—2)2  (1—12]2)2 22

- (3:7Q2)Q: 2" Q2)Qz.
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16 3. EQUATIONS OF MOTION FOR COLLISION ORBITS AND PISPW

It is easy to see that the symmetric matrix I + 5 ‘ ‘2 + Qzz'TQ is positive
definite and thus is invertible when |z| < 1. Moreover, by

5T 2
Rz T |z| 2
it is easy to see that, if
-1
o < L2,
then
25T . 0 ST .
(I + TP +Q22"Q)” Z | E +Qz2"Q);
=0
\/_ L

consequently, when |z| <
(3.8)
2z T 22T T 9
Z’ — ’U(Z, Z, T)—(177|Z|2+QZZ Q)’U(Z, Z, T)—(?W-FQZZ Q) U(Z, Z, T)+
As a result, when considering Taylor Expansion, if v(z, Z, T) has no constant term,

then it is obvious that the quadratic terms in v(z, Z, T) are exactly the quadratic
terms of the right side of (3.8).

Incidentally, the relation of total energy becomes

(z"2)°
1|22

(3.9) 2rH = T2 + | +1Z? - (27QZ)% — 2U(2),

or
1
2rH ="+ §T2 —U(z).
REMARK 3.4. Consider the system of the first four equations of (3.7) in (z, Z,

r,¥) € B2N=4 x R2N=4 x [0, +00) x R. Tt is easy to see that the system does not
have singularities at 7 = 0 and has an invariant manifold {r = 0}. Set

No¢ = {(2, Z,r,T) € BPV=4 x R*N=4 % [0, +00) x R | (3.9) holds}

for a fixed real number H. Then Ny is an invariant manifold of the system. Similar
to results in [13], one can show that the flow of the system restricted to the invariant
manifold

{TZO}ﬂNg{

(e 2.0.1) € e | T2+ 20 4127 - (7Q2)) - 20() = 0)

is gradient-like with respect to
my o A{r :O}ﬂNg{ —-R; (2,7,0,T)— —T.

For more detail please refer to [13].

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



3.1. EQUATIONS OF MOTION 17

We conclude this subsection with some discussions of U(z) near the point z = 0.
First, we can expand U(z) as
(3.10)

U(z) = U(zoto + 255141 2€;) = U(zofo + Z§£f4 %&;)
= U(ko) + o321 dUs, (Ex) 2k + dUls, (o) (20 — 1)
+ A ULk, (&5, Ex) 22k + 230yt d2Uls, (Fo, €x) (20 — 1) 2]
I U, (84, € ER) iz +

“

where “---” denotes power-series in z; (j = 1,---,2N — 4) starting with quartic
terms, and dUlz,, d*Ulz,, d*U|z, denote the differential, second order differential,

third order differential of U at ¢ respectively. The computation to expand U(z) is
straightforward if one notes

2
z
20=+vV1-]z2=1- % +0(|2|Y).

Then, by dlUlg,(-) = 0, d2Ug, (Fo,-) = 0 and (2.2), it follows that

1 2N—4 | N4
(3.11) Ui)=\+ 5 Z ukzi + 5 Z QijkZiZj2k + 0,
k=1 i,k=1

where a;j, = dgﬁlf-g(éi,éj,ék), thus a;j is symmetric with respect to the sub-
scripts 4, j, k. We remark that

83U(0)

Qijk = d3l~£|f0(éz'a éja ék) = d3u|f0(éi’ éj’ék) - m
0%

By (3.11), if the Hessian of U(z) is nondegenerate, that is, the central con-
figuration #o is nondegenerate or ng = 0, then the function U(z) has exactly one
critical point z = 0 in some small neighbourhood of the point z = 0. However, even
if the central configuration t is degenerate, the function U(z) still has exactly one
critical point z = 0 in a small neighbourhood of z = 0 provided t( is an isolated
central configuration.

PROPOSITION 3.5. The function U(z) has exactly one critical point z =0 in a
small neighbourhood of z = 0, provided that the central configuration ro is isolated.

PRrOOF. Note that U(z) = U(zofo + 3y * 2€5) = Ulzofo + Y0y ' 2;E;),
thus U is the composition of the two analytic functions U and 7, where the function

2N—4
7. BNt SiN_4; z > zolg + Z zjéj
j=1
is a diffeomorphism between B2¥~=* and upper hemisphere S3" ~* in span{r,, PL }.
Therefore, a critical point of U in a small neighbourhood of z = 0 corresponds
precisely to a central configuration in a small neighbourhood of ry confined to the
upper hemisphere SiN ~4. Tt is easy to see that in such a small neighbourhood
is the only central configuration.

So the proposition is proved. [l
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18 3. EQUATIONS OF MOTION FOR COLLISION ORBITS AND PISPW

An argument similar to the above proof, if we note that the space span{ry, fPﬂB }
has removed the rotation freedom of el shows an extension of Proposition 3.5
below.

PROPOSITION 3.6. The function U(z) has finitely many isolated critical points
in B2N =% provided that the number of central configurations in the N -body Problem
is finite for given masses my, -+ ,my.

3.2. The Problem of Infinite Spin or Painlevé-Wintner (PISPW)

In order to make preparations for resolving PISPW, we need to write the
equations of motion for collision orbits in a form as simple as possible. Let us first
describe some features of total collision orbits in the variables z, Z,r, Y.

3.2.1. Notes on Collision Orbits. When considering a total collision orbit
r(t) such that r(¢) converges to the SO(2)-orbit of an isolated central configuration
ro, we have legitimate rights to use the moving coordinates. By Sundman’s theo-
rem, the coordinates r(t),0(t), z(t) of the total collision orbit r(t) are real analytic
functions for ¢ > 0; and by Theorem 3.1, it is easy to see that r(t), 0(¢), z(¢) satisfy
the following relations:

r(t) ~ (3)3 k313, as t— 0+
(3.12) 7(t) ~ (%)%Kz%t’%, as t— 0+
f(t)w—(g—i)%m%t_%, as t— 0+
z— 0, as t— 0+

As a result, the total collision solution r(¢) of equations (1.1) corresponds to a
solution (z,Z,r,Y,0) of the equations (3.7) such that » — 0,z — 0. Furthermore,
we have

PROPOSITION 3.7. The total collision orbit r(t) of equations (1.1) corresponds
exactly to a solution (z(7), Z(7),r (1), Y(7),0(7)) of equations (3.7) such that

z—0, Z—0, r—Q0, T%n%, =0 -0, ast— —oo0.

PROOF. We only need to prove that a solution (z(7), Z(7),r(7), Y(7),0(7)) of
equations (3.7) corresponding to the total collision orbit r(t) satisfies

Z 0, YT k2.
First, by (3.12), it is easy to show that T — K2
Denote by a(r) the a-limit set of the solution (z(7),Z(7),r(7), Y(7),0(7)).
Then
a(r) € {(2, 2,1, X,0)|r =0,T = x%,2 = 0}.
Let us investigate the maximum invariant set included in
{(z2,Z,r,1,0)|r =0,T = n%,z =0}.
It is easy to show that this set is precisely
{(z2,Z,r,1,0)|r =0,T = Ii%,z =0,Z = 0}.
The relation Z — 0 therefore follows from the following fact
a(r) c {(z, Z,r,X,0)|r =0,T =r?,2=0,Z = 0}. 0
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3.2. THE PROBLEM OF INFINITE SPIN OR PAINLEVE-WINTNER (PISPW) 19

REMARK 3.8. For an isolated central configuration rg, it follows from Propo-
sition 3.5 that all the equilibrium points of equations (3.7), which geometrically
constitute a circle, satisfy z =0,Z =0,r =0, = im%,ﬁ = const so long as z is
small.

Let us investigate all the solutions of equations (3.7) satisfying the above as-
ymptotic conditions in Proposition 3.7.

Now define a new variable v = T — k2 and substitute ~ into equations (3.7).
By (3.8), it follows that

2 z 0
(3.13) Z'| =2 Z | + | xz(2Z.7) | ;
’}/ Y XO(Zaz?FY)
(3.14) ' =r(k? +7);
(3.15) 0 =2"QZ;
where
0 I
1
A=A —£21 1
K2

denotes the square matrix of the coefficients of the linear terms, A = diag(p1,-- -,
pan—4); Xz = (X1, -+ ,Xa~n—4) " and the functions xo,xx (k =1,--- ,2N — 4) are
power-series in the 4N — 7 real variables z, Z, v starting with quadratic terms and
all converge for sufficiently small z, Z, ~:
2N —4

(3.16) Xk (2, Z,7) = glawkezi +2 305200 ok Gjkk k2

IN—4

+ Zi,j:l,i,j;ék @ijrziz; — Vx| + -

2N—4
=300 aigkzizg — v+

1 1

(3.17) xo(z, Z,v) = 572 +1Z? - §ZTAZ +---

As a result, the total collision orbit r(¢) corresponds exactly to a solution of
equations (3.13), (3.14) and (3.15), (2(7), Z(1),r(7),v(7),0(7)), such that

2—0,Z—=0,r—=0,7y =060 =00, asT— —oco.
In particular, PISPW explores exactly whether 6(7) approaches a fixed limit as
T — —o0 if (2(7), Z(7),7v(7)) is a solution of equations (3.13) such that
z—0,Z2—-0,vy—0, as7T— —o0.

We conclude this subsection with an interesting characterization for total col-
lision orbits of the planar N-body problem.

Given masses mi,...,my, suppose that there are n central configurations.
Then it is easy to see that

THEOREM 3.9. A total collision orbit r(t) of equations (1.1) reduces exactly
to a solution (z(1),Z(1),v(7)) of equations (3.13) corresponding to some central
configuration ro such that

z2—0,Z—-0,vy—0 asT— —00.
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20 3. EQUATIONS OF MOTION FOR COLLISION ORBITS AND PISPW

Therefore, the set of all the total collision orbits corresponds exactly to the union
of the unstable set of the origin of the n systems similar to (3.13).

3.2.2. PISPW. Now PISPW can be formulated as:
PROBLEM 3.10 (PISPW). for all the solutions of equations (3.13) satisfying
(3.18) z2—0,Z—-0,7v—0

does 6(7) in (3.15) approach a fixed limit as 7 — —o0?

Let a(z, Z,v) denote the a-limit set of the solution (z, Z, ) of equations (3.13)
and «(z, Z,7,0) denote the a-limit set of the solution (z, Z, v, 8) of equations (3.13)
(3.15). Then PISPW can also be stated as following:

PROBLEM 3.11. given a solution (z,Z,v) of equations (3.13), does the impli-
cation
a(z,Z,v) ={0} = «z,Z,7,0) is a single point,
hold?

We remark that there is exactly one equilibrium point (z, Z, ) = 0 of equations
(3.13) in some small neighbourhood of the original point (z, Z,v) = 0 according to
isolation of the central configuration rg. A complete answer to PISPW is given if
we can prove that

wis) = | W)
peEY
where ¥ = {(2,7,7,0)|z =0,Z = 0,7 = 0,0 € R} is the set of all the equilibrium
points of equations (3.13) (3.15).

Before discussing formally the above problem, we wish to give some examples

to illustrate some ideas proper or not for PISPW.

ExXAMPLE 1. Consider the system of differential equations

I 2(,,2
f¢ =0
v =

The set of all the equilibrium points of the above equations is the wu-axis ¥ =
{(u,v)|v = 0} and forms an invariant manifold, furthermore, ¥ is a central manifold
(see [6,20]). We cannot simply utilize the theory of central manifolds to prove that
WH(E) = Upes W*(p), that is, it does not simply follow from the theory of central
manifolds that v(7) — 0 implies that u(7) approaches a fixed limit as 7 — —oc.
Indeed, the solution

% +arctanu = exp7 + §

v=expT

or phase portrait of equations (3.19) in Figure 3.1 shows that
W) £ |J W)
peEL
REMARK 3.12. The example also reveals one of difficulties of the application of
the theory of normally hyperbolic invariant manifold to v-flow, the flow generated
by a vector field v. Indeed, for an invariant manifold ¥ of v to be normally

hyperbolic, except the case of ¥ = onepoint, even if 3 is a circle, the condition
that the linearized vector field of v at 3 have “its normal (to ) eigenvalues off the
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FIGURE 3.1. Phase portrait of equations (3.19) in Example 1

imaginary axis is neither necessary nor sufficient for the v-flow. It thus remains an
open, fuzzy question to formulate an integrated conditions on v at 3 that guarantee
normally hyperbolicity of the v-flow” [11, p.8].

ExaMPLE 2. Consider the following functions

u(r) = \/711? sin 7,

_ 1
o(T) = Tos Cos T
Then u(7),v(7),u (7),v'(T) approach zero as 7 — 400, however, it is easy to
see that all the following improper integrals

/+OO u(r)v'(1)dr, /+00 v(7)d (7)dr, /+oo w(T) (1) = o(P)u (T)dr

are not convergent.
Similarly, we cannot simply claim that 6(7) approaches a fixed limit as 7 —
—00, although
z—0,Z—0,

and [ Z(7)dr is convergent.
Let us finish the section with further simplifying equations (3.13) to make
preparations for resolving PISPW.

The aim is to diagonalize the linear part of equations (3.13). More specifically,
it is well known that the (4N — 7) x (4N — 7) square matrix 2 in equations (3.13)
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FIGURE 3.2. plots in Example 2

is generically diagonalizable, that is, 2( is similar to a diagonal matrix, provided
that 2 has 4N — 7 distinct eigenvalues; on the other hand, 2 is always “almost”
diagonalizable, that is, for any € > 0, there exists an upper triangular matrix, such
that all the elements above the diagonal are less than € in absolute value, is similar
to 2. However, to avoid complexifying the system (3.13), it is enough to find a
block diagonal matrix € similar to . Indeed, in Appendix C we show that for any
€ > 0, we find that a (4N — 8) x (4N — 8) invertible square matrix 3 such that if

we set
_ (¥ B
= (") (* )

then € is in block-diagonal form.
Consequently, after applying the linear substitution

(3.20) (;) =Pq

to the equations (3.13), we arrive at the following equations:

(321) (3:) =C (g) + (g, 7),

see again Appendix C.
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After applying the above linear substitution to equations (3.15), it follows that

no+np no+np
(3:22) 0=2"QZ= > Y aiiaa+ Y, arifiiqrg+-
1<k<ng j=no+1 Jk=no+1

the right hand side is a quadratic form of g, where “---” denotes all the quadratic

terms which contain at least one of ¢ (k > ng + np) as a factor.

To simplify notations, by applying a permutation, C is reduced to the following
block-diagonal form:

Q:O
¢= ¢t ,
¢

where €? is the ng x ng null matrix, €+ is a (n, +1) x (n, +1) diagonal matrix with
positive diagonal elements, €~ is a matrix such that all eigenvalues have negative
real part; correspondingly, the components of (g,7) are reordered as (¢°,¢",¢7),
and the components of ¢ are reordered as (¢, ™, ™). More specifically,

= (q1,  an,) ",
q" = (¥, Gno+1:"* +Anotn,) |
4" = (Gnotny 415" »@2N—-4,42N—3," " qan-s) |,
" = (p1, ng)
O = (90, Prot+1s " s Protny)
07 = (Protnp+1, " s P2aN—4, P2N-3," " ,pan—g) .

