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Abstract

We classify the set of central configurations lying on a common circle in the
Newtonian four-body problem. Using mutual distances as coordinates, we show
that the set of four-body co-circular central configurations with positive masses
is a two-dimensional surface, a graph over two of the exterior side-lengths.
Two symmetric families, the kite and isosceles trapezoid, are investigated
extensively. We also prove that a co-circular central configuration requires a
specific ordering of the masses and find explicit bounds on the mutual distances.
In contrast to the general four-body case, we show that if any two masses of
a four-body co-circular central configuration are equal, then the configuration
has a line of symmetry.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The study of central configurations (c.c.s) in the Newtonian n-body problem has become a
vibrant sub-field of celestial mechanics. While much is known about specific cases, usually
involving symmetry or assuming one or more bodies is infinitesimally small, less is known
about the general structure of the set of c.c.s. For example, finiteness of c.c.s (up to symmetry)
was only recently established by Hampton and Moeckel [12] in the four-body problem, and by
Albouy and Kaloshin [2] (except for masses in a codimension two subvariety) in the five-body
problem.

In this work, we strive to deepen our understanding of the general set of c.c.s by fully
classifying the four-body co-circular central configurations (c.c.c.s), that is, those four-body
c.c.s which also lie on a common circle (see figure 1). According to Hampton [10], this
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Figure 1. An example of a co-circular c.c. The centre of the circumscribing circle is marked with
a o and the centre of mass is denoted by x.

problem was first posed by Alain Albouy. Requiring the bodies to lie on a common circle
effectively reduces the problem of finding four-body c.c.s by one dimension, allowing for a
more substantial investigation. Although such a restriction may seem somewhat arbitrary, it is
hoped that this work will prove useful in analysing the general structure of four-body convex
c.c.s, that is, those c.c.s forming a convex quadrilateral.

Co-circular c.c.s are significant since they individually form the base of any spatial,
pyramidal c.c. [1,9]. Such a three-dimensional configuration contains five bodies, with four
co-planar bodies lying on a common circle and the fifth body (top of the pyramid) lying on the
normal line through the centre of the common circle. Albouy showed that the four co-planar
bodies must be a c.c. of the planar four-body problem [1]. Therefore, our work also serves to
classify the set of pyramidal c.c.s.

Our approach uses only the mutual distances as coordinates. The fact that Ptolemy’s
theorem is so nicely expressed in these coordinates is critical to our results. Our main result is
proving that the set of positions that yield a c.c.c. with positive masses is a two-dimensional
surface, the graph of a differentiable function f over two of the exterior side-lengths. The
boundaries of this surface correspond to three important symmetric cases: a kite, an isosceles
trapezoid and a degenerate case where three bodies lie at the vertices of an equilateral triangle
and the fourth body of the quadrilateral has zero mass. This last case corresponds to c.c.s of the
planar, circular, restricted four-body problem [13]. We also prove that for any c.c.c., the masses
must be ordered in a precise fashion, with the largest body lying on the vertex between the two
longest exterior sides, the smallest body opposite the largest, and the two largest (smallest,
respectively) bodies lying on the longest (smallest, respectively) exterior side (see section 4.2).
In contrast to the famous result of MacMillan and Bartky [15] for convex 4-body c.c.s, we
demonstrate that not all choices of positive masses lead to a co-circular c.c.

Moreover, we prove the somewhat surprising result that if just two masses of a four-body
c.c.c. are equal, then the configuration is symmetric, either a kite or an isosceles trapezoid.
These symmetric cases are explored in great detail in section 3, in part to aid in the proof of
our main result demonstrating the two-dimensional surface of c.c.c.s. In section 5.1, we prove
sharp bounds for each exterior side-length, each diagonal, the ratio of the diagonals and the
ratio of the second- and third-largest exterior side-lengths. We finish with some geometric
results relating the positions of the bodies to the circumscribing circle.
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Any planar c.c., given the correct initial velocities, leads to a relative equilibrium solution
in which the bodies rigidly rotate about their centre of mass. If the c.c. is also co-circular, the
circumcircle containing the bodies will also rotate about the centre of mass. In [10], Hampton
shows that only in the case of four equal masses positioned at the vertices of square, does the
centre of mass coincide with the centre of the circumcircle, answering a question posed by
Alain Chenciner. Some recent work in [18] proves the existence of a family of co-circular
kite c.c.s using Cartesian coordinates. A similar result also appears in [23], where Dziobek’s
equations are utilized, and the family is shown to exist for homogeneous force laws that include
the Newtonian n-body problem as well as the n-vortex problem.

2. Co-circular central configurations

Suppose we have n bodies with mass and position given by m; and q; € R?, respectively,
fori = 1,...,n. Denote r;; = |lg; — g, as the distance between the ith and jth bodies
and let ¢ = (qi,...,qy) € R*. The centre of mass of the systemisc = M~'Y"  m;q
where M = m + - - - + m,, is the total mass. The equations of motion can be described by the
Newtonian potential function

n

m;m;
U@ =) ——
i<j Y
as simply
oU
mitiiza—q, iell,2,...,n}.