Consequently, the system (3.21) can be rewritten as the following system of
equations:

=% qt.q),
(3.23) T =gt +oT(° gt q7),
¢ =Cq¢ +¢ ("¢t q).

Please refer to Appendix C for more detail.
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CHAPTER 4

Resolving PISPW

Let us turn to discuss PISPW in this section. As the work of Siegel [22]
indicates, the theory of normal forms is useful for discussing PI.S PW . Furthermore,
in the discussion of PISPW for the case corresponding to central configurations
with degree of degeneracy two, it is natural to investigate equilibrium points in
two-dimensional systems and degenerate central configurations of the planar four-
body problem. To avoid disrupting the flow of the discussion, these materials are
deferred to Appendix B, D and E.

The main result on PISPW is the following theorem.

THEOREM 4.1. For given masses of the N-body problem, if all the central con-
figurations are isolated and have degree of degeneracy less than or equal to two, and
central configurations with degree of degeneracy two satisfy the condition (4.16),
then the mormalized configuration of any total collision orbit of the given N-body
problem approaches a certain central configuration as time t approaches the collision
instant.

REMARK 4.2. For collision orbits of the four-body problem, PISPW is now
unanswered in very few cases corresponding to central configurations with degree
of degeneracy two. Recall that the masses for which the degenerate central config-
uration exists form a proper algebraic subset of the mass space for the four-body
problem [16]. Furthermore, following a crude dimension count, almost all degen-
erate central configurations have degree of degeneracy one, and the masses that
admit central configurations with degree of degeneracy two should form a subset of
the mass space consisting of finite points.

Indeed in Appendix B.4 we venturesomely conjectured that:

CONJECTURE. All the four-body central configurations except the degenerate
equilateral central configuration have degree of degeneracy equal or less than one.

Here, the degenerate equilateral central configuration is a configuration with
three particles my,mo, mg lying at three vertices of a regular triangle and the fourth

. . _ _ B ma .
particle my4 lying at the center, here m; = mgy = mg = (61v3+81) /29" €€ Appendix
B.2 for more detail.

As a result, we have the following corollary.

COROLLARY 4.3. If the above conjecture is correct, the normalized configuration
of any total collision orbit of the four-body problem approaches a certain central
configuration as time t approaches the collision instant.

In the following we divide the proof of Theorem 4.1 into several cases according
to the degree of degeneracy of central configurations. One of the key points is to
estimate the speed of convergence to the origin for z, Z or g, ~; if ng = 0, the system

25
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26 4. RESOLVING PISPW

(3.23) is hyperbolic, then it is easy to estimate the speed; if ng = 1, the system (3.23)
is nonhyperbolic, however, the center manifold of (3.23) is one-dimensional, then it
is not difficult to estimate the speed; if ng = 2, the system (3.23) is nonhyperbolic
and its center manifold is two-dimensional, thanks to the fact that the origin is an
isolated equilibrium, one can successfully estimate the speed under fairly general
conditions. Unfortunately, if ng > 3, the dimension of center manifold of the system
(3.23) exceeds two, then it is too difficult to estimate the speed; indeed, it is even
too difficult to understand orbits on the center manifold qualitatively.

4.1. ng = 0

First, let us discuss what happen if ng = 0, i.e., the central configuration rq is
nondegenerate.
Now the problem reduces to the following form:

PROBLEM 4.4. given a solution (¢(7),v(7)) of the system (3.23) such that
(a(r), (7)) = 0 as 7 — —o0,
if () satisfies (3.22) then does 0(7) approach a fixed limit as 7 — —o0?
By solving the above problem, we have the following theorem.

THEOREM 4.5. Given a total collision orbit of the N-body problem, if the orbit
converges to the SO(2)-orbit of a nondegenerate central configuration ry, then the
normalized configuration of the orbit approaches a certain central configuration as
time t approaches the collision instant.

PrOOF. It is well known that an orbit on the unstable manifold of a hyperbolic
equilibrium point approaches the hyperbolic equilibrium point exponentially fast
as 7 — —oo (for example, see Corollary D.9). Since the origin is hyperbolic for the
system (3.23), it follows that, for a fixed 79, there are two positive constants wwq
and o such that

lu|| < oye’” vr < 79,
where
U = (77q15 e »Q4N—8)T

and

full = V[V + lqu? + - + lgan—s|>-

Thanks to the equation (3.22), €’ is a quadratic form in the variable u. It
follows that there exists a positive constants wy such that

0] < waul®.
Then
0] < wowie? ™ V7 < 719.

It follows from Cauchy’s test for convergence that 6(7) approaches a fixed limit as
T — —0Q.

In conclusion, the proof of Theorem 4.5 is completed. That is, we have solved
PISPW for nondegenerate central configurations. O
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4.2. ng >0

When ng > 0, ie., the central configuration ry is degenerate, the problem
reduces to the following form:

PROBLEM 4.6. given a solution (¢(7),v(7)) of the system (3.23) such that
(q(7),7(1)) = 0 as 7= —oo,
if () satisfies (3.22) then does 0(7) approach a fixed limit as 7 — —o0?

4.2.1. Preliminaries of Proof.

(A) The first step to solve the above problem is to simplify equations (3.23)
by using the reduction theorems (see Appendix D). The idea is as follows: for any
given orbit on the center-unstable manifold of the system (3.23), we can find an
orbit on the center manifold of the system (3.23) approaching it exponentially fast.

It follows from Corollary D.5 that we can introduce a nonlinear substitution in
the form of

Uo =17,
(4.1) Uk = qk, Ee{l,--- ,ng+ny}
ur, = qx — F¢*(¢°,¢7), ke{ng+n,+1,--- 4N —8}
so that the system (3.23) can be written as the simpler form below
u'® = @ (W, ut, Fe(u, ut)) + 40 (wu,
(4.2) ut =tut + ot (W ut, F(ul ut)) + ot (u)u™,
uT=CTuT + ¢ (wu,

where
ul = (Ul, . 7Un0)T
ut = (U0, Ung41, - 7Uno+np)T
U™ = (Unggny 41, UsN-8)

the equation
¢ =F"(¢"q")

defines a center-unstable manifold of class C!, moreover F* and all the partial
derivative of F'°* are vanishing at (¢°, ¢T) = 0. The functions °, 4+ are C'-smooth
and 1~ is C'~-smooth; in addition, all the functions ¢°,4*, ¢~ are vanishing at
the origin, i.e., 1*(0) = 0, where * € {0, +, —}.

By Theorem D.3, an orbit such that (¢(7),v(7)) — 0 as 7 — —o0 is necessarily
contained on any center-unstable manifold, so that u~ () vanishes identically.

Therefore, for a solution of Problem 4.6 the system (4.2) reduces to

(4.3) ' = QO (u,ut, F(ul, ut)),
. UHL _ Qf+u+ + (,0+(UO,U+,FCU(UO,’UJ+)).

Then it follows from the Theorems D.7 and D.8 that there exists a solution
(1) = (V1(T), -+ ,Uny (7)) T of the following system

(44) u/O — (,00 (UO,FC(’U,O),Fcu (uO,FC(UO))) ,
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28 4. RESOLVING PISPW
such that

(4.5)

as T — —00,

{UO(T) o(r) +0(e7)

ut(r) = F(u(r)) + O(e”)
where the equation ut = F¢(u°) defines a center manifold of class C', moreover
F¢ and all the partial derivative of F'° are vanishing at u’ = 0; the term o > 0 is a
constant depending only on €.

(B) Let us first simplify the Equation (3.22) by using the variables v.
Due to the equation (3.22) and the nonlinear substitution (4.1), now we have

0 = (u,ut, Feu(ul,ut)) BT f) Q0 )P (w0 ut, Fo(ul,ut))

(4.6)

= Zno 1 Zk n0+1 Q_]k‘,ukukuj + ZJ k= n0+1 %k,ukukug + -
where “ -7 denotes all the terms which contain at least one of Fg* (k > ng + nyp)
as a factor.

By Taylor’s formula, the equation (4.6) can be rewritten as

ng MNo+tnp no+np

+
E E , Qe ur; + E : Qrjfjury + E ) +o(u’™),
k=1j=no+1 j,k=no+1 |a|=3

where o; denotes the reminder term which vanishes at the origin along with the
first [ derivatives,
0 0
u't = (u”uh)

_ T
u,u - (ulv"' y Ung, U0y Ung41,° " 7un0+'n,p) )

= (a07a+) = (041, Tty Qg 0y Olpg 415,77 704n0+np)

is a multiindex and
|Oé| =1+t Qg +a0+an0+1+“'+an0+np'

Obviously, to determine the coefficients b, by Theorem D.3, it suffices to find
the coefficients of F°“(¢°, ™) according to the following relationship:

CFq g ) + 97 (¢% a7 FU (g% "))
8 cu —+ cu
(4.8) = U 0 gt F e q))
+%[€+q++s@ (¢%q" F(¢% q"))] -

As a matter of fact, we can use the method of undetermined coefficients to find
0

Ca, the coefficient of (¢°)*(¢")®" in F<u(q%,¢"). Suppose that we have already
determined all coefficients in F“(q°, q*) of total degrees 2,--- ,|a| — 1. Then, by
equating the coefficients of (qo)o‘0 (qu)O‘Jr in the above equation, we determine c,
from the following recurrence formula:

Cea +{p7 (¢’ q" F(¢",¢))}a
= {2 0(q, g, P, 1)) Yo
+(0F, € )eq + {20t (0, gt FU (0
this is because €~ — (at,€T)I is an invertible matrix; where

+ o) — 3 ~ -
(@, &) = apk? + Angtifing+1 + - + Qngtny, Hng+n, > 0,
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{f} stands for the coefficient of the term (¢°)* (¢*)®" in the Taylor expansion
of f. Note that three terms {f}, in the above recurrence formula only involve
coefficients in F° of total degrees 2,--- ,|a| — 1. If we consider |a| = 2, then it is
easy to see that

(€ — (o, €Deq = {97 (@°, ", F(¢".a")}a,
and
{o7(" a" F(@*,a" ) }a = {7 (@°,¢", 0)}a
Consequently, we can explicitly compute the coefficients b, for |a| = |a®| = 3,
where [a"| = a1 + -+ + ay,. To this end, it suffices to pay attention to the terms

in “--” in (4.6) containing u; F¢"(u®, u™) such ng > j > 0 and k > ng + n,. More
precisely, a straightforward computation shows that

(4.9) S bl = Y @) (I 0) QP (0,0,ca()”),
lo]=]al]=3 |a|=]a0]|=2

where I, is the identity matrix of order ng.

Similarly, the relation
o) () + @t (u, FE(u), Fou(u®, F(u))
. c(,,0
— 81“:9753 )(po (u07Fc(uO)’Fcu(uO’Fc(uO)))

gives an algorithm for computing the Taylor’s coefficients of F¢(u®). Here only the
quadratic terms are computed explicitly.

PROPOSITION 4.7. The quadratic form in Taylor’s formula of F¢(u®) is

0, k=0,

E""O Qi Ui Wi
i,j=1 Pigk Uity

= 1.... .
4ﬂkm ) k ’Ilo+ ) 7n0+np7
the quadratic form of ¢ (uO,FC(uo),FC“ (uO,FC(uo))) fork=1--- ,ng is

(4.11)

S QiU
i,j=1 Qijk Uil

Jr

PROOF. Suppose that aso is the coefficient of (u°)®’ in F¢(u°), and buo is
the coefficient of (uo)o‘0 in % (u®, F¢(u®), Fe (u%, F°(u°))). By comparing the
coefficients of (u?)®” in (4.10), we obtain the following recurrence formula:

CTao + {pt (uo,Fc(uo),Fc“(uo,Fc(uo)))}ao
= (P (u, Fe(u), P (u”, F () Yoo
If we consider [a®| = ay + -+ + ay, = 2, then it is easy to see that
Ctago = —{¢" (UO,Fc(uo),FCU<U/O,FC(UO)))}Q0,
bao = {¢° (u, Fo(u®), F (u®, F*(u’))) }ao = {¢” (u”,0,0) }a,

and
{pt (uO,Fc(uo),FC“(UO,FC(UO)))}ao = {p* (uO,O,O) Fao-
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By the substitutions (3.20) and (4.1), recall that,

= qet =t e, ke{l, - no}
2=, ke{ng+1,---,2N —4}
Zp =", ke{l,--- 2N — 4}
y=ug=---,
where “--.” denotes all the terms which contain at least one of uy (k = 0,n¢ +
1,--+ 4N — 8) as a factor. As a result, if we set
ug =0, for k=0,n0+1,--- ,4N -8,
it follows that
zp =uk, ke{l,---,no}

2z, =0, ke{nog+1,---,2N —4}
Zy=0, kel 2N —4)
v=0.

Then, by (3.16), (3.17) and (C.6), we have

1 no ng
0.0.0) = 2 2ig=y, G2zl | Xigoy Gkt
Pk (ua ) ) PN + A it + )
Ee{l,--- ,ng+n,}

¢o (u°,0,0) = —Lug Agug + -+ =0+,
where “---” denotes all the terms of degree higher than or equal to 3.
Thus we have proved the proposition. O

Consequently, based on the Taylor expansion, the system (4.4) can be written

as

4 12 ! 232:1 AijkViV;

(- ) Uk:T‘f'""f’Ol(U), ke{lv"',no}.
where “---” denotes all the terms of degrees from 3 to [.

Taking into consideration of (4.5), by (4.9) and (4.11), it follows that the equa-
tion (4.7) can be further rewritten as

no+nyp no

ik QmnkUjUmU 0
0= > It 3T b e an(v) +O(e).
/’Lk:+16

k=no+1j,m,n=1 |a|=|al|=3

where “---” denotes all the terms of degree from 4 to . Obviously, we can discard

the term O(e”") without affecting the convergence of the integral [™_6'(7)dr.
Therefore it suffices to consider

no+np no

e Gk Ui UmUn, o
413) =Y %+ S b 4 o (v)
16

k=no+1j,m,n=1 la|=|a|=3

to establish the convergence of 6(7) as 7 — —c0.
As a result, by (4.5) it is easy to see that Problem 4.6 reduces to
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PROBLEM 4.8. given a solution v(7) of the system (4.4) or (4.12) such that
v(r) =0 as T — —o0,
if 0(7) satisfies (3.22) or (4.13) then does 6(7) approach a fixed limit as 7 — —o0?

(C) In general, the quadratic forms in (4.12) may be zero. However, we claim
that the Taylor’s coefficients of the right side of (4.12) are not all zero, that is,

PROPOSITION 4.9. For sufficiently large I, there exists some nonzero Taylor’s
coefficient in the Taylor expansion of the right side of the system (4.4) or (4.12).