Denote I (q) as the moment of inertia,
1(q) li lgi — el 1i gl — <M el
= — m; i —C = — m; i —_ = C
q ) £ illdi 5 - q )

a characterization of the size of the system as measured from the centre of mass.
A planar c.c. of the n-body problem is a configuration x € R?" which satisfies the
algebraic equations

VU(x)+AVI(x)=0 €))]
for some value of A (see [19-21,26] or [29] for more details). Viewing A as a Lagrange

multiplier, a c.c. is simply a critical point of U subject to the constraint I equals a constant.
The ith component in (1) is given by

Z mimj(wj — CL‘,’)

+Am;(x; —c) =0.

3
i Tij
From this equation, it follows that if = (x|, x3, . .., «,) is a planar c.c., then

kx = (kxy, kxo, ..., kx,)
and
Rx = (Rxy, Rx», ..., Rx,)

are also planar c.c.s for any constant kK # 0 and any R € SO(2). In the first case, the value
of the multiplier A changes to A/|k|> whereas the second case requires no change in A. When
counting c.c.s it is standard to fix the size (a unique choice of k) and identify any configurations
which are rotationally equivalent via the equivalence relation  ~ Rx for R € SO(2). Any
planar c.c. leads to a two-parameter family of homographic solutions where each body travels
along the same (scaled) solution of the Kepler problem.
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2.1. Mutual distances

In this section we derive the equations for a c.c.c. using the mutual distances r;; as coordinates.
We make use of Prolemy’s theorem to give a derivation for c.c.c.s that mirrors the approach
used by Schmidt [24].

Denote r = (r12, r13, F14, ¥23, V24, F34) € R* as a vector of mutual distances. It is a
straightforward calculation to check that

1 2
I = M mim;r;.
i<j
For the case n = 4, the mutual distances are not independent; they generically describe a
tetrahedron in R? rather than a configuration in the plane. Locating planar four-body c.c.s
requires an additional constraint found by setting the volume of the tetrahedron to zero. This

constraint arises from the Cayley—Menger determinant

o 1 1 1 1
L0 rjy ry 1y
Vi) =1 r, 0 r3 1yl
Loy iy 0013
Lorfy 3y iy 0

Assuming the r;; correspond to an actual tetrahedron, then the square of the volume of this
tetrahedron is V /288 [24]. However, it is important to note that V may be positive for a given
choice of 6 mutual distances, but that does not imply a configuration exists which realizes
those particular distances. For instance, r = (2,4, 1,7,4, 1) gives V(r) = 3118 but there is
no physical configuration with these distances since rjp = 2, rj3 = 4, r3 = 7 does not satisfy
the triangle inequality. Conversely, it is possible for all the triangle inequalities to be satisfied,
yet have V(r) < 0. One such example is the one-parameter family », = (1,¢, 1, 1,2/t, 1)
which gives V (r;) = —8¢2(¢> — 2)? which is strictly negative for all t > 0 except at the unit
square ¢ = /2.

To ensure a given vector r corresponds to an actual configuration of four bodies, either in
the plane (with no three bodies collinear) or in space, it is necessary and sufficient that all strict
triangle inequalities be satisfied and V (r) > 0. Sufficiency follows from theorem 9.7.3.4 and
its proof in [6]. Specifically, let

G={reR":V()>0and rij +rjx > ry for all triples of indices
(i, j, k) where i #£ j # k}.

We say that r € R* is geometrically realizable if r € G. Any geometrically realizable vector
of mutual distances corresponds to a four-body planar, non-collinear configuration if V(r) = 0
and a tetrahedron if V (r) > 0.

We say that the bodies are ordered sequentially if they are numbered consecutively while
traversing the boundary of the quadrilateral (either clockwise or counter-clockwise). For the
rest of this work, we will assume that any cyclic quadrilateral is ordered sequentially so that
12, 23, 34 and ri4 are the lengths of the exterior sides of the quadrilateral and 3 and rp4 are
the lengths of the diagonals. Denote

P(r) = riar3s + riars — ri3ra.

If a quadrilateral is ordered sequentially and is cyclic, then Ptolemy’s theorem states that
P = 0. Moreover, for any convex quadrilateral ordered sequentially or for any tetrahedron,
we have that P > 0, with equality if and only if the four bodies lie on a circle [5].
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Let P C G denote the set of all geometrically realizable r satisfying P(r) = 0. Thec.c.c.s
we seek to classify lie inside P. We note that the codimension one level surfaces {V = 0} and
{P = 0} meet tangentially at any point in P. To prove this, we will show that VV and V P are
parallel at any point in P.

Let A; be the oriented area of the triangle whose vertices contain all bodies except for
the ith body. For a quadrilateral ordered sequentially, we have Aj, A3 > 0 and A, A4 < 0.
To find VV restricted to P, we use an important formula concerning the Cayley—Menger
determinant,

v
875:—32A,-Aj. )
This formula is only valid when restricting to planar configurations. The minus sign in
equation (2) is not included in Dziobek’s original paper [8] nor in several later works on
four-body c.c.s that utilize the Cayley—Menger determinant. However, checking equation (2)
on the square configuration indicates the need for the minus sign. The correct formula appears
in the doctoral thesis of Hampton [11] and has also been confirmed by Schmidt [25].
Let § = riar13r14r23r24734. Then, for any r € P, we have

Wy 2V d@r})
— ()= — . —
8rij 87‘12] dr,-j

= —647','_]' A,’ Aj

+1
—64r;; - T2 KTk TikT i

C

+46
=—5Tu

s

where 7, is the circumradius of the cyclic quadrilateral and k and / are the two distinct indices in
{1, 2, 3, 4} different from both i and j. Here we have used the formula |A;| = 7 rirji/(4rc)
for the area of a triangle inscribed in a circle of radius .. Using the same ordering for indices as
we used for the mutual distances, the signs of the partials of V are (+, —, +, +, —, +), which are
identical to the signs of VP = (r34, —r24, 123, F14, —713, F12). We have proven the following
important lemma.

Lemma 2.1. Forany r € P,

4
vy =[5 []n | vP™.
re i<j
In other words, on the the set of geometrically realizable vectors for which both V and P
vanish, the gradients of these two functions are parallel.

We note that the above lemma does not hold in general and relies heavily on the fact that
we are restricting to the family of cyclic quadrilaterals. Also, if the sign in equation (2) were
not present, then VV (r) and V P () would point in opposite directions, violating the fact that
any tetrahedron must have P > 0. Lemma 2.1 shows that VV is superfluous when using the
Lagrange multiplier method to locate c.c.c.s. However, the Cayley—Menger determinant is
still required to ensure the configuration is geometrically realizable. For example, the family
r, = (1,¢,1,1,2/¢, 1) mentioned earlier satisfies V(r;) < 0 (except for the unit square at
t = +/2), but also yields P(r;) = 0. Such a family needs to be excluded from the set of
solutions.
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Corollary 2.2. Assuming a sequential ordering, a four-body c.c.c. r is a critical point of the
function

U+ M — 1)) +oP 3)
satisfying I = Iy, P =0and V = 0.
The choice of AM as the first Lagrange multiplier in corollary 2.2 simplifies the resulting

equations. Using the six mutual distances as variables, we find

r34 r2

-3 -3
myma(r;y —A) =0—, mamy(ryy —A) =0 —, “)
ri2 r34
3 124 3 T3
m1m3(r13 —A)=-0—, m2m4(r24 —A)=—0—, ©)
ri3 24
-3 3 -3 ri4
mymy(ri, —)L)=or—, mom3(ry; —A)=GT. (6)
14 23

Identical equations are obtained using V instead of P in the function (3) and simplifying the
resulting area formulae by assuming the bodies lie on a common circle. Following Schmidt’s
derivation of the equations for a c.c. of the planar four-body problem [24], we have grouped
the above equations in pairs so that the product of the right-hand sides is simply o. This
yields the well-known relation of Dziobek [8]

(riy =W =2 =5 =D =2 = (r) — D — ) (7

which is required of any planar 4-body c.c. (not just co-circular ones). Solving each of the
three pairs of equations in (7) for A yields

-3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3 -3
Ty =3y T3y gy o TNy Ty Ty
r= PR R = rR A —r = rpHre —r —rp ®)
12 34 13 24 13 24 14 23 14 T3 12 34
If we set
-3, -3 -3 -3
S1 =Ty 134, P1L =T 73,
-3, -3 -3 -3
S2=T3 + Iy, P2 =T37y,
-3, -3 -3 -3
83 =Ty T3, D3 =TT,

then equation (8) can be written as
_bir—p2 p2—PpP3 _ P3—P1
S1 — $2 S$2 — 853 §3 — 81

A

which means that (s, p1), (s2, p2), (53, p3), viewed as points in R*2, must all lie on the same
line with slope A. This in turn, is equivalent to

1 1 1
81 52 S3| = 0,
pPr P2 D3
a representation that leads to the particularly nice factorization
3 34,3 35,3 3 3 34,3 35,3 3
(ris = rip)(ryy = r3) (ryy = 1iy) = (rip = 1ig) (r3g — r3) (riz — r33). ©))

Equation (9) is necessary and sufficient for a four-body planar c.c. given that the six
mutual distances determine a geometrically realizable planar configuration. However, it does
not ensure positivity of the masses. This equation can also be derived from the mass ratios
given by Schmidt (equations (9)—(14)) in [24]. A similar and equivalent equation also appears
on page 278 in the classic text of Wintner [29]. Note that equation (9) shows that if two sides
with a common vertex are equal, then to be a c.c., there must be another pair of congruent
sides sharing a common vertex.
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2.2. Mass ratios

The ratios of the masses are easily obtained by dividing appropriate sets of equations from (4),
(5) and (6). For example, we have

-3 -3
my  (A—r)risra  (r —A)risri

T3 = -3 ’ (10)
my (ryy —A)razras (A —ry ) ra3rg
@_("1_23—)\)1’12"14_(rl_f—)»)rlzrm (11
my o (ry — A rara (1 — A rara
my (ry — M) riar _()»—Vf33)r12713 (12)

=3 -3 :
my (A —ry ) rursa 3y — A)rarg
Requiring positive masses places additional constraints on the mutual distances. First,

note that if A =7, J3 for any pair of indices i, j, then equations (4), (5) and (6) and nonzero

masses imply that o = 0 and all 7;; are equal (the regular tetrahedron solution). If rf33 -1 <0,
then positivity of the masses implies o > 0 by (5). This in turn gives

-3
F12, P14, 123, T34 < A3 <13, 1. (13)

If we had assumed that rff — X > 0, then the inequalities in (13) would be reversed. However,
this is impossible, for then P > rj3r24 > 0 and the configuration is not co-circular. Therefore,
(13) is the only possibility and each side of the quadrilateral is shorter in length than either
diagonal.