PRrROOF. The proposition is an inference of the fact that the origin is an isolated
equilibrium. However, since it is probable that ¢° (u, F¢(u®), Fe* (u®, F¢(u?))) is
not an analytic function, the proof is not immediate.

It suffices to prove the proposition in the case of formal power series.

If the statement is false, then

(,DO (UO,FC(UO),Fcu (UO,FC(UO))) =0

in the sense of formal power series.
It follows from (4.10) that

CHFe(u®) + ot (u®, Fe(u), F(u, F°(u°))) =0
By (4.8), it turns out that
e FU W, FO(u®) 4+ ¢ (u°, Fe(u’), F*(u”, F¢(u%))) = 0
As a result, u° and two formal power series
() = FE(u0), fo(u®) = P (u, F¥(u%))

satisfy

¢° (u?, f1, f2) =0,

Ctfi4 ot (W, f1, f2) =0,

C fot (U0, f1, f2) = 0.
It is noteworthy that the two equations

{€+fl +S0+ (u07f13f2) =0,
C_fQ +SD_ (uovflan) = 07

are enough to determine f; (u"), fo(u®); furthermore, by the fact that ¢t (u®, u™,u™)
and @~ (uo, ut, u_) are two analytic functions, it follows from the analytic version
of implicit function theorem that fi(u"), f2(u’) are more than just formal power
series, they are really analytic functions of .

Therefore, we have infinitely many critical points of the system (3.23) in a
small neighbourhood of the origin. However, we know that the origin is an isolated
equilibrium point of the system (3.23). This leads to a contradiction. O
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4.2.2. ng = 1. By solving the Problem 4.8 for ng = 1, we completely solve
PISPW for ng <1 in this subsection. That is

THEOREM 4.10. Given a total collision orbit of the N-body problem, if the
orbit converges to the SO(2)-orbit of an isolated central configuration ro and ro has
degree of degeneracy one, then the normalized configuration of the orbit approaches
a certain central configuration as time t approaches the collision instant.

PRrOOF. Consider Problem 4.8 for ng = 1.
As a matter of notational convenience, set v; = w. Then the system (4.12)
becomes

w' = cow? + -+ + qu' + o (w).
By Proposition 4.9, suppose
o= =Cn-1=0,¢,, #0,2<m < I,
then
(4.14) w' = cpw™ 4 - 4wt + oy (w).

If w(r) = 0 for some 7, then w(r) =0, and (4.13) becomes §’'(7) = 0, therefore
0(7) is obviously convergent as T — —oc.
So we consider w(7) # 0 as 7 — —oo. Without loss of generality, we assume
w(r) >0, i.e., w(T) = 0+ as 7 — —o0.
According to L’Hépital’s rule, it follows from (4.14) that
1

lim ——— = (1 —m)epy,

or )
1 T 1 .
= _— — ) m—1 — — .
w <(1 —m)cmT) +0((_7_) ) as T 00
We cannot prove the convergence of 6(7) by (4.13), but a proof based on the
original equation (3.15) will be given right now.
By substitutions (3.20), (4.1) and (4.5), it is simple to show that for every
j=1,---,2N —4,
Z; = cjow? + -+ ¢t + o (w).
If ¢j2, -+, cj, are all zero, then it is easy to show that
1 2
1Z;] = O((_—T)Hl‘2)7

it follows that the improper integral f_ﬂ;o |Zj|dT converges. If at least one of

2, ¢4, is not zero, then Z; takes the following form
P N 1 . my
Z; = ¢i(—)m T +ol(—)™=),

where m; € {2,---,l}. So Z; converges to zero with constant sign. Then it follows
from z; = Z; that the improper integral ff;o |Z;|dr also converges.
As a result, the improper integral fz(;o |Z;|dT converges for every j =1,---,
2N — 4. Consequently, the improper integral
2N—4

T0 TO
|/ 9’<T>df|s/ S Lo 12, || 2 | dr

%0 j k=1
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also converges.
Therefore 6(7) is obviously convergent as 7 — —o0.
In conclusion, the proof of Theorem 4.10 is completed. (|

4.2.3. ng = 2. Due to the intrinsic difficulty of degenerate or nonhyperbolic
differential equations, the difficulty of the problem increases rapidly for ng > 2.
Indeed, we cannot completely resolve PISPW even in the case of ng = 2. The
main difficulty comes from estimating the speed of tending to the equilibrium point
for an orbit on a center-unstable manifold.

In particular, we could not apply a similar method as that of ng = 1, because
generally we can not prove that every Z; (j = 1,---,2N — 4) converges with
constant sign to zero. Indeed, in general, Z; can converges to zero with alternating
signs as shown in Example 2.

Naturally, one hopes that researches on central configurations would help for
resolving PI.S PW . Unfortunately, the problem of central configurations is also very
difficult, as indicated by researches on this topic in the past decades. Therefore, we
can only utilize results of central configurations in some special cases.

We consider Problem 4.8 for ng = 2 in this subsection. First, we give a criterion
for the case of ny = 2; then we give an answer to PIS PW for all known degenerate
central configurations of four bodies. Therefore, for almost every choice of the
masses of the four-body problem, PISPW is answered.

THEOREM 4.11. Given a total collision orbit of the N-body problem, if the orbit
converges to the SO(2)-orbit of an isolated central configuration ro and ro has degree
of degeneracy two and satisfies the condition (4.16), then the normalized configu-
ration of the orbit approaches a certain central configuration as time t approaches
the collision instant.

As an example, we have the following result:

COROLLARY 4.12. Given a total collision orbit of the four-body problem, if
the orbit converges to the SOQ(2)-orbit of ro, where rg is the degenerate equilateral
central configuration discovered by J. Palmore in [18], then the normalized config-
uration of the orbit approaches a certain central configuration as time t approaches
the collision instant.

PrOOF OF THEOREM 4.11. Consider Problem 4.8 for ng = 2.
As a matter of notational convenience, set (v1,v2) = ({,n). Then the system
(4.12) becomes

(4.15) {C' = ¢1¢% + 2c2(n + csn® + o(C2 + 1?)

0 = c2(? + 2¢3(n + can® + o(C? + n?)

where
aiil aii2 a122 a222

W,@:W,Cz&:— =

= N ,Cq = N
Let us introduce polar coordinates as in Appendix E
¢ = pcost,n = psint,
then the system (4.15) becomes
p' = pPe(V) + o(p?),
{19’ = p¥(?) + o(p),
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where
(1) = ¢ cos® ¥ + 3c cos? ¥ sin ) + 3cs cos ¥ sin 9 + ¢4 sin® 9,
U () = ¢y co8® 9 + (23 — ¢1) cos? Vsin ¥ + (¢4 — 2¢5) cos¥sin? ¥ — ¢z sin’ 9;

thus ®, ¥ are homogeneous polynomials of degree 3 in cos ¥, sin ¢.
To prove the theorem, we need two lemmas.

LEMMA 4.13. Assume cq, ¢, c3,cq are not all zero. Then

Yo = lim 9(r) exists (and is finite)
T——00

and ¥(dg) = 0.
LEMMA 4.14. Assume

2 2 3 3 2 2

cicy —6cicacseq + 4ercy + 4cheqs — 3csc3 # 0.
Then ®(¥g) # 0 and moreover

1 1
p= B0y + 0(;)»

where ¥q is defined in Lemma 4.13.

Note that (4.13) becomes

0 = PS(Can) + O(p3)7
where P3(¢,n) is a homogeneous polynomial of degree 3. It follows that |¢/| < op?
for sufficiently small p, where o is some positive number. Then it follows from
Lemma 4.14 and Cauchy’s test for convergence that 6(7) approaches a fixed limit
as T — —o0o, provided that

c%ci — 6creaczey + 4clc§ + 4c§c4 - 3c§c§ £ 0,
ie.,
2 2 3 3 2 2
(416) a111 0999 — 6&111(11120,122&222 + 4&111&122 + 4&1120,222 - 3a112a122 7& 0.

In conclusion, the proof of Theorem 4.11 is completed. U

PrOOF OF LEMMA 4.13. Since the origin is an isolated equilibrium point of
the system (3.23), and the system (4.12) is just the restriction of the system (3.23)
to the center manifold u* = F¢(u?), it follows that the origin is also an isolated
equilibrium point of the system (4.12).

A routine computation gives rise to
oty

c3 C1

ey — 3co — 30a —
U(9) = cos ) + ClTsinﬁ—l—%cos?)ﬁ—i—CgTsimSé‘.
As aresult, U(¢) = 0 if and only if
Co+ ¢y = 0,
—C] —C3 = 07
302 — Cq = 0,
303 —C1 = 07
or
cp=cy=c3=c4 =0.
The lemma is now a direct consequence of the Theorem E.3. O
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PRrROOF OF LEMMA 4.14. Obviously, c1, ¢c2, c3, ¢4 are not all zero. Therefore
Yo = lim, o ¥(7) exists (and is finite)
and
U(dy) = 0.
Furthermore, we claim that ®(g) # 0. Otherwise, it is easy to see that

162 + 2c2(n + c3n* =0
c2C? 4+ 2c3(n + can® =0

for { = cos ¥y, n = sin .
If sing # 0, we conclude that

{clw2 + 2cow +c3 =0

cow? +2csw+c4 =0

for w = %- By the fact that the resultant of two polynomials having a common
root vanishes (see [26, p.104]), it follows that the resultant

(&1 262 C3 0
0 C1 262 C3
co 2c3 ¢4 O
0 Co 2C3 Cq
is zero, i.e.,
c%ci — 6cieacgey + 4clc§ + 4c§c4 — 3c§c§ =0.
This is contrary to the assumption of the lemma.
If sing = 0, then cos¥y # 0. Using the same argument as above, we can

always obtain ® () # 0.
The lemma is now a direct consequence of Theorem E.5. U

PROOF OF COROLLARY 4.12. We only need to verify the condition (4.16) for
the degenerate equilateral central configurations.
As in Appendix B.2, we consider

81 + 64/3
my :m2:m3:1,m4:T.

Recall that
Qijk :d3u|r0(8i,8]‘,8k), iaj7k € {172}7

and

T
e = 643481 74134908 643481 74134908 0.0.-1.0
1= 498 1494 >~ 498 1494 T )

T
& — 165v3+179  371+/3+738  165v3+179 37134738 0 2v/349 0.1
2= 747 ) 2241 747 ) 2241 0 27 :

Some tedious computation yields

aiy; =0,
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2
13129701006956661/3 + 22740709543896356
aize =0,

a2 = 6630331032\/

2
a922 = 3269394 .
6312834009+/3 + 10926270656
Obviously,

2 2 3 3 2 2
a1110%99 — 6a111a1120122a220 + 4a1110799 + 4aT 50222 — 307120799 # 0.
The proof is completed. O
4.3. Summary

We conclude this section with simply proving Theorem 4.1 and Corollary 4.3.
Obviously, by Theorem 4.5, Theorem 4.10 and Theorem 4.11, it follows that
Theorem 4.1 is correct. By Corollary 4.12, it follows that Corollary 4.3 is correct.
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CHAPTER 5

Manifold of Collision Orbits

Based upon the work on PISPW  we can consider now the manifold of all the
collision orbits or the set of initial conditions leading to total collisions locally. We
also have to divide the discussion into several cases according to the value of ng.

5.1. ng = 0

First, let us consider the case that all the central configurations of the given
N-body problem are nondegenerate.

THEOREM 5.1. For the planar N-body problem, the manifold of all collision
orbits corresponding to a fired nondegenerate central configuration is a real analytic
manifold of dimension ny,+ 3 in a neighbourhood of the collision instant. Therefore
the set of initial conditions leading to total collisions is locally a finite union of real
analytic submanifolds in a neighbourhood of the collision instant, here the dimension
of each submanifold depends upon the index of the limiting central configuration and
s at most 2N — 1.

PROOF. Recall that, given a total collision orbit r(t), there is a central con-
figuration ro such that #(t) — S = {e'’ro|# € R} as t — 04. The orbit r(t) now
reduces to a solution, such that (¢(7),v(7)) — 0 as 7 — —oo, of the following
equations of motion:

H— etot 4ot (ot o
5.1) {q Crgt + ot (gt q7),
¢ =Cq +¢ (¢",q7);
and
' =r(k2 47),
(5.2) ’ I
0 =2TQZ=q RT <O> Q(0 1)%a.

Since the origin is a hyperbolic equilibrium point of the subsystem (5.1), it
follows that (¢(7),v(7)) is exactly a solution in the (real analytic) unstable manifold
of the origin, for the system (5.1). This unstable manifold has dimension n, + 1.

Since the map r — (2, Z,v,r, e?) is an analytic diffeomorphism, and the map
(2,Z,7,7,0) — (g,7) is a submersion, we conclude that the set of initial conditions
leading to a total collision with normalized configuration approaching S is a real
analytic manifold of dimension n, + 3 in a neighbourhood of the collision instant.

Here, for the fixed nondegenerate central configuration rg, n, satisfies N —2 <
n, < 2N — 4. Hence

np+3<2N —-1<4N -4 forN > 2,

37
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38 5. MANIFOLD OF COLLISION ORBITS

i.e., the dimension of each above collision manifold is strictly less than that of the
phase space TX.

As a result, the set of initial conditions leading to total collisions is locally a
finite union of real analytic submanifolds in a neighbourhood of the collision instant,
and the dimension of each submanifolds depends upon the index 7, of the limiting
central configuration and is at most 2N — 1 for the N-body problem.

The proof is completed. O

5.2. ng >0

Let us consider the case that central configurations of the given N-body prob-
lem are assumed isolated but possibly degenerate.

THEOREM 5.2. The set of initial conditions leading to total collisions is included
in a finite union of real submanifolds in a neighbourhood of the collision instant, and
the dimension of each submanifolds depends upon the index of the limiting central
configuration and is at most 2N — 1 for the N-body problem.

REMARK 5.3. Since 2N — 1 < 4N — 4 for N > 2, we get the result that the set
of initial conditions leading to total collisions has zero measure in a neighbourhood
of the collision instant. Since the invariant set J = 0 is of dimension 4N — 5, it
follows that the set of initial conditions leading to total collisions has zero measure
even when restricted to the invariant set J = 0 for N > 3. However, let us quote
a remark by Siegel in [22]: “We remark that since our solutions are described only
near t = 0, the above description of the collision orbits is purely local. It is not
possible to describe the manifold of collision orbits in the large, that is, for all ¢, by
our method.”

PROOF. Given a total collision orbit r(t), there is a central configuration rg
such that ©(t) — S as t — 0+. The orbit r(t) reduces to a solution, such that
(q(1),7(7)) = 0 as 7 — —o0, of the following equations of motion:

¢°=¢"d"q"q7),

(5.3) ¢t =gt + ot (% qT,q7),
¢~ =Cq +9 (¢"q"q),
and

' =r(K +7),
5.4
(54) 0 =q" R’ (g) Q (0 H) PBq.