It can also be shown that the shortest exterior side must lie opposite the longest. This
follows from

i3 =N (r5g =) = (1 = DR — ) (14)

and inequalities (13). For example, suppose that r|; is the largest exterior side-length. Then,
since each factor in equation (14) is positive, we have r1, > ri4 implies rp3 > r3gand rp > o3
implies r14 > r3s. Together, these two implications show that 34 is the shortest exterior side-
length. The argument works exactly the same regardless of which exterior side is taken to be
the longest. Without loss of generality, we label the bodies so that ry; is the longest exterior
side-length. Then, positivity of the masses implies

T3, 724 > F12 2 F14, 723 2= I'34.

We can also assume that ;4 > rp3 by an appropriate relabelling. More specifically,
equations (4), (5) and (6) are invariant under the transformation ri3 <> 1y, 714 < 123,
my <> my, m3 <> my, which corresponds to interchanging bodies one and two, and bodies
three and four. This interchange reverses the direction of the sequential ordering around the
circle (clockwise to counter-clockwise or vice versa). The choice r14 > rp3 imposes the relation
r13 = 14 between the two diagonals. To see this, note that for a cyclic quadrilateral ordered
sequentially, the lengths of each diagonal r;3 and rp4 can be written as functions of the four
exterior sides,

b
T and raa = ab_c7 (15)

where a = r12134 + 1147123, b= r12714 + 13134 and ¢ = Y1213 + r14734. These can be derived
using the Law of Cosines and the fact that opposite interior angles are supplementary [28]. If
each equation in (15) holds, one can check that both P = 0 and V = 0 follows.

We then have
r3 b ropriatrsry

24 c r12r23 + 114534
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and T3 =1y if and Ollly ifb—c > 0if and only if (r14 — r23)(r12 — }"34) > 0. Since ri2 is the
largest exterior side-length, rj4 > ry3 if and only if 713 > rp4. Our final assumption is to fix
the longest exterior side-length to one (r;; = 1), which specifies a particular choice of scaling.
This is equivalent to holding the moment of inertia / constant. Summarizing, without loss of
generality, we can restrict to the set of mutual distances

+0
Q={reR" irzz2rs>rp=12ru >r3 = rs.

Any c.c.c. with positive masses and our particular choice of labelling and scaling will
correspond to some vector r of mutual distances in 2. A similar reduction was established by
Hampton [10].

Using the appropriate formula for A produces nice formulae for the mass ratios. For
example, substituting A = (p> — p3)/(s2 — s3) into the first equation in (10) yields, after some
simplification,

2.2 (.3 3
my 3354 (i3 — i)

i . (16)
mi o riyriy (5 = r33)
Similar substitutions in (11) and (12) give, respectively,
ms _ r3sr3y (riy = riy) (17)
mi o rhriy 3y = r3y)
and
2.2 3 3
ma _ Tal34 (ri3 = 11y) (18)

2 2 3 3"
my o ripriz (ryy —ryy)

All of these ratios are positive and well-defined on €2, except for ms/m; when rj; = rj4 and

r23 = ra4 (akite configuration). In this exceptional symmetric case, we use a different formula,

-3 2 3 3803 35,4
ms (riy =Mriy (i3 = rip) 5y — 1y,

=73 2 T 3 3.3 34
my o (ryy — Mryy (i =)y, — 3,

(19)

obtained using A = (p; — p2)/(s1 — s2). This can also be derived using equation (9).

Other mass ratios can be obtained in a similar fashion or by dividing pairs of equations
from (16), (17) and (18). Since the masses can be scaled by any positive factor, we fix m; = 1
without any loss of generality. This choice will be made for the rest of this work.

Summarizing the above, a configuration » € 2 with masses m; = 1, my, ms3, my is a
c.c.c. if and only if it is in the common zero set of the following six polynomials:

2 2 2 2
Fy = ri3(rp3 +r1ar3a) — (rigras + r1ara(ry; + 1) + raryy),
2 2 2 2
Fy = r54(ria + raaraa) — (rigraarsa + ria(ryy +ry3) +rasraa),
3 3 3403 3 3503 34,3 3
Fy = (ri5 — D(r33 — r39)(r3y — rig) — (L= riy) (ryq — r3g) (riz — r33),
_ 2.2 .3 3 2.2 .3 3
Fy = marizriy(ryy —r33) — risryg(riy — 1iy),
2,3 3 2.2 3
Fs = mariy(ryy — r3) —ryaryg(1 —riy),
2.3 3 2.2 .3
Fo = muri5(ry, — r3y) — ryyry(ri — 1.
We will refer to this system of six equations as system I. The polynomials | and F; are easily
obtained from the two equations for 713 and r4 given in (15). F3is arestatement of equation (9)
and the remaining three polynomials are easily derived from equations (16), (17) and (18),
respectively.

There are two ways of approaching the problem of classifying co-circular c.c.s. First,
given three positive masses m,, m3 and my4, one can try to simultaneously solve system L.
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m,

7TL4

Figure 2. An example of a co-circular kite c.c. with my = my4. The centre of the circumscribing
circle is marked with a o.