Although we cannot completely resolve PISPW in this case, we could give a
measure of the set of initial conditions leading to total collisions.

Obviously, (¢(7),v(7)) is a solution in a (smooth) center-unstable manifold
of the origin, for the system (5.3). This center-unstable manifold has dimension
ng + np + 1. Similar to the argument used in Theorem 5.1, we conclude that the
set of initial conditions leading to total collisions with normalized configuration
approaching S is a subset of a real smooth manifold of dimension no more than
ng + np + 3 in a neighbourhood of the collision instant.
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Here, for the fixed nondegenerate central configuration ry, we have
ng+np,+3<2N —1<4N -4 forN > 2,

i.e., the dimension of each above collision set is strictly less than that of the phase
space TX.

As a result, the set of initial conditions leading to total collisions is included
in a finite union of real smooth submanifolds in a neighbourhood of the collision
instant, and the dimension of each submanifolds depends upon the index ng +n, of
the limiting central configuration and is at most 2N — 1 for the N-body problem.

The proof is completed. i

REMARK 5.4. In Theorem 5.1 and 5.2, if we remove the assumption that the
center of mass is fixed at the origin, then each present dimension need to be in-
creased by 4.

5.3. Analytic Extension

Finally, let us examine the question of whether orbits can be extended through
total collision from the viewpoint of Sundman and Siegel, that is, whether a single
solution can be extended as an analytic function of time. The problem has been
studied by Sundman and Siegel in the case of the three-body problem.

It is easy to show that the nature of the singularity corresponding to a total
collision depends on the arithmetical nature of the eigenvalues n%,ﬂl, by,
Here we discuss only the case corresponding to rhombic central configurations for
the four-body problem as a demonstration.

Recall the facts (B.17) and (B.16). For simplicity, we consider only the case
V3 < ¢ < ¢~ 1.7889580612081344, then

0< k¥ <py < piz < g < piae

It is clear that n%,ul, L2, 13, pta are nonresonant for almost all ¢ € (\/§, ¢1).

On the other hand, one can show that the coordinate functions ¢,~,r,0 of a
collision orbit are regular analytic functions of the following variables

1
’lNJ,Q = CQSKET,ﬂl = Cle‘al‘r,ﬂg = 026,&277&3 = C3€ﬁ3T,’l~JJ4 = C4€ﬂ47—.

As a matter of fact, since rhombic central configurations are nondegenerate, the
equations of motion reduce to an analytic system with a hyperbolic equilibrium,
then the proof is straightforward by the celebrated Poincaré- Lyapunov Theorem
on analytic invariant manifolds, for more detail please refer to [22].

Furthermore, it follows from (2.5), (3.2) and (3.20) that r,  are regular analytic
functions of the following variables

lo = coth . iy = ey t@A/BRE) g o y(22)/(357)
- 1 - 1
g = c3t(2#3)/(3'<2), Uy = C4t(2#4)/(3ﬁ2).

Since all the numbers k2 s b1, M2, (3, thg and their ratios are irrational for almost
all ¢ € (\/3, (1), thus generically we have an essential singularity at collision instant
t = 0. In this case it is not possible to continue the solutions analytically beyond
the collision.
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40 5. MANIFOLD OF COLLISION ORBITS

REMARK 5.5. Although one can conclude that the eigenvalues p; (j =1,---,
2N —4) depend continuously upon the value of the masses my, (k=1,--- ,N), it is
obvious that one can not simply claim that there must exist values of my yielding
some f; being irrational, since we can not simply exclude the case in which u; are
constant as my vary.
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CHAPTER 6

Conclusion and Questions

For the planar N-body problem, based on the moving coordinates, which al-
lows us to describe the motion of collision orbit effectively, we discussed PISPW:
whether the normalized configuration of the particles must approach a certain cen-
tral configuration without undergoing infinite spin for a total collision orbit. In the
cases corresponding to central configurations with degree of degeneracy less than
or equal to one, we completely solve the problem. We also give a criterion of the
problem for the case corresponding to central configurations with degree of degen-
eracy two; we further give an answer to the problem in the case corresponding to
all known degenerate central configurations of four bodies. Therefore, for almost
every choice of the masses of the four-body problem, PI.S PW is solved. For all the
solved cases, we conclude that the normalized configuration of the particles must
approach a certain central configuration without undergoing infinite spin for a total
collision orbit. Finally, we give a measure of the set of initial conditions leading to
total collisions: the set has zero measure in the neighbourhood of collision instant.

This work indicates the fact that PISPW is the link of many interesting sub-
jects in dynamical system. It is our hope that this work may spark interest to
the problems on degenerate central configurations and/or degenerate equilibrium
points etc.

Many questions remain to be answered. For example, some concrete questions
are the following:

(i) In the cases corresponding to central configurations with three or higher
degrees of degeneracy, how should one study PISPW?

(ii) For the spatial N-body problem, how should one study PISPW?

(iii) If a solution of a strongly degenerate system (there are many zeros in
the eigenvalues of linear part of the system at an equilibrium point O)
approaches O, how should one estimate the speed of tending to the equi-
librium point O?

(iv) Is it true that all the four-body central configurations except the degen-
erate equilateral central configuration have degree of degeneracy equal or
less than one?

We hope to explore some of these questions in future work.

By the way, this work hints the fact that the moving coordinates will be useful
when we study the Newtonian N-body problem near relative equilibrium solutions.
Inspired by this, we will investigate the stability of relative equilibrium solutions in
future work by making use of the moving coordinates. Indeed, it is shown that the
theory of KAM is successfully applied to study the N-body problem near relative
equilibrium solutions.

41
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APPENDIX A

Degeneracy of Central Configurations

A.1. Degeneracy of a Constrained Critical Point

Let f and gx be smooth functions defined on 2, 1 < k < m < n, where  is an
open set in R™. Assume M is a smooth submanifold given as the common zero-set
of the m smooth functions gx, 1 < k < m.

The classical approach to find the critical points of f = flnm , which is the
restriction of f on M, involves the well-known method of Lagrange multipliers. The
method avoids looking for local coordinates on the submanifold M, but consists
of introducing m “undetermined multipliers” A, defining the following auxiliary
function

L=f+> Agr

k=1
and finding its critical points; i.e., by regarding L as a function of

(2, A) = (21, Ty ALy 5 Am) € Q x R™,
The critical points are obtained by solving the equations
VL =0.

Similarly, one can investigate the degeneracy of a critical point in a straight-
forward manner: assume ¢ is a critical point of f , let (a,\) be the corresponding
auxiliary critical point of L; by regarding L as a function of (z, \), the degeneracy
of f at a is the same as that of L at (a, A), i.e., we have the following result (please
refer to [10] for more detail)

THEOREM A.l ([10]). The nullity (i.e., the dimension of the kernel) of the

Hessian D?f(a) equals the nullity of the Hessian D?L(a, \).

Note that the Hessian D? f(a) is an (n—m) x (n—m) symmetric matrix, and the
Hessian D?L(a, \), called the bordered Hessian, is an (n +m) X (n+m) symmetric
matrix.

A.2. Degeneracy of Central Configurations

When investigating the degeneracy of central configurations, the method in
A.1 is certainly useful. For example, X is the submanifold of (R?)" such that the
center of mass is at the origin; then the nullity of the Hessian D2U in X is naturally
reduced to that in (R?)" x R2. The benefit of this approach is that we do not
need to look for local coordinates of X for various masses. As it happens often, it
is difficult to find appropriate local coordinates for concrete problems.
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44 A. DEGENERACY OF CENTRAL CONFIGURATIONS

In the following, we use the cartesian coordinates of (R?)" to give a slightly
better criterion than the bordered Hessian in (R?)" x R? for investigating the
degeneracy of central configurations.

First of all, recall that r = ﬁ for any configuration r, and given a central

configuration rg, {&1,&s, -+ ,Ean_5,Ean_4,T0,irp} is an orthogonal basis of X

composed by eigenvectors of D?U(ry).
Let

{er, - ,ean}
be the standard basis of (R?)Y, where e; € (R?)" has unity at the j-th component
and zero at all others. Then every N-body configuration r € (R?)" can be written

as
2N

_ Ja.

r= g ' e,
Jj=1

and
($1’x2) o 79621\/)T

are coordinates of r in the standard basis. It is also true that r; = (2%~ 2%/)7
for j=1,2,--- ,N. Then

X = {r e (R)N|(r, Ean_1) = 0, (r, Ean’) = O},

where
N N
Ean_1 = Zerfl = (1507 7170)T782N = Zer = (0717 7071)T'
j=1 j=1

Let 9 be the matrix
dia’g(mlvmthva? e 7mN7mN)7
where “diag” means diagonal matrix. Then
(r,r) =r' Mr.

Given a central configuration ro = (r1,--- ,ry) € X\A, a straightforward com-
putation shows that the Hessian D?U(r() with respect to the mass scalar product
in (R?)Y, that is the linear operator D?U(r) satisfying

(D2U(ro)u, v) = d*U(ro)(u, v), for any u,v € (R?)N,
is

I (AL + 9 'B) — 313 Argr] 9,

where \ = 1;((:;)) , B is the Hessian of U evaluated at ry with respect to the standard
scalar product of (R?)¥, that is the linear operator B satisfying

u' Bv = d*U(re)(u,v), for any u,v € (R?)".
B can be viewed as an N x N array of 2 x 2 blocks:
By -+ Bin
B — . .

Bny1 -+ Bnyn
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The off-diagonal blocks are given by:

mimy 3(rp, — 1) (v —1;)"
Bjk = J3 [H - 5 2 ! ]a
T 2

where 7, = |r, —rj|, and I is the identity matrix of order 2. However, as a matter
of notational convenience, the identity matrix of any order will always be denoted
by I, and the order of I can be determined according to the context. The diagonal

blocks are given by:
Bue=— Y, B

1< <N, j#k
Set
Ean—_3 =Ty, Ean_2 = irg.
Then
Pr, = span{€an_3,Ean_2}, Tﬂ; =span{€1, -+ ,Ean—_a},

and {&1,&2,83,84,E5,-++,Ean} is just an orthogonal basis of (R?)Y such that
D2ﬁ(r0)8J:u383, le? 72N7

pan—1 = pigy = ITA = I730, paN-3 = pan—2 = 0.
Thus
{él,é2,é3,é4,“' »é2N}
is an orthonormal basis of the space (R?)"V, for the scalar product (,), consisting
of eigenvectors of DQﬁ(rO), that is,

(81,82,83,84,-  &an)TM(EL, 85,835, 84,- ,Eon) =1L
By
D2ﬂ(1‘0)<<§1a"' ,ézzv) = diag(p1, p2, - - »M2N)(<§1,"' ,321\/),

it follows that
(A1)
(1, 8on) T (T2 (AM+B) =3I 2 AMror] M) (Ey, -+, Ean) = diag(p1, -+ , pan).

Thanks to

(E1,-, Eon) T(MEN_3E0n_sM) (&1, -+ , Ean) = diag(0,0,---,1,0,0,0),

(€1, &an) T (MEan 2€9n oM (Ex, -+, Ean) = diag(0,0,---,0,1,0,0),

(813"' 782N)T(m82N718;—N71m)((§17'" ,82N) = dzag(0,0, 70707ma 0)7

(€1, Ean) T (MENEJNIM)(Ex, -+ -, E2n) = diag(0,0,---,0,0,0,m),

where recall that m = ngvzl my, is the total mass, we have

(A.2)
1y o) TOM 4 B) (&1, Eon) = diag(-LE—, - E2N=1 33 0,7, 0),
||r0|| ||1‘0||
(A.3) (€1 Ean) TOAM+ B + MEan—2E75_oM)(Er, -+, Ean)

:diag(—& ... HoN—4 3)\’],)\’)\)7

lleoll” > liroll
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46 A. DEGENERACY OF CENTRAL CONFIGURATIONS

(Ad) (&1, 8an)TOAM + B — BMEN_3E75 MM — 2MEon_1 87y, M
— 2MENENIM)(Er, -+, Ean) = diag(fly, - -+, B4, 0,0,0,0).

lIroll” lIroll
These results will be useful in investigating the degeneracy of central configu-
rations. For example, the nullity of AM+ B +MEan_2E5y oM in (A.3) is just the
degree of degeneracy of ro; when investigating central configurations of four bodies
with degree of degeneracy two, the problem reduces to show that the matrix

3\ A A
AN+ B — 7mezN_35;N_39n - Emew_le;v_lsm - azm<°,2N52TN9:n

is a positive semi-definite matrix with rank 2 by (A.4).
Of course, if one finds a basis of (Pf,;), say J1,Fs, -+, Fon_q, then it is simpler
to consider the nullity of

(Fr,- - Fanoa) (AM+B)(Fr, -+, Fan_a).

Starting from these considerations, in the next section we will investigate the de-
generacy of central configurations with an axis of symmetry and in the four body
problem.
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APPENDIX B

Central Configurations of Four Bodies

Viewing as a preliminary study on the problem of degeneracy, in the section
let us investigate the degeneracy of central configurations with an axis of symmetry
in the four body problem. They consist of systems of point particles in R? whose
configurations have the following geometric properties:

(1) There are 2 particles mg, my4 lying on a fixed line which is the axis of
symmetry of problem, which is supposed to coincide with the y-axis.
(2) Two other particles my, ms are symmetric with respect to the y-axis.

This kind of configurations are usually called kite configurations. It is easy
to see that m; = mo is a necessary condition to have a kite central configuration.
Geometry of kite configurations may be seen in Figure B.1.

Without loss of generality, suppose

mp =mg =1,

ry = (—s,—1t)",
ro = (s, —t)7,
r3 = (0,u)",

ry = (O,U - 1)T7

2t+my

where s > 0 and u = .

Then

& =19 =(—s,—t,5,—t,0,u,0,u —1)T,

& =irg = (t,—s,t,5,—u,0,1 —u,0)",

and the central configurations equation (2.1) becomes:

a1 ms LS =

1s [s2+(utt)?]3 * [+ (utt-1)2) 2 g
ma(utt) ma(utt=l) _ _ \¢

2+t 3 [s2(urt—1)2)3

(B.1)
2(u7+t)3 _|_ my = A’U,
[s24(u+t)2]2
M—mng(U*1)~

[s2+(u+t—-1)2)2

47
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48 B. CENTRAL CONFIGURATIONS OF FOUR BODIES

It is easy to see that it follows from the system (B.1) that

1 m3 = + ma e
4570 22T [P (utt—1)2]3
mg(u+t) -+ my(u+t—1) -+ 2(u+t) S )\(’U, + t),
[s24(utt)?]F [P H(urt-1)2F [+ (ut1)?]2
mg(u+t) my(u+t—1) + 2(u+t—1)
[t s2urt-12)E [ (ute-1)2)E

)

(B.2)

—mg=Au+t—1).
We remark that, in fact, by u = % the systems (B.1) and (B.2) are equivalent.
The proof of the equivalence is not immediate, please refer to the following Remark
B.3 for more detail.

By considering (B.2) as a linear system on mg and my, it follows that

1 ms M4 —
1 4+ — )\7
47 T ()3 [s24(utt—1)2]3
— 1 1 =2 t—1)gs - ——A—+
(BS) ([52+(u+t)2]% ms (U/ + ) 8s3 [52+(u+t71)2]% 9
1-—2L =2 s - ———+).
( [SQJr(’U.th*l)Q]% ) m4 (u + ) (853 [52+(u+t)2]%
An easy argument shows that, except the cases s = \/Tg ,t = %,u = 1 and
s = \/75, t = fé,u = 0, the masses can be presented by geometric elements of the

central configuration:

2utt=1| gz ——————
_ ) [s2+(utt—1)2]2
m3 - 1 5 —1 bl
[s24(u+t)2]2
2(u+t) (813 _ﬁ>
_ ) [s2+(utt)2)2
my = 1— T .
3
[s2+(ut+t—1)2]2

For instance, if
1

(B-4) [s2 + (u+1)2]2

—-1=0,
then we have s = @, t= —%, u = 0. As a matter of fact, by (B.3) it follows that

1 1
(wte—1) (ﬁ [32+(u+t—1)2]%> =0

Note that, the relation w4+ ¢ — 1 = 0 is conflict with (B.4), since they imply that
s = 0. Thus we have

1 1
(B.5) =5 = = =0.
8s%  [s2+4 (u+t—1)2]2
By (B.4) and (B.5), it follows that
24+ (u+t)? =1,
(u+t—1)2 =352
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It is easy to see that it holds that
=,

(B.6) { 2
u

By substituting (B.6) into the equation

<1 [s2+(u—:t—1)2]%)m42(u+t) <$m>

in (B.3), it follows that

+
Il

_1
5

my = 1.
Then, by considering the equation

2(u+1t)

————— +my = Au
2+ (u+t)2F
in (B.1), we arrive at the conclusion that s = @,t = f%, u = 0. A similar argument
shows that, if
1
1-— =0,

jw

[s2+ (u+t—1)?]
then we have s = @,t = %,u =1.

Central configurations in the cases s = @,t = %,u =1and s = ‘/75,15 =
f%, u = 0 are formed by the three particles at the vertices of an equilateral triangle
and a fourth particle at the centroid. We shall call them equilateral central
configurations.

Therefore, provided that equilateral central configurations are ruled out of our

discussion, the system (B.3) can be written as

2utt—1)| Ly ——L—+%
S 24 (utt-1)2)2
1

—_— 9
3
[s2+(utt)?]2

(B.7) 2(utt) (8;3 - +>

3
_ [s24+(utt)2)2
my = T

1— 9

[s2+(u+t—1>2]%

A= L ms ma .
Y e | 03

The main results obtained on kite central configurations are as follows:
THEOREM B.1. A degenerate equilateral central configuration has degree of de-

generacy two. FExcept equilateral central configurations, if a kite central configura-
tion is degenerate, then the degree of degeneracy is one.

THEOREM B.2. All the rhombic central configurations are mondegenerate.
Moreover, for almost every rhombic central configuration, all the corresponding
values H%,/Ll,,ug, W3, ba and their ratios are irrational.

Here, we remark that a rhombic central configuration is a kite central configu-
ration with four particles located at vertices of a rhombus.
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B.1. Preliminaries

First, recall that

M= diag(mlamlam27m2am37m3am47m4) = dlag(la 1,1, 17m37m3am47m4)7

and
Bll Bl2 BlB Bl4
B = BQl 322 323 324
B31 Bsz Bsz Bz |’
By Bsz Baz By
where
B
ms(25”~(tHu)?) | ma(28—(Hu—1)?) | 4 ma (tu) my (tHu—1)
(2HE2)P 2 T (PHeu1)2)P? | dsT (P Hehu)2)7 T (s (thu1)2)772
3 ma () ma(tru-1) ms(s?2(tu)?)  ma(s?2(He1)?) ]
S\ T e T R (e e R
Bao
m3(2527(t+u)2) m4(252*(t+ﬂ*1)2) 1 3mgs(thu) 3my s(tu—1)
I R T e D (P27 (2 ()2
3mgs(tu) 3mys(tu—1) m3(52—2(t+u)2) m4Es2—2(t+‘u—1)2) 1 ’
(s2H(tu)2)>2 (2 H(tu-1)2)°/2 CPHE2)T? (P Hre)2) 8T
452 —2(t+u)?
g [ (G ) 0
% 0 2my (my + 2T N ]
S\ (2 (trw)2)57?
45> —2(t+u—1)%
Bu— | (<s2+<t+u—1>2>5/2 m3) 0
44 0 9 + 2(t-|-u—1)2—s2 ?
Ma M3 T (Z ru-1)2)7/2
1
-
Bz = By = ( 653 L) )
8s3
Coma(28°=(t+w)?)  3mgs(t+u)
- - (s2+(t+u)?)*/2 (s2+(t+u)?)>/2
B13 B B31 B _ 3mas(ttu) m3(52—2(t+u)2) ’
EHF0)TE ()
_m4(2s2—(t+U—1)2) __ 3mys(tfu—1)
_ _ (s2+(t+u—1)2)3/2 (s2+(t+u—1)2)3/2
Bua = Ba = __ 3mas(ttu—1) ma(s®—2(t+u-1)?) [
(s2+ (ttu—1)2)5/2 (s2+ (t+u—1)2)5/2
 ma (28— (t+u)?) 3mas(t+u)
- - (s2+(t4u)2)>2 (24 (t4u)?)>/?
B23 — B32 — 3m3s(t+u) m3(8272(t+u)2) 5
(s2+(t+u)?)*/? (s2+(t+u)2)*/?
7m4(2s2—(t+’U«—1)2) 3mys(t+u—1)
Boy = By = (82+(tF+u=1)2)"2  (>+(t+u—1)2)°/2

3mys(t+u—1)

m4(82—2(t+u—1)2) ’

(s2+(t+u—1)2)3/2

ms3imy

B34=B43=< 0

(s2+(t+u—1)2)3/2

0
—2m3m4 ’
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Set
V= (71707 ]-7 070707 07 O)Ta
— 2 2 T
P= (07 71707 7]-707 m3+m4’0’ m3+m4) ’
. (V. &) ~ (P, Es)
V:V— 8 B j): :P_ 8 .
(€5.85) " (€5.85) 7
Then

iV =(0,-1,0,1,0,0,0,0)",
i? = (1,0,1,0, 2__ 0, 2_0)T,

m3+may’ m3—+mg’

iV, &)
(€6, E6)

By the fact that {rp, V, P} is a C-linearly independent family, it is easy to see that
{V,P,iV,iP} is a basis of fPlJ,B. And a straightforward computation shows that

(iP, E¢)

&, iP=1iP—
‘ (€6, E6)

iV =iV —

.

to verify the above relations, we only point out that,

(iV, &5) = (iP,&5) =0,
<’V? 86> = <j)7 86> = 0,
(V,P) = (iv,iP) =0,
(V,iV) = (V,iP) = 0,
(P,iV) = (P,iP) = 0,

VTB(iV) = 0,
VTBiP =0,
PTB(HV) =0,
PTB(IP) = 0,

and by (A.2) it follows that

BE; = 20MEs,
BEG = —\MEs.

Consequently,
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where

_ (h11 hi2
‘61<h21 h22>

— (0, %) (0 + 8)(7, P)

3AL(V,E5) 12 BAV,E5)(P,E5)
) ( VTN BV - AR VIO )y - S )
3A(V,E5)(P,E 3A(P,E
PTOM + B)V — S5 PTOM+ B)P — =gy
3A[(V,E5 3NV, E5)(P,E
_ (W%MW V) - Bt viep o Bl )
v i
PTopy — ROLALE)  pTopp 1 \(p,P) — AUDLL

hss  hsa
N2 = <h hi4)
= (iV,iP) T (AM + B)(iV, iP)

= (iV,iP) T (AM + B)(iV,iP)

_ ((i\?)T%(iV) + AV, V) (iV)TB(P) )
(iP)TB(iV) (iP)TB(GP) + AP, P) ) -

A routine computation shows that

(€5,85) = I = 2(s° + 12) + A tmamy

msz+mag
(V,V) =2
<j) j)> =2+ o m3+m4
<V, 85> = 28,
_ 2m
(P,E5) =2t +2u — A =2t + m3+m4
m 52 m. S
VIBY = ma (s 2ms 2+(3+t e — 1)+ &,
[s2+(u+t)?] 2 [s2+(u+t—1)2] 2

VIBP = Ty = LmasCt (2 ) 4 OmasletloD (2 q),

g mz+my ma+my

[s2+(ut1)?] [s2+(utt-1)2]2
u m. u —1)2
PTBP = [—2mep (R — 1) + ——2m (P — )]
[s2+(u+1)2] 2 [s2+(u+t—1)2]2
2 2
’ (m3+m4 + 1) ’
. T . m utt)? m
(iV) B{V) = 2ms o ( zi(uﬁt) -1+ #gr
[s2+(u+t)2 12 [s2+(u+t=1)2] 2

u+t—1
(P -1 -
(iV) "B(iP) = (iP) "B(iV)
_ —6mgs(utt) ( 2 + 1) + —6mys(utt—1) ( 2 4 1)7

5 \mg+my 5 \mg+my
[s2+(ut1)?]2 [s24 (utt-1)?] 2
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m3

my

. M1 my.

FI1GURE B.1. equilateral central configuration

3 3 m 52 m 52
(iP) TB(P) = [—2m— (st — D + 2 (o — 1)
[s2+(utt)?]2 [52+ (utt—1)2]2
2 2
' (m3+m4 + 1) :

By (B.1), it follows that
(B.8)

h.i1 = 652 mg my C2xa ., 1
! ’ <[82+(u+t)2]% * [s2+(u+t—1)2]3 rtas )

_ _ 2 ma (utt) mg(utt—1) 22Xt
hiz = hay = 6s(55m; +1) ([52+(u+t)2]% + (824 (utt—1)2]3 I ) ’

B 2 2 ma(utt)? ma(utt—1)2 222 1 2)\
haa = 6( +1) ( 2 + — — 5T t s~ 3(2+m3+m4))’

mg+ma [s24utt)?]F [+ (utt-1)%]3
(B.9)
i = 6 <[sj:($:t§)2j% + [ﬁ(ﬁf__ll));%) ’
hzy = haz = _GS(msimzx +1) Qgﬁ?iﬁtz}% + [52T‘E§:;t_1;2]%> ’
haa = 652(m3-2|rm4 +1)° <[52+(7:it)2]% + [s2+(u747::*1)2]% e 352(2+2_M> .

In conclusion, by (A.2), the central configuration €5 is degenerate if and only
if one of the 2 x 2 matrixes $; and )5 is degenerate.

B.2. Equilateral Central Configurations

In this subsection, let us investigate the degeneracy of equilateral central con-
figurations, i.e., s = @,t = %,u =1lors= @,t = —%,u = 0. Without loss of
generality, we only investigate the case s = @,t = %,u =1 as illustrated in Figure

B.1.
Then mg = 1, and the central configurations equation (B.1) becomes:
1
)\ = —= + my.

V3
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It is a classical result that my = (64v/3481)/249 is the unique value of the mass
parameter my corresponding to degenerate central configurations, and the degree
of degeneracy is two by Palmore [17,18]. In the following we shall reproduce this
result and further find the corresponding vectors {€1, Eq, €3, 4}

A straightforward computation shows that the £; and $2 become

1 (v3ma—1)(34+m4)
2 (3m4 + \/g) §+27)T(L4 -
(V3ma—1)(3+ms)  (mat+3)(9m3+(11v3-45)m,+9V/3)
24-2my 18(m4+1)2
and ( )
1 (ma+3)(3v3my+1
3 (3ma+ \/§) - 2(mat1)
(ma+3)(3vBma+1)  (ma+3)(81m3+(11v3+171)ms+9v3)
- 2(ma+1) 18(ma+1)2

respectively. Since both of the determinants of the above two matrices are
ma (ma + 3) ((5v/3 — 18) my + 3v/3 + 2)
3 (m4 + 1) 2 ’
the central configuration €5 is degenerate if and only if

(5v3 = 18)my +3V3+2=0.

Obviously, my = 1‘;‘{?/25 = 81'523‘/5 is the unique solution of above equation. And

in the meantime, it is clear that the corresponding degree of degeneracy is two.
Furthermore, it is easy to see that the 4 x 4 matrix

(V,,i9,iP) T (AM + B)(V, P, iV, iP) = (ﬁl . )
2

%‘3\6 and indefinite for my > %. So

the equilateral central configuration is a local minimum of the function I 31U for

is positive definite for 0 < my <

0 <my < % , and the equilateral central configuration is a saddle point of

the function 12U for m4 > %@.

As aresult of (A.2), {€1, Ea, €3, 4} can be obtained by calculating eigenvectors
of the matrix \I 4 91~ 18,

A straightforward computation shows that, for the case my = 81164v3

249 ?
(B.10)
.

)

e = 643481 _ 74134908 643481 74134908 0.0.-1.0
1= 498 1494 >~ 498 1494 T

T
&, — 165v3+179 37134738  165v3+179 37134738 0 2v/349 0.1
2= 747 ) 2241 747 ) 2241 0 27 0 )

T
Ea— 275v/3+243 93449 275+/3+4243 _ 9v3+49 _ _1 0.-1.0
3= 1494 0~ 166 1494 166 ° 3730 b )

T
&, = 9v3+49 81—-19v3 93449 81-19v3 0 21134162 0. -1
4= 166 1494 > 166 1494 a7 0D :

The corresponding eigenvalues of the matrix AI + 91195 are

B M2 M _ 799v/3 + 1233 pg 7993 + 1233

Vi V3 V3 498 3 498
The computation above was performed with the aid of the software Mathemat-

. . . o \/5 1
ica. For example, by inputting B, M, s = 52,1 =

§,u:1,)\:\%§+m4,m3:1
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and my = (64v/3 + 81)/249, Mathematica outputs A\l 4 9~ B as following

< < o
—
© o © o © =]
N
;n +©j,;m +Ho j,;@ Heo
gmmmgmm@ogmo@«:
Ral S 2P e =z gﬁ
< <
™ &) © %
~—| © ~— © ~— [«>]
) ™
— —~ —~ —
= = = =] - )
T ikl i3, ¢
© + o + o
B I Y I Y =t ahea +HQ
= e > w@womoo
i | | BN ga
SO N T R N
ol af o o F )
| O 2 &
w|l ®» wl ®
<
0
< < SE
— 0 10 N
A S P & N
| — + \
v—<|€’0
0l

2] el o
T T
a | N &S
— —
0 [=2]
~ &
[} D~ o
o o iz o3
O ~[>Q% QL v A
Lclid P | «®
0 10|
O
| —

N e

] g w]<lP

il Rl | <
= )

3
0
33051342187
2088

8134275

Qm
o <)
‘_‘g‘—dv 0 Nm|v‘_‘w
o | -
I

8134275
332
1655v/34729
2088
0

» o @
[} g Ll A dRTal s
m O -~ ™
a |
\

8134275
33

33051342187
2088

and by calling the command Figensystem, Mathematica outputs the €; and p; as
above.