Since this is six equations in five unknowns, there is typically no solution. On the other hand,
there is the inverse approach: for what set of mutual distances does there correspond a set of
positive masses that make the configuration central? This is the approach pursued here. It
involves a simpler analysis, restricting to the set of solutions to {F; = 0, F, = 0, F; = 0}
lying in €.

3. Symmetric cases

Before studying the full set of c.c.c.s, we analyse the two symmetric cases: akite configuration
and an isosceles trapezoid. These symmetric cases occur on the boundaries of the space €2,
sharing a common point corresponding to the square c.c. with equal masses. There is a one-
parameter family for each case.

3.1. Kite configurations

We call a convex quadrilateral a kite configuration if two opposite bodies lie on an axis of
symmetry of the configuration (see figure 2). Using the bounds that define €2, it is straight-
forward to show that a co-circular c.c. is a kite if and only if one pair of opposite bodies lie
on a diameter of the circumscribing circle. To see that any kite configuration is automatically
a c.c., note that equation (9) is immediately satisfied when r1, = rj4 = 1 and rp3 = r34. This
gives a kite c.c. with an axis of symmetry between bodies 1 and 3. A similar kite exists with
symmetry axis between bodies 2 and 4, but is excluded here by our choice that r14 > rp3.

We set r,3 = r3y = x and the diagonals rj3 = ¢ and rp4 = 2x/c where x € (0, 1] is
a parameter and ¢ = ~/1+ x2. These distances, together with ri, = rj4 = 1, describe a
planar (V = 0), kite c.c. that also satisfies Ptolemy’s relation P = 0. It only remains to check
whether the mass ratios are positive. First note that under these assumptions, m, = my, aresult
we expect from symmetry. Expressions (16), (18) and (19) with m| = 1 give my = my = m
and m3 = a m, where

4x(3 - 1) c(8x3 —¢%)

= 7 d = —.
"EE ) o T A -0
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my =1

0.8

My = My

0.2

0.6 0.7 0.8 0.9 1

Figure 3. The values of the masses for the co-circular kite configurations.

The value for m, = my4 is positive since | < ¢ < V2. Forx € (0, 1], @, and consequently m3,
is positive if and only if 1/+/3 < x < 1. We have m3 = 0 and rp4 = 1 when x = 1/4/3. In
this degenerate case, bodies 1, 2 and 4 form an equilateral triangle and the configuration is a
c.c. of the planar, circular, restricted four-body problem. At the other endpoint, setting x = 1
yields a square and all masses equal to one, as expected. Figure 3 displays the values of the
masses as a function of the parameter x.

Theorem 3.1. There exists a one-parameter family of co-circular kite c.c.s with bodies one and
three lying on the diameter of the circumscribing circle. Themassesarem| = 1,my = my =m
and m3 = am and are ordered m; > my = my > ms3 with equality if and only if the
configuration is a square. At one end of the family, x = 1 /N3, is a c.c. of the planar,
circular, restricted four-body problem, with bodies 1, 2 and 4 forming an equilateral triangle
and my = 0. At the other end, x = 1, is the square with equal masses.

Proof. The only item remaining to show is the ordering of the masses, which is clear from
figure 3, but can be shown rigorously with straightforward analysis. We first show m3 < m;
by verifying that « < 1. On the interval 1/4/3 < x < 1, this is equivalent to showing
c8x3 =) <4 —xPor

c(8x® —4x? —4) < (* + 1) — 4x>.
This inequality becomes an equality at x = 1. Assuming x < 1, we can divide both sides by
the common positive factor 1 — x to obtain

—4e2x*+x+1) <dx+(1—x)°
which is clearly valid for 1/ \/§ <x< 1.

Next, we show that m < 1 for 1/«/3 < x < 1. This is equivalent to 4x(c3 —1) <

c(8 —c)or

(2 +1)? —dx <4e2 — x(x* +1)).
This inequality also becomes an equality at x = 1. As before, assuming x < 1, we can divide
both sides by the common positive factor 1 — x to obtain

—(x3 +x2+3x — 1) < 4c(x2 +x +2).
It is straightforward to show that the polynomial on the left-hand side of this last inequality is
negative for 1/+/3 < x < 1 while the right-hand side is clearly positive. The above arguments
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also show that the relationships between the masses are strict inequalities if x < 1. This
completes the proof. U

Remark.

(1) While our work was being completed, a similar theorem appeared in both [18] and [23].

(2) It can be shown with straightforward calculus that both m and « are strictly increasing
functions of x for 1/ V3 < x < 1. Thus, my, m3 and my4 are strictly increasing functions
of the common side-length ry3 = ra4.

(3) The centre of mass for the kite lies closest to the largest body (m) for x < 1 and is
equivalent to the circumcentre at x = 1. If the circumcentre is taken to be the origin,
and m is positioned on the positive x-axis, then a short calculation shows that the centre
of mass for x = 1/\/3 is (4143 — 21)/104,0) ~ (0.4809, 0). By the main result of
Hampton [10] and by continuity, the centre of mass has coordinates (x, 0) with x > 0 for
1/ V3 < x < 1. Moreover, a graph of the first coordinate of the centre of mass shows that
it is a strictly decreasing function of x.

Denote 6;; as the arc along the circumscribing circle between bodies i and j. Since
we have specified r; = 1 as the longest exterior side, 8;, will be the largest arc between
any two consecutive bodies. For the kite family, the circumradius r is simply » = ¢/2 and
01, can be expressed in terms of the parameter x as 6, = 2arctan(1/x), a monotonically
decreasing function. The maximum value of 6, is 120° (x = 1/ V3, m3 = 0) while the
minimum value is 90° (x = 1, square). For the smallest arc between any two consecutive
bodies, we have 6,3 = 634 = 2arctan(x), an increasing function of x ranging from 60° to
90° for 1/ V3 < x < 1. Note also that the maximum interior angle /34 of the quadrilateral
is equivalent to 61, while the minimum interior angle /14 is equivalent to 6,3. Therefore,
the largest interior angle of a co-circular kite c.c. has a supremum of 120° (m3 = 0) and a
minimum of 90° (square). Furthermore, the arc length along the circumscribing circle between
bodies 1 and 2 is given by

1
Arc(x) = 0, - % = Vx2 +1 arctan (—) )

X
From this formula, it is clear that Arc(x) is a decreasing function, with a supremum of
27/ (3«/5 ) &~ 1.2092 (m3 = 0) and a minimum attained at the square configuration of
27327 ~ 1.1107.

3.2. The isosceles trapezoid

In this section we verify the existence of a one-parameter family of isosceles trapezoids. Some
of the results depend on symbolic calculations where Maple [16] is used to compute Grobner
bases and/or Sturm sequences. A Maple worksheet containing all the pertinent computations
is available at http://mathcs.holycross.edu/~groberts/Papers/papers.html.

Any isosceles trapezoid, that s, a trapezoid whose legs are congruent, can be circumscribed
in a circle with centre lying on the axis of symmetry. In our setup, the isosceles trapezoids
correspond to the case where rj4 = rp3 and r13 = ry4. Equation (16) then implies thatm| = m;.
From equations (17), (18) and (9), we have

ms "123’"223(”132 - ’"134)(r234 - r334) _ "123’"223(”34 - ’"134)

my iy = ri) iy =) gy =33
so that m3 = my follows as well. The equality of the two pairs of masses is expected from the
symmetry of the configuration. This fact appears in the well-known paper of MacMillan and

(20)
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Figure 4. An example of an isosceles trapezoid c.c. The centre of the circumscribing circle is
marked with a o.

Bartky [15]. It also turns out that if the c.c. is assumed to be co-circular, then equality of two
pairs of adjacent masses implies the configuration is an isosceles trapezoid. It is unknown if
the same fact holds for general four-body convex c.c.s.

Lemma 3.2. If m; = my and ms = my, then the corresponding c.c.c. must be an isosceles
trapezoid.

Proof. If m; = m, and m3 = my, then equations (16) and (20) imply
22,3 3 2.2.3 3N
rysrs(ris — rig) — rizrig(ryy — ri3) =0,
2.2 .3 3 2.2 .3 3y _
risras (P — rig) — rigry(ris — ry3) = 0.
Taking the difference of these two equations and factoring the result yields
2.2.2 2.2.2 3.2 2.3 3.2 2.3
(r13 = r2a) (ri3rigryy + ri3raaty, + N3rialys + 13y + rigrysroa + rigrysrs) =0,

which implies rj3 = ry4 since the mutual distances are real, positive numbers. Since the
configuration is on a circle, it follows that ri4 = rp3, and the configuration is an isosceles
trapezoid. ]

Remark. A slightly stronger result exists. In fact, for c.c.c.s, only one pair of adjacent masses
need be equal (e.g. m; = m, or ms = my) to imply the configuration is an isosceles trapezoid
(see corollary 4.7).

To describe the family of isosceles trapezoid c.c.s, wesetrip = 1,1y = X, riga =rpz =y
where 0 < x < 1 and x < y < 1 are dependent parameters (see figure 4). Using Ptolemy’s
theorem, we have rj3 = ryy = /x +y2. One can then check that V = 0 is satisfied for
this family. As before, we fix m; = 1 so that m, = 1. Then, by equations (17) and (20),
ms3 = my4 = m, where

x2(1—y%)
m=-—————-.

Ty
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Figure 5. The relationship between the two distances x = r34 and y = r14 = ro3 in the isosceles
trapezoid family of c.c.s.

In order for the trapezoid to be a c.c., equation (9) must also be satisfied. Unlike the kite

family, this yields a non-trivial condition. Letting
T(x,y) = +x)22y  —x* = 1) —y* —xy* + 247, 1)
the constraint 7 = 0 must be satisfied in order for the isosceles trapezoid to be a c.c.

A graph of the level curve T = 0 in the xy-plane for 0 < x < 1, x < y < 1 is shown in
figure 5. Note that while the smallest side of the trapezoid (parallel to the base) can range from
0 to 1, the length of the congruent legs is considerably constrained between approximately
0.908 and 1. At the point (0, 1) (left endpoint of the curve), we have an equilateral triangle
(r3a = 0,13 = 1rpqa = riqa = r;p = 1) and m3 = my = 0, corresponding to an equilibrium
point of the planar, circular, restricted, three-body problem where two infinitesimal masses are
located at the same Lagrange point. At the point (1, 1) (right endpoint), we have the equal
mass square c.c.