B.3. Rhombic Central Configurations

Let us investigate the degeneracy of rhombic central configurations in this sub-
section, that is, t = 0,u = % for (B.1). Then ms = my, and the central configura-
tions equation (B.1) becomes:

ot B =
(B.11)
Z +2m =\
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where m = mg = my,7 = /2 + i. Note that, (7, s) forms a part of a hyperbola,
and the two variables 7,s can be rationally parameterized simultaneously by the
following transformations

F= 41
i
(B.12)
_ ¢
5= 21z

Since s > 0, we assume that ¢ > 1.

Proor OF ~TH~E01~{EM B.2. Tt is easy to see that the 4 x 4 matrix (\7, P, iV, ij))T
(AM+B)(V, P,iV,iP) becomes

12752 3 1252
7o +2s 252+ 12 0
3 1 2\ 1 2
0 ( t33 *m+1)(%+1)
3 )
= 0
T

_ 2
0 (5 4ok B (41

so the central configuration €5 is degenerate if and only if
12ms” L3 1257 )(Sm L1 2\ )(12m32 1 2) ) =
283 2824 BN 283 410 283 w41
Note that # = 1 is impossible for the equation (B.11). Then, by the equation
(B.11), we have

(B.13) (

F3—1
(B.14) T e
A= 2m = Seo

By the rational transformations (B.12), it follows that (B.14) becomes
- —8¢%(¢2—3)(7¢*—6¢2+3)

(B.15) M = ) (=4 1) (A +4CP+18C2 14¢+1) !
. \ _ le¢? (¢12 4610 —512¢°+15¢%+1536¢7 +20¢° —1536¢°+15¢1 +512¢> +6¢ “)
= (¢4—1)3(¢6+3¢4—64¢3+3¢2+1)
Note that

m>0eV3<(<V3+2
Therefore, all rhombic central configurations are
(_ 2441»0 <4E1,00,§,0 ), for vV3<(<V3+2.

By (B.12) and (B.15), a routine computation shows that the equation (B.13)
becomes

[(¢% = 3)(7¢" — 45¢8 + 70¢8 + 256¢° — 90¢* + 35¢% — 9)

(7¢16 — 88¢M — 448¢13 — 44¢™? 4 12352¢1 4 184¢10 — 37504¢° — 70¢8
+34176¢7 — 296¢5 — 13248¢% — 12¢* 4 576¢% + 72¢% - 9)

(17¢" — 56¢H — 2432¢13 — 4¢'? + 14720¢M + 248¢1° — 32768¢° + 70¢®
+30720¢"7 — 136¢° — 14976¢° + 60¢* + 2688¢> + 72¢* — 15)] /[(¢* — 4¢ + 1)
(¢"% —120¢° — 3¢5 +408¢" — 360¢° + 3¢* + 136¢° — 1)

(¢'? —4¢" — 64¢” + 5¢% 4+ 224¢7 — 160¢° — 5¢* +64¢* +4¢* —1)] =0
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By the software Mathematica, there is no solution in the interval (v/3,v/3 + 2) for
the above equation. Therefore, we claim that all the rhombic central configurations
are nondegenerate.

Moreover, by (A.2) and some tedious computation (with the aid of Mathemat-
ica), it follows that the eight eigenvalues of the matrix Al + 9~ 1B of a rhombic

central configuration (7 4<1,0 421,0 0, é,O —) are

3\, 0, ML HEE_

Vi VI
and
(B.16)
o 4843(7c1°—4548+7o<6+256<5—9oc4+35¢2—9)
/i (D3 (CP+1)2(C+3¢1—64¢3+3C3+1)
o 384C3(¢1? 4010 —64¢° +5¢5 +224¢7 —160¢° —5¢ 1 +64¢° +4¢7 —1)
Vi~ (@D (E+1)7(C+3C 643 +3C2+1) ’
16¢3(7¢10 — 88¢1* — 448(¢13 — 44¢1? + 12352¢1t + 184¢1Y — 37504¢°
% = ¢ —70¢® + 34176¢7 — 296¢° — 13248¢5 — 12¢* 4 5763 + 72¢% - 9)
J(1=¢3) (2 +1)7 (¢ +3¢H —64¢% +3¢2 + 1),
16¢3(17¢10 — 56¢H — 2432¢1 — 4¢12 4 14720¢H + 248¢10 — 32768(¢°
&= +70¢% 4 30720¢" — 136¢5 — 14976¢° + 60¢* + 2688(¢3 + 72¢% — 15)
/(2 =1)7 (24 1)° (¢O+3¢* —64¢3 + 3¢ + 1)
where

(¢241)%(¢12—4¢10—64¢%+5¢5+224¢7 —160¢° —5¢ 1 +64¢3 +4¢2 — 1)
8C2(¢2—1)>(C5+3C*—64C3+3¢2+1)
A straightforward computation shows that

I =

ﬁ _ VX 16\/40(41%6410 512¢°+15¢8+1536¢7+20¢6 —1536¢5+15¢4+512¢3+6(2+1)
Vi~ VT C241)°(¢12—4¢10—64¢+5¢8+224¢7 —160¢> —5¢1+64¢3 +4¢2—1)
and
0< K2, < pa < i3, fa, for 3 < ¢ <V3+2
m < VK, for (1 < (<G
= VK, for ¢ = (1, (2
(B.A7) 1> VE, for V3<(<Gor <{<(<V3+2
fra < i3, for V3 < ¢ <vV2+1
M3 < fa, for V2+1<(<vV3+2
W3 = [a; for ( =v2+1

where(; ~ 1.7889580612081344, (2 ~ 3.705602221466667.

It is clear that all the numbers n%, 11, fho, U3, 44 and their ratios are irrational
for almost all ¢ € (v/3,v/3 + 2), since each of them is rational only for countably
many (.

In conclusion, Theorem B.2 holds. [l
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B.4. Central Configurations With Degree of Degeneracy Two

Let us investigate central configurations with degree of degeneracy two in this
subsection. Note that equilateral and rhombic central configurations are ruled out
of our discussion in the following.

PrOOF OF THEOREM B.1. First, let us introduce the following rational trans-

formation:
2
{u +t= ng_gl’
2
_oni-1
Without losing generality, we may assume that £ > 1 > 0. Then

2
2+ (u+t)?= 3—5221,

2
\/32+(u+t—1)2:sﬂ%,
1

21 n2-1°
2¢ 27

S =

By (B.7), it follows that

=) (D) (n? —dn+1) (0t +4n® £ 1802 +an+1) (€241)° (n—€)% (ng+1)?
T 32(n24+1)%€2 (26420 —€) (n1€2 =3P E3 4P 430264 —202E2 402 303 —nE+E2)

(72+1)° (6=1)(64+1) (62 —46+1) (€1 +4€> +18€2+48+1) (n—€) (ng+1)*
4= 3203 (@11 (2nE—€2 1) (€2 — P 3+ P+ 1P €1 —202€2 T2+ 3E° —BE+3E2)

_ 1 8¢3m, 8n°m.
A= 15 T @rps T s

Note that
m3>0¢>(17n)(n27477+1) (n2§+2n75) >0,
my>06 (E—1) (82 —46+1) 2mE - +1) > 0.

By u = 2m4 it follows that

mg+my’

21

‘o (m3 4+ myg)(u+1t) —my (ms + m@(s%) — My
24+ ms3 +my 24+ ms3 +my '

Thus the variables s, u,t,ms,my and X\ are all explicit rational functions of the

variables ¢ and 7.

REMARK B.3. We claim that the system (B.1) is equivalent to the system (B.7).
To prove the claim, it suffices to show the fact that the system (B.1) holds when
the six variables s, u,t, ms, my and A are substituted by the obtained functions in
terms of £ and 7. Indeed, this fact is proved by a routine computation with the aid
of the software Mathematica.

It is clear now that the entries of the matrixes $); and ), are rational functions
of two variables £, n, which can be well handled by the symbolic computation of
the software Mathematica. This is one reason of introducing the above rational
transformation.

Below we investigate only the degeneracy in the cases corresponding to &, n #
1,24 /3 and &1 # 1. Since it is easy to see that
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e If £ =1 orn =1, then the corresponding configurations are formed by the
three particles on a common straight line but the fourth particle not on
the straight line. By the well-known perpendicular bisector theorem [14],
they cannot be central configurations.

e If {n =1, then the corresponding configurations are rhombus.

o If £ = 2+ /3, then my = 0 or the corresponding configurations are
equilateral configurations; similarly, if n = 2 4 /3, then mg = 0 or the
corresponding configurations are equilateral configurations.

By (B.9), it holds

Bian — 6mz(u+tt)? + 6my (utt—1)>2
BT @it 2B

Therefore, the 2 x 2 matrix £, is not zero. As a result, central configurations with
degree of degeneracy two satisfy

(B.18) H = (8 8)

or

Detf)l = 0,
(B.19)
Detﬁg =0.

We claim that there is no solution for the equation (B.18) (resp. (B.19)) such
that

(B.20) (-1 —4+ D) —D(n* —dn+1)(En—1) #£0
and £ >n > 0.

We remark that it is necessary to include computer-aided proofs in this part,
due to the size of the polynomials we are working with. We will not write all the
explicit expressions of the polynomials. Instead, we shall provide the steps followed
to calculate all the important polynomials.

A. The Case for (B.18).
By (B.8), the equation (B.18) becomes

ms3 ma _2) 1 _ O
[52+(u+t)2]% + [82+(u+t—1)2]% I + 4s° ’
mg(u+tt) mg(utt—1) 22Xt _
5 + 5 T — 07
[s2+(u+t)2]2  [s24(utt—1)2]2
ma(u+tt)? + ma(utt—1)> 232 NI o) ~0
2 +ut0)?)3 | sptuit—n23 L 1287 T B@Fmatma)

It follows that

msu (u+t—1)t 1 2\ _
(= |:[S2+(u:-t)2]% A 3(”’”3“’“)} -0

(B.21) ma(1—u) (utt)t 1 27 B
B [52+(:+t—1)2]%+ 15 T 128 T 3@ ) =0,

2u(l—u) | (utt—1)(utt) 1 2) —
T + 455 + e 3(2+ms+ma) 0.
By u = 2™ (B.1) and (B.21), it is easy to shows that,

m3+my
u(l—u)=0
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yields

S =

\/—g,tzl,u:lors:ﬁ,t:fl,u:o.
2 2 2 2

They are equilateral central configurations ruled out by us.
Therefore, the equation (B.18) becomes

i (utt—1)t 1 22 _
[s24(utt)2] 3 T tos 3(2+ma+ma) 0,

my(l—u) (u+t)t+ 1 22 -0
[s2+(u+t—1)2]3 4s° 125 3(2+mz+ma) ’

2 u(1—u) (ut+t—1)(utt) 1 2) _
T T 1w T s T 3FmeTmn = O
or

. mau (utt—1)t 1 2 _
Qui&n)i= g ¥ T BT s O

— _ mau my(1—u) t_—9
@12(&,m) s + EITE: t 153 )

— 2 (1—u) (qut:l) - mg =0
Q22 (5,77) T + 485 [52+(u+t)2]% :

It is clear that @11, @12, @22 are rational functions of &, .
Let Py, P12, Pos be the numerators of the following rational functions

Q11(&m)
(n—=€)¢(n&+1)>>

Qi12(£,m)
=D+ (E-1)(E+1) (=T (nE—1)(n€+1)8>

Q22(£,m)
(=1 (n+1) (-1 (E+1) (n—€)7(n€+1)°
respectively. By calling the command Solve of Mathematica for seeking solutions
of

(B.22) Pii(&m) = Pia(&,n) = Pae(§,m) =0
such that
§>n>0,

we arrive at the conclusion that there is no solution for the equation (B.22), this
computation takes less than half a minute on a desktop computer. Therefore, there
is no solution for the equation (B.18).

It is noteworthy that we can clearly demonstrate that there is no solution for
(B.18) by using a Grobner basis of polynomials. As a matter of fact, it is well known
that the set of polynomials in a Grobner basis have the same collection of roots
as the original polynomials. Therefore, by calling the command GroebnerBasis of
Mathematica for Pi1, Pio, P, one finds that it also holds

(B.23) Gne)(§) = Genm(n) =0,

where

7
Ge(€) = (€11 (E+1)° (€ +1) (& —46+1) (" +4€ +186° + 46 + 1)
is the first element of the list in the GroebnerBasis of Pyiy, P, Pss for the ordered
{"77 §}7 and

Gem(n) = (n— 1)%n°(n + 1)? (772 + 1)7 (772 —4n+ 1) (7]4 + 40 + 1807 + 4n + 1)
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is that for the ordered {£,n}. Note that it is not easy to find a Grébner basis in gen-
eral, for more detail please refer to https://reference.wolfram.com/language/
ref/GroebnerBasis.html. It is now clear that there is no solution for the equation
(B.23), thus there is no solution for the equation (B.18), under the condition that

En#1,2++v3and € >n > 0.
B. The Case for (B.19).
By (B.8) and (B.9), the equation (B.19) becomes

o ms(utt)? my(utt—1)> 2282 1 22
Q1(§,m):= <[52:(u+t)2]% + [52+4(u+t71)2]% — T Tos— m)

mg my 22, 1
+ 3 1 + 455)
2

[s24(utt)2]3 [+ (utt—1)?]
o < ms(u+t) + my(utt—1) B 2T>\t>

5
2

2+ 0)?2)3 s (urt—1)2)3
= O’
- m m 1 2)
Q2(§a77) = ([ser(uJit)Q]% + [52+(u+:71)2]% + 1255~ 3s2(2+mz+ma)

2
ms(u+t)? 1t ma(utt—1)>2 _ o mg(u+t) _ 4+ my(utt—1) _
[s2+(ut)2]2 [ (utt=1)2] 2 [+ (uH)2]2 24 (utt-1)2]2

=0.

Similarly, let P;, P» be the numerators of the following rational functions

Q1(&m)
(m?=1)(n? —4n+1)(n* +4n3+18n% +4n+1)(£2 —1) (£2 —46+1) (§* +463 +1862+46+1) (n—§) 4 (n§+1) 13>

(77271)(772f4n+1)(n4+4n3+18n2+4n+1)(§2lei((EgéT4E+l)(E4+4E3+18Ez+4§+1)(nf§)14(n5+1)13 ’
respectively.
It is noteworthy that using the resultant of two polynomials can evidently
reduce calculating time. Let R¢ (resp. R,) be the resultant of P; and P, for the
variable £ (resp. 17). Then the equation (B.19) reduces to

(B.24) Pi(§,m) = Pa(€,m) = Re(n) = Ry(§) = 0.