Next we show that T(x, y) = 0 implicitly defines a differentiable function y = 7(x)
for x € [0, 1]. Consequently, there exists a one-parameter family of co-circular isosceles
trapezoid c.c.s parametrized by r34 = x. The following lemma and its proof will be important
in the verification of theorem 4.3, establishing the surface of co-circular c.c.s.

Lemma 3.3. For each value of x € (0, 1], there exists a unique value of y € [x, 1] such that
T (x,y) = 0. Moreover, the distance parameter y can be written as a differentiable function,
y = 7(x).

Proof. Since r;3 = ryy > 1 on Q, we have that \/x +y2 > 1l ory > /1 —x. Since
1 > ry3 > r34 on Q, we also have that x < y < 1. Thus we can restrict to the subset A of the
xy-plane defined as

A={(x,y)eR*:0<x<lL,x<y<landy>+1—x}.
For x > 0, the curves y = +/1 — x and y = x intersect at x = (—1 + «/3)/2. Thus, on A,
y = (=1+5)/2.

Note that T'(x, 1) = (1 — x*)((1 +x)*? — 1) > 0 for 0 < x < 1 with equality only at

x = 0 or x = 1. Furthermore,

T(x,V1—x)=(1—-x)(1-x)* -1,

T, x) =1 —-x)0 — (7 +x)7?),
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each of which are negative for 0 < x < 1. Fixan x € (0, 1) and consider T (x, y) = T, (y) as
a function in the variable y. It follows that 7, < 0 at the lower boundary of A and 7, > 0 at
the upper boundary of A. Since T is continuous, there is a solution to 7'(x, y) = 0 inside A
for each x € (0, 1). To see that it is unique, we compute that

T 2(4y3 +2xy —x3 — 1
5 =3 oy 4 1)+ x A2 (16y) +dxy —xF — )¢ LA Ym0 2D
9y Vx+y?

The quantity 4y3 + 2xy — x3 — 1 is strictly positive on A. To see this, note that the inequality
x +y% > 1 implies that x +2y? > 1 + y. Then, we have
4y +2xy — x> — 1 =2y(x +2y%) —x* — 1
>2y(1+yH) —x*—1
>2y(1+y) —y =1 (sincex <)
=y +2y—1
-1 3
N (=1++/5)

< +4/5-2 (since y > (—=1++/5)/2)

> 0.

Next, using the inequalities /x + y2 > 1 and x < 1, we have

T 3 24172 3 3

8_))2 >3[-2y(x"+ D)+ (x+y°)/7(16y" +4xy —x” — 1)]
> 3[—2y(x}+ 1) +16y° +4xy — x> — 1]
=3[4y(@y? +x) — Qy+ DH(x* + 1]
> 3[4y(1+3y%) — 22y + 1)]

=6(6y" — 1)
>0 (since y > (—1 ++/5)/2 > J/1/6).
This proves that '§—€ > 0 on A. Then, since 7, < 0 on the lower boundary of A, and

T, > 0 on the upper boundary of A, it follows that
d
i (Te(y) ly=5 > 0, (22)
Yy

where y satisfies T, (y) = 0 and is the smallest such y-value to satisfy this equation. Since
g% > 0, y = ¥ is the unique solution to 7, (y) = 0. This proves there exists a function
y =1t(x) for 0 < x < 1 satisfying T (x, 7(x)) = 0 on A.

Finally, since T (1, 1) = 0, set (1) = 1. We compute that %(1, 1) = 6(2\/5 -1 >0.
Applying the implicit function theorem, this fact and inequality (22) proves that y = t(x) is
a differentiable function of x for 0 < x < 1. OJ

Remark.

(1) For x = 1 (the square), we have 7’(1) = 1/2 by implicit differentiation. Although
x = r3y = 0 is not a true physical solution, we can extend 7(x) to the closed interval
[0, 1] by defining t(0) = 1. Another computation gives 7'(0, 1) = 0, 2’—)T,(O, HND=6>0
and t/(0) = —1/4.

(2) Itcanbe shownthat0.9 < 7(x) < 1forO < x < 1. Thefactthat t(x) < 1forO < x < 1
follows quickly from T (x, 1) = (1 — x*)((1 + x)¥/?> — 1). To show that 7(x) > 0.9, we
introduce the new variable z = /x + y? and use Maple to compute a Grobner basis for
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the ideal generated by the two polynomials T(x, y = 9/10) and x + (9/10)> — 2> [7].
This produces a polynomial in z of degree 9 which, using Sturm’s theorem [27], contains
no real roots between 0 and 2. Consequently, since t(x) is a continuous function and
7(0) = (1) = 1, it follows that t(x) > 0.9. While this is a computer-assisted argument,
it only depends on symbolic and exact integer computations.

(3) The minimum of 7 (x) can be found by simultaneously solving the equations 7 (x, y) = 0
and % = 0 on A. As above, introducing the variable z = /x + y2, we use Maple
to compute a Grobner basis of the relevant ideal. Numerically approximating the roots
of two one-variable polynomials yields a unique minimum at x = 0.603 5381491, y =
0.908 025 9298. This calculation was also confirmed using the free software Sage [22]
and agrees with the data given in table I in [15].

In [15], MacMillan and Bartky show that a unique isosceles trapezoid c.c. exists for any
choice of masses m; = m, and m3s = my. They use a different parametrization than ours,
setting ro3 = K 4/T12734 , With k as a parameter. In our notation, x = y/4/x . The same result
is proven by Albouy [3]. For completeness sake, we provide another proof using symbolic
computation with Maple.