By calling the command Solve of Mathematica for seeking solutions of (B.24)
such that
E>n>0,

we obtain two solutions

1
§:ﬁ,n=2—\/§, E=V3+2,n=V3

this computation takes less than ten seconds on a desktop computer. However, the
two solutions should be excluded, since, for example, (B.20) does not hold for them.
Thus we arrive at the conclusion that there is no solution for the equation (B.19).

In conclusion, Theorem B.1 holds. O

Following the result obtained and a crude dimension count, we can venture-
somely conjecture that:

All the four-body central configurations except equilateral central configurations
have degree of degeneracy equal or less than one.

That is to say, we believe that the equilateral central configurations founded
by Palmore [17,18] are the only degenerate central configurations with degree of
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62 B. CENTRAL CONFIGURATIONS OF FOUR BODIES

degeneracy two for the four-body problem, although we cannot prove it now. This
conjecture is important for resolving PISPW of the four-body problem. Indeed, if
this conjecture is true, one can completely solve PI.S PW of the four-body problem,
please see Corollary 4.3.

REMARK B.4. The results and method in this section are novel according to
what I know, even though for kite central configurations, Leandro [12] has inves-
tigated a more general case, including works on degenerate central configurations.
Indeed the above rational transformations are inspired by his work. However, the
definition of degeneracy in his work is different from ours, thus the results in [12]
cannot be directly applied. The point is that the degenerate central configuration
by his definition is still degenerate by our definition; the opposite, however, isn’t
necessarily true. The problem can be explained in this way:

Given a function f defined on a manifold €2, z € ) is a critical point of the
function f. Let 2 be a submanifold of 2 and z € ), although the point x may
still be a critical point of the function f restricted to 21, the degeneracy of the
critical point  may change.
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APPENDIX C

Diagonalization of the Linear Part

The aim of the section is to discuss the diagonalization of the linear part of
equations (3.13) in detail.

Without loss of generality, suppose that the eigenvalues p1,- -, uony—4 of A
satisfy

Hj =0 for Je{la 7”0}7
p; >0 for je{ng+1,---,ng+ny}t,
R .
O>uj>—1—6 for je{ng+n,+1,---,n9+mn,+n1},

R .
Mj<_ﬁ for je{ng+mn,+ni+1,---,n9+n,+n1+na},
R .
T for je{no+n,+ni+na+1,---,2N —4}
Thus n, is the number of positive eigenvalues p; (counted with their multiplicity),

n1 is the number of eigenvalues contained in the interval (-5, 0), ng is the number

of eigenvalues strictly smaller than —{%, and therefore the multiplicity of —{% is

equal to 2N —4 — (ng +np + n1 +n2 + 1).
To simplify the notation, let

do = nog, dp:no—i—np, dq =no+np+ni, do = no+np+ni+ne, d=2N—4.
Set

for any j € {1,---,d}; note that, if y; + {5 < 0, we agree on that

RTIRAI |.+£|
AT VA A T

hence N
Ay =0, ;= ifje{l dok;
it > 0> ji7, ifj€{do+1,--,dp};
RB,LNL;-‘:<0, lfje{dp+177d}5
0> i > iy, if j €{dy+ 1, di};
T ifje{d+1,---,da2};
1
it =gy =52, if j €{d2+1,---,d}.
Here and below “*” denotes the notation of complex conjugate.
Let
{ela e 7ed}

63
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64 C. DTAGONALIZATION OF THE LINEAR PART

be the standard basis of R¢, it is obvious that
Aej = WKj€;, VJE{L ,d}
Then a straightforward computation shows that

AV _MJ ) Vje{l,---,d},

JL 3 fije;

To obtain a basis of R2? starting from the eigenvectors vji of A, let us introduce
the vectors

where

p]i* i 1fJ€{]-77d1}a
pf = , ifje{d+1, - ,d2};
|NJ |e]
pj:Vj ( g ), ifje{d+1,---,d};
—£Ze;
p; =V; ( ) ( %e), ifje{dy+1,---,d}.
J

It is easy to see that the family {pj bieqi, a4y is a basis of R2? and moreover, it
holds

f\p;*—ﬂj[p;*, ifje {1, ,d}:
Apj = __p] + V |/1’j 16 pj 5 lf] c {dl + 1, ,dQ};
Ap; = —/Iu; + f5lp) — %pj‘, ifje{d +1, -, do};

~ 1
Ap; = ep] — 57 p;, ifjef{da+1,---,d}.
Now set
SZB: (pfv 7p;_7p1_7"' 7p;)7
Dl = duLg(ﬂIra 7/1;1)’
1 1
Dy = diag AR ,
(\/Hl+% \/,ud1+%>

1 1
D3 = diag | —/—m—= s ——= | »
(\/|Md1+1 + 51 Vka, + ﬁ|>

- ; / K / K
Dy =Dy :dzag( |Nd1+l+ﬁ|7"' VIR +E|)’
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65
I I
0 I
I I
1
B=1|Dp, —£21— Dy ’
1
Dy ) —E2T )
_%H (e — %)H
and P is invertible for any € > 0. It holds that
D,
5%
—5 L, Dy
—B2 el
1 4
AP = 1 ,
PIAR by p,
1
Dy — 21,
1
—£2]
where
1 3 1
50+ %-Do . 5 D2
EEDs ) D3
Bl = ) (1-155)1 —
1 K2 1
51— 52D, —5Ds
I 0
ﬁ]l I
4e €
As a result, set
q=(q1, " ,q2N-4,92N-3,"** ;qaN—8)
and by applying the linear substitution

()
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66 C. DTAGONALIZATION OF THE LINEAR PART

the equations (3.13) are transformed to the following equations

©1) a0, = ¢x(a,7), ) kefl,- do}
UN_air = — S5 GN—ark — Ou(e,7), ke{l,---,do}
(2) Q§g:ﬂk%+¢k(lq,’¥), Ee{dy+1,---,di}
Gn_ayr = (=5 — ie)en—avk — Ok(q,7), ke {do+1,---,di}
(C.3) QG = _%Qk - \/mq2l\/l—4+k +or(q,7), ke{di+1,---,da}
Gy _ark = VI + 15lax — %Q2N—4+k» ke{d +1,---,da}
() qz@%QkJrlEQ2N—4+k+¢k(q,’Y), ke{d+1,---,d}
N_arr = S oN—ark — Ou(q,7), ke{d+1,---,d}
(C.5) ' = K2y + ¢o(g,7),

where the functions ¢y, o are power-series in the 4N — 7 variables ¢,~ starting
with quadratic terms:

¢k(q?7):2\/u+TT%Xk(zazav)v kE{l, 7d1}
(bk(q?’}/):mxk(zvzvv)? kE{d1+1, 7d2}

¢0(q,7) = xo(2, Z,7);

and the equation (3.15) is transformed to (3.22):

I
0 =2"QZ=q"P" (0) Q(0 H) PBq
+ . + .
=D <h<ng 2 jomott Dhi ARG D e 1 Qi ARG

where “ -7 denotes all the quadratic terms which contain at least one of g (k >

ng +np) as a factor.
To simplify the notations, the equations (C.1), (C.2), (C.3), (C.4) and (C.5)
can be rewritten in the compact form (3.21):

(3//) =C (z) +¢(a,7),
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where
_ T
@_(@17"' y PON—4, P2N -3, " 7804]\/'—87(100) )

Pk = Qﬁk(qa,)/)a ke {0} U{la T ad}y
YaN—at+k =0, ke{d +1,-- ,da};
P2N—-4+k = 7¢k(q?’7)? ke {1? ' 7d1}U{d2 + 17" ' 7d},

= (0 (")

D,

I el

By applying the permutation
Qe — Qs ke{l, - nok;
Q& Qrr1, kE€{no+1,--- AN — 9}
qaN-8 7 7,
0 8ans Gno+1;
it is easy to see that C is reduced to the following block-diagonal form:
Q:O
¢= ¢t )
¢

and the system (3.21) can be rewritten as the system (3.23):
¢° = ¢’ q"a7),

=Tt ot ata),

¢~ =Cq +¢7 (g, q);

Q

where
=t
My
Q:O = t. . = O,
Tay
/’Lno
1
K2
~+
:u'n, “+1
+ _ 0
< ;
ThE
:ung-i-np
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68 C. DTAGONALIZATION OF THE LINEAR PART

Ay
b, b,
k27 el
(C.7) ¢ = 4 7&]1 b ,
2 1 .
Dy —%an 1
—%]I
=g, am,) ",
0" = (Y @not1:  Gnotny) s
4" = (Gnotnp+15" " ,2N—-4,q2N—3," " qan-s) |,
¢ = (p1, o)
ot = (¢0; Pro+1, """ ,<Pno+np)T,
Y= (‘Pno+np+1, PN -4, P2N-3, >4P2N—8)T-

Note that the eigenvalues of the matrix €° are all on the imaginary axis, the
eigenvalues of the matrix €T lie to the right of the imaginary axis, and the eigen-
values of the matrix €~ lie to the left of the imaginary axis.
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APPENDIX D

Normal Forms

One of the key ideas of resolving P1.S PW is estimating the speed of convergence
to zero in (3.18) to ensure that 6(7) approaches a fixed limit as 7 — —oo. For this
purpose, we need to further simplify equations (3.13) by the theory of normal forms
(or reduction theorems).

Note that equations in (C.1) are degenerate when ng > 0 as a result of the de-
generacy of central configuration. In general, degenerate equations are very difficult
to handle.

Based on some original ideas of Siegel [22], we develop some results of normal
forms, more general than that of [22], to explore PI.S PW involving with degenerate
equations.

Here is one reminder on the notations of this section. To simplify the notation,
we shall utilize some notations used in previous sections, but with meanings slightly
different.

Suppose the origin 0 is an equilibrium point of (2.6), then it follows from Taylor
expansion near the origin that

the system (2.6) becomes
¢ =Cq+¢(q),

where € = 615_((10)7 and (q) = o(q), i.e., p(0) =0, 8“5510) =0.

If the function v is C"-smooth, then ¢ can be expanded as:

©(q) = p2(q) + -+ Pm(q) + om(q),

where each ¢k (g) is a homogeneous polynomial of degree k; hereafter o,,(q) stands
for terms which vanish at the origin along with the first m derivatives. Furthermore,
if v is analytic, then ¢ can be expanded as:

o(q) = p2(q) + -+ + omlq) +-+,

which is a power-series starting with quadratic terms.
Consider the system

(D.1) ¢ = €q+ o(q).

When one of the eigenvalues pq,- - , 4, of the matrix € is on the imaginary
axis, we have to consider some smooth change of variables to simplify the system
(D.1), even though the right side of the system (D.1) is an analytic function in the
n independent variables qi,---,¢,. Suppose ¢(q) is C'-smooth (1 < I < o0) in
q1,"* ,qp in the following.

69

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



70 D. NORMAL FORMS

Suppose the matrix € in the system (D.1) is in block-diagonal form

QtO
¢= ¢t
o
Set

®=(q1, " ,qno) ",
q+ = (qno+17 te aQnoer)T,
4" = (@notm1s - >an) 5

" = (o1, ,@no) T
90+ = (Sﬁng+1, te 7<Pno+m)Ta

(P_ = (‘Pno-l‘m-l‘la o 7¢n)7.
Then the system (D.1) has the form

¢ =2%" + (" q*,q7),
(D.2) ¢t ="+ 9" qt,q),

¢~ =Cq +¢ ("¢ q).
Suppose the eigenvalues of the matrix €° are all on the imaginary axis, the eigen-
values of the matrix €% lie to the right of the imaginary axis, and the eigenvalues
of the matrix €~ lie to the left of the imaginary axis.

It is well known that the following results hold (our main reference on this issue
is [20]).

THEOREM D.1 (Center-Stable Manifold,[20, p.281]). In a small neighbor-
hood of the origin there exists an (n —m)-dimensional invariant center-stable man-
ifold W3, : ¢t = F(¢°,q7) of class C' (I < o0), which contains the origin and
which is tangent to the subspace ¢* = 0 at the origin. The manifold WS, contains
all orbits which stay in a small neighborhood of the origin for all positive times.
Though the center-stable manifold is not defined uniquely, for any two center-stable
manifolds W{* and WS® the functions F7° and F5® have the same Taylor expansion
at the origin (and at each point whose positive semiorbit stays in a small neighbor-
hood of the origin).

REMARK D.2. Note that even if the system is C'°°-smooth, the center-stable
manifold has, in general, only finite smoothness. Of course, if the original system is
C>°-smooth, it is C'-smooth for any finite [. Therefore, in this case one may apply
the center-stable manifold theorem with any given ! which implies that: for any
finite [ there exists a neighborhood N; of 0 where W¢* is C'-smooth. In principle,

loc
however, these neighborhoods may shrink to zero as | — oo.

THEOREM D.3 (Center-Unstable Manifold, [20, p.281]). In a small neigh-
borhood of the origin there exists an (ng+m)-dimensional invariant center-unstable
manifold W5, : ¢~ = F(¢°, q*) of class C' (I < o0), which contains the origin
and which is tangent to the subspace ¢ = 0 at the origin. The manifold Wi
contains all orbits which stay in a small neighborhood of the origin for all negative
times. Though the center-unstable manifold is not defined uniquely, for any two
center-unstable manifolds W* and Ws* the functions Ff* and F5* have the same

Taylor expansion at the origin (and at each point whose negative semiorbit stays in
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a small neighborhood of the origin). In the case where the system is C°°-smooth,
the center-unstable manifold has, in general, only finite smoothness.

Note that the condition of invariance of the manifolds W¢?

5. and Wi may be
expressed as

aFCS O7 - 6FCS O, - _ _
¢t = 530 ) g0 6(;17 )¢~ when gt = F*(¢%,q7),

B AF° (¢0,q" AF° (¢0,q" B
q/ = 6(:]10 . )q/o + (9(qq+ 1 )q/+ when q = Fcu(qO,qu)’

or
etFe(q,q7) + ot (% Fe*(¢° g7 ), q7)
cs (0] —
= 20 ) [@0g0 + 00(g%, Fe* (%, q7), 7))

cs 0 -
+ ) a(qqf’q Newq™ + o (@ F(¢°q7),q7)],

¢ P q") + ¢ (¢% a" F(¢% "))
HF Y O, + cu
= ) [€0g0 + (%, gt F(¢%, g™))]
HF Y O, + cu
+ ) (et gt 4 ot (g, gt Feu(e®, g 1))

The above relations yield an algorithm for computing the invariant manifolds.

COROLLARY D.4 (Reduction Theorem). One can introduce new variables:

w0 = ¢°
(D.4) ut =gt — F*(¢°,q7)
u- =q

so that we can write the system (D.2) in the simpler form

0 = €0 4 (w0, F(u, =), ) + 40 ()t
(D.5) ut =Ctut + ¢t (u)ut,
W = € u o (0, FO 0, um) u) + o ()t

where the functions y°, ¢~ are C'-smooth and 1t is C'~'-smooth; in addition, all
the functions ¥°, 9T 1~ are vanishing at the origin, i.e., 1¥(0) = 0.

PROOF. As a matter of fact, for the new variables, it is easy to see that

w0 = €00 + (w0, ut + F (0, u~),u),

OF° (a0 . OF (® 0= ,_
(D.6) W= gt - S )0 S g

W=+ (W, ut 4 F 0, ), ),

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



72 D. NORMAL FORMS

By (D.3), the second equation in (D.6) may be rewritten as

’U,HL = Qf+u+ + Q:JFFCS(’U/O,Ui) + (P+(UO,U+ + ch(uoaui)aui)

OF(u® u™) 4 o 0,0  + cs( 0 —y o —
*T[Qu + @ (u,ut + F(u u” ), um )]
Fes 0 —
SO e g PO, ), )]
=c¢tut + [ (Wl ut + Fe @l u™),u™) — o (u®, F (u®,u™),u”)]
cs(,,0 —
- W[@O(uoﬂfr +ch(u07u7)vu7) - @O(UO,FCS(U'O,U?%U'?)}
cs(,,0 —
AP o 0, 4 P, ), ) — 0, PO u), )

Since
@*(uo,qu +FCS(UO,U_),U_) _ @*(UO,FCS(UO,U_),U_)

ol 8 (ul pu T4 Fe (ufu ) u ) +
= T dtu®,

where x € {0,+, —}, it follows that (D.6) becomes

W = €00 4 O (0, o (0, ™), u”) + 00w,
Wt = etut + gt (u)ut,
W= € a4 o (w0, PO u ) u) + 9 ('

where

L0 (w0, tut + Fos (uf, u™),u)
0 _ ) ) I dt
v = [ - ,

_ 1 O~ (Ul tu™ + F (u®,u™),u™)

are C'-smooth, and

1 0t (u® put+F (ulu)u”
PH) = [ 2 )

_ fl AF°® (u’ u™) Bapo(uo,tu++ch(uo,uf),uf)dt

0 oul dqt
o IF° (uu) 6@7(uo,tu++ch(u0,u7),u7)dt
ou— dqt

is O'~!l-smooth. Moreover, by virtue of ¢(0) = 0 and 6%20) =0, (0) = 0 holds.

Therefore, we can write the system (D.2) in the simpler form (D.5) by the
transformation (D.4). O

Similarly, we have

CoROLLARY D.5 (Reduction Theorem). One can introduce new variables:
w0 = ¢°
ut =gt

um =q —F(°q")

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



D. NORMAL FORMS 73

so that we can write the system (D.2) in the simpler form
w0 = €0 + O (u ut, Feu(ul ut)) + 0 (u)u—,
ut = ¢Tut + ot (0 ut, FU(ul ut)) + T (u)u,
W =CTu + v (w)u,

where the functions y°, ¢ are Cl-smooth and 1~ is C'~'-smooth; in addition, all
the functions ¥°, ¢+ 1~ are vanishing at the origin, i.e., 1(0) = 0.

In fact, a stronger version of reduction theorem holds:

THEOREM D.6 (Reduction Theorem, [20, p.283]). By a C'~1-smooth trans-
formation the system (D.2) can be locally reduced to the simpler form

' = &l 4 g (u)u® + ¢ (wut + P2 (w)u,
Wt = Ctut + gt (wut,
W =Cu + Y (w)u,

where the functions wg,wg,w(i are C'=1-smooth and vanishing at the origin; the
functions YT, 1~ are C'-smooth and vanishing at the origin. Furthermore, 1/19r
vanishes identically at u= =0, and ¥° vanishes identically at ut =

However, we will not utilize this stronger version of reduction theorem in this
paper. Instead, we will directly utilize a version of theorem of center manifold.

When we investigate orbits on the center-unstable manifold, that is, orbits such
that ¢— = F“(¢°,q") or u~ = 0, the system is reduced to a form

( ) w0 = €0y + @O(U07u+7Fcu(uO7u+))’
D.7
u't = Crut 4 ot (u0, ut, Fe(uf, ut)).

Note that this system is of class C!. For this kind of system, it is well known
that the following theorem holds.

THEOREM D.7 (Center Manifold, [20, p.271]). Consider the system (D.7), in
a small neighborhood of O there exists an ng-dimensional invariant center manifold
WS ut = Fe(u®) of class C', which contains 0 and which is tangent to the
subspace ut =0 at 0. The manifold W5, contains all orbits which stay in a small
neighborhood of 0 for all times. Though the center manifold is not defined uniquely,
for any two manifolds W and W§ the functions FY and Fy have the same Taylor
expansion at 0 (and at each point whose orbit stays in a small neighborhood of 0).
In the case where the system is C°°-smooth, the center manifold has, in general,

only finite smoothness.

Note also that the condition of invariance of the manifold W¢

e May be ex-
pressed as

ut = 8FC(UO)

B0 o when vt = F¢(u?)
u

o Q:Jch(uO) + g0+(u0,FC(UO),FCU(UO,FC(UO)))

= 6F(;u(é‘0) [Q:O’U,O + (,OO(’LLO,FC(UO),FCU(UO,FC(UO)))}.
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The above relation yields an algorithm for computing the center manifolds which
will be used in the following.

The existence of a center manifold allows some problems related to the nonhy-
perbolic equilibrium to be reduced to the study of an ng-dimensional system

(D8) U/O — Q:OUO 4 s00 (UO,FC(UO),Fcu (’U,O,FC(’U,O)))
In particular, when an orbit on the center-unstable manifold approaches the
origin for 7 — —o0, we have the following result:

THEOREM D.8 ([6, p.4, Th.2]). Let (u°(7),u™ (7)) be a solution of the system
(D.7). Suppose that
(W’(1),u™ (1)) =0 as T — —o0,
then there exists a solution v(7) of the system (D.8) such that as T — —o0
u®(r) = v(7) + O(e7),
(D.9)
ut(r) = F°(v(r)) 4+ O(e7).

where o > 0 is a constant depending only on €.

A direct implication of Theorem D.8 is the well known result that an orbit on
the unstable manifold of a hyperbolic equilibrium point exponentially approaches
the hyperbolic equilibrium point, i.e., the following result holds.

COROLLARY D.9 ([20, p.66]). Consider the system (D.1), assume that the
origin ¢ = 0 is a hyperbolic equilibrium point. Let () be a solution on the unstable
manifold of the origin, i.e.,

q(t) =0 as 7— —o0,
then there are two positive constants ¢ and o such that
dist(q(7),0) < ce’"

for sufficiently small 7, and o depends only on €.
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APPENDIX E

Plane Equilibrium Points

In this section, we will discuss some aspects of plane equilibrium points. In
particular, for those orbits tending to the equilibrium points, we estimate their
speed of convergence.

Let us consider an autonomous system on the plane R?

{C/ = f(C,T’)a
n =g(¢n),

where f, g are continuous for small {,n and

£(0,0) = g(0,0) = 0.

One can introduce polar coordinates

(E.1)

¢ =pcosd,n = psind

to transform the system (E.1) into

(£2) {p’ = f(pcos¥, psind}) cos? + g(pcosd, psin ) sin v,

p¥ = —f(pcos¥, psin ) sin + g(p cos ¥, psin}) cos J.

As in [9], a direction ¥ = ¥y at the origin is called characteristic for the
system (E.1), if there exists a sequence (p1,v1), (p2,92), - such that:
1) pr =0+, =¥ as k— oo
2) (fx,gx) is not (0,0), and the angle (mod 7) between the vectors (fx, gx)
and (cos g, sin ;) tends to zero as k — oo, i.e.,

gk o8 Vi — [k sin 9y =0 k— )
(E3) \/m as o0
Where pr, — 0+ denotes pr, — 0 and pr > 0; (fk,gx) is the vector field (f,g)
evaluated at (Cx,mx) = (pr cos Vg, p sin Jy).
The following two lemmas in [9] are important for the investigation of plane
equilibrium points.

LEMMA E.1. Let f,g be continuous for small ¢,n and f2(¢,n) + g*({,n) > 0
except at the origin, that is, the origin is an isolated equilibrium point of the system
(E.1). Let the system (E.1) possess a solution (C(7),n(7)) for —oco < 7 < 0 such
that

C(r)+n*(1) =0+ as T — —o0,
Let p(t) = \/f2(¢,n) + ¢%(¢,m) > 0 and 9(7) be a continuous determination of the
angle between the (-axis and the vector (((7),n(r)). Let ¥ = ¥y be a noncharac-
teristic direction. Then either 9'(1) > 0 or (1) < 0 for all T near —oo for which
I(r) =199 mod 2.

75
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spiral orbit

n characteristic orbit

) /«/z:z:m

FiGUurE E.1. Lemma E.2

LEMMA E.2. Let f,g and ({(7),n(7)) be as in Lemma E.1. Suppose that every
Y-interval, a < ¥ < B, contains a noncharacteristic direction. Then either

(E.4) Yo =lim,,_ 9¥(7) exists (and is finite)
or (¢(7),n(T)) is a spiral; i.e.,
(E.5) [I(T)| >0 as T — —o0.
In the case (E.4), 9(7) =Yg is a characteristic direction.
In the following, let us further assume that the functions f, g are
{f = Po(¢,) + Pm(C ),
9= Qm () +gm(Cn),
where P,,,Q,, are homogeneous polynomials of degree m > 1 and
P2 (pcos®d, psind) + ¢2, (pcosd, psin ) = o(p*™) as p— 0.
In terms of polar coordinates, define
O(9) = p~™ (Pr(pcosd, psindd) cos? + @, (pcosdd, psindd) sin ),
{\11(19) =p "™ (Qm(pcos?, psind) cosd — Py, (pcosd, psindd) sind) ;

then ®, ¥ are homogeneous polynomials of cos ¥, sin 9 of degree m + 1.
In terms of polar coordinates, (E.2) can be written as

(E£6) {p’ = p" (V) + o(p™),
P = () + o(pm ).

THEOREM E.3. Assume U(¥) £ 0 and m is an even number. Let f,g and
(¢(7),n(7)) be as in Lemma E.1. Then

(E.7) Yo =lim, oo (1) exists (and is finite)
and ¥(dg) = 0.
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PROOF. Our first goal is to show (E.7). By Lemma E.2, it suffices to exclude
the possibility of (E.5).

By using reduction to absurdity, suppose that (¢(7),n(7)) is a spiral, i.e., (E.5)
holds.

Without loss of generality, suppose

(E.8) Hr) =00 as T — —o0.

According to ¥(¥) # 0, it has only a finite number of zeros (mod 27). Because
¥ are homogeneous polynomials of cos, sin? of degree m + 1, we have
(E.9) V(9 +m) =—-T().
As a result, the plane is split into several angular sectors, ¥, < ¢ < ¥y1 (kK =
1,---,n), such that

n = ]-7’l9n+1 =v1 + 27r7\11(19k) =0
and
\11(19) 75 0, ford, <v< 19k+1-

It follows from (E.9) that we can assume ¥(J) > 0 for ¥; < ¥ < ¥3. Then

there exists an angular sector, oy < ¥ < ag included in ¥ < ¥ < 93, such that

U(W) >0, forag <9< as,

where o > 0 is a constant.
Note that O(If,n_l ) tend to zero uniformly in 9 as p — 0. It follows that, there
exists a sufficiently small py > 0 such that

P o +o(p™ ) >0 forany 0 < p < po.
Since there exists a real number 75 < 0 such that
0<p(r) < pg forany 7 <mg.
Taking into consideration (E.8), we know that there exists a sequence of 7-intervals

(B1s71)s (B2,72), -+ -

such that

Ye+1 < Br <m < 7o,

B, Vg — —00 as k — oo;
(E.10) o

19'(7’) >0 for T € [ﬁk,wg]

[W(Br), ¥(vk)] C (V1 — 2nym, Y2 — 2nymw)  for some ng € N.
We claim that

+
9(r) < o) < ()
for any 7 < ’81—‘2"7i Obviously, this is a contradiction with (E.8). So (E.7) will be

proved if we can show the claim.
Set

Q={79(r) <9

(¥) for any 7 € (7,m]}-

Let 7; = inf Q be the infimum of above set. Following from (E.10), it is clear that
7 < P
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The above claim will be proved by showing that 7, = —oo. Otherwise, 7; is a
certain negative number. It follows that

9(Br) < I(m) = I( ) <d(m)

However, it is easy to prove that 7; is not the infimum of Q2 by above inequality.
This leads to a contradiction.

Our task now is to show ¥(¢y) = 0. Following from Lemma E.2, ¢(1) =
is a characteristic direction. If ¥(g) # 0, It is straightforward to show that (E.3)
reduces to the following

Bi+m
2

V(o) -0
VP2 (90)+P2 (o)
This leads to a contradiction.
The theorem is now evident from what we have proved. (]

Using the same argument as in the proof of above theorem, we can prove the
following more general result:

COROLLARY EA4. Let f,g and (¢(7),n(7)) be as in Lemma E.1. Assume ¥(9)
has both positive and negative values. Then

Yo =lim,,_¥(7) exists (and is finite)
and ¥(dg) = 0.

So a spiral of the system (E.1) can occur only when W is invariably nonnegative
or nonpositive and m is an odd number.

THEOREM E.5. Under the conditions in Theorem E.3, if ®(dg) # 0, then
®() > 0 and
1 1 1 1 1 1
== () m—1(—— ) m-—1 —_  \m-—1
= (g ™ ()™ + o2,
PROOF. Let us consider the first equation of (E.6):

p'=p"®(9) +o(p™).

Since
p(t) =04+ as 17— —oo,
it is easy to see that ®(dg) > 0.
According to L’Hépital’s rule, it follows that

THI—IlOO Tpm—1 = (1 =m)®(do),
or
1 m=1 1. 4
P ((lm)fb(ﬁo)r) +0((7_7')m71)'
The proof of the theorem is now complete. O

Similarly, when m is an odd number, one can prove the following theorem:

THEOREM E.6. Let f,g and ({(7),n(7)) be as in Lemma E.1. If ®(9) # 0 for
any 9, then there exists a positive number ¢ such that

1

1
p<c(—)mT.
—T
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PRrROOF. By ®(¢}) # 0 for any 9, it follows that there exists a positive number
o such that
|D(F)| > o.

According to
p(t) =04+ as 17— —oo,

it follows that
oY) > 0.

Let us consider the first equation of (E.6):
p'=p"®(9) +o(p™).
It is clear that there exists a real number 75 < 0 such that

P O(Y) + o(p™) > %pm for any 7 < 7.

Then o
pl_m(T) > pl_m(To) + §(m —1)(ro—71) for any 7 < 7.

As a result, it is evident to see that the theorem holds. O
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