Theorem 3.4. The mass parameter m is an increasing function of x satisfying m(0) = 0 and
m(l) = 1. Consequently, for each choice of the mass parameter m, there exists a unique
isosceles trapezoid c.c. Moreover, the largest pair of equal masses in the isosceles trapezoid
c.c. lies on the larger base.

Proof. By lemma 3.3 and its proof, there exists a differentiable function 7 (x) for x € [0, 1]
satisfying T (x, y = t(x)) = 0. Moreover, x < 7(x) < 1 forx € [0, 1) and t(1) = 1. Thus,
the mass parameter m is non-negative on x € [0, 1] and is given by
(1= (x(x))
m(x) = (t(x))3 —x3
1 ifx=1.
Using (1) = 1 and /(1) = 1/2, a straightforward application of L’Hopital’s rule gives

fog<x <1,

linll_ m(x) =1,

so that m(x) is a continuous function on [0, 1]. We compute that, for x € [0, 1),
dn x[(1 — ()2 (x)* +x%) — 3x(r(x))*(1 — x¥)7'(x)]
dx (T(x))? — x¥)?

We claim that this quantity is positive for 0 < x < 1. Note that since 7(0) = 1 and
t(x) < 1 for x < 1, we have that /(x) < O for x near 0. Consequently, dm/dx > 0 for x
sufficiently close to 0. To show that dm/dx > 0 for all x € (0, 1), we use Grobner bases and
Sturm’s theorem [27]. Using the fact that t/(x) = —%—z 3_{ and inequality (22), it is sufficient
to show that

m, = (1-y)(2y +x3)£ +3xy*(1 — x3)£

ay ax
is strictly positive on the curve y = 7(x) forx € (0, 1). As with previous arguments, introduce
the variable z = /x + y2. Computing a Grobner basis with respect to the lexicographic
ordering z > y > x for the ideal generated by

T=222y —x*—1)—y? = x*y* +2x3,
oT oT
my = (1— y3)(2y3 +x3)— +3xy2(1 —xH—,
dy dax

Z=x+y2—zz,
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yields a polynomial in x of the form
x4(x — 1)2(x2 +x + 1)2 - (x)

where ¢ (x) is degree 48. Using the Maple commands sturmseq and sturm, we apply Sturm’s
theorem to conclude that ¢ (x) has no real roots in [0, 1]. Consequently, the function m, does
not change sign along the curve y = t(x). Since m, > 0 for x sufficiently close to 0, it follows
that m, > 0 on the curve y = t(x) for all x € (0, 1). O

Next, consider the arc 6, along the circumscribing circle between bodies 1 and 2. We
have 0, =2 arcsin(%) where r. is the circumradius

x + y?
Ve = e ——
TN (1 —x2

At (0, 1) (degenerate equilateral triangle), we have r. = 1/+/3 and at (1, 1) (square), we have

re = V2 /2, as expected. The maximum value of 6, will occur at the minimum value of the
2

circumradius. We consider the quantity rc2 and claim that %g is positive on 0 < x < 1. This

is equivalent to showing that

aT T
y2y? +2xy* +x* — 1)5 — 8y =201 —x)’(x + 2y2))5 (23)

is strictly positive on 0 < x < 1. This is verified with Maple using the same symbolic
computing techniques as in the proof of theorem 3.4. In this case, we obtain a polynomial
in y which, by Sturm’s theorem, has no roots between 0.9 and 1. This means that
expression (23) does not change sign along the curve y = t(x). Since expression (23)
evaluates to 48(24/2 — 1) > 0 at the square x = 1,y = 1, it must be positive along all of
y = t(x). Thus, the infimum of the circumradius is r = 1/ V3 and 6, is a strictly decreasing
function of x.

Next, consider the arc 6,4 between bodies 1 and 4. In this case, we have 614 =
2arcsin(%c). A similar argument as above, using Maple, shows that the quantity i is a
strictly decreasing function for 0 < x < 1. Consequently, 04 is also a strictly decreasing
function of x. This shows that the largest interior angle, /34, given by (61> + 014)/2, is a
strictly decreasing function of x. We have given a computer-assisted proof of the following
theorem.

Theorem 3.5. The largest arc 0y, in the isosceles trapezoid family is a strictly decreasing
function of the smallest side-length r34 = x. The supremum of 601, is 120°, from the
degenerate equilateral triangle (mz = my = 0 and r3y = 0), while the minimum is 90°,
attained at the square configuration. Similarly, the largest interior angle of the trapezoid
is a strictly decreasing function of x, with a supremum of 120° (degenerate equilateral
triangle) and minimum of 90° (square) while the smallest interior angle strictly increases from
60° 1o 90°.

Remark.

(1) These bounds are the same as those for the co-circular kite family studied in section 3.1.
(2) In [15], a theorem stating that a unique isosceles trapezoid c.c. exists for each interior
angle between 60° and 120° is presented, although no formal proof is given.
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4. The surface of c.c.c.s

We now analyse the full set of c.c.c.s and show it is equivalent to a graph over two of the
exterior side-lengths. The set of interest is all vectors r = (1, r3, ri4, 23, 24, 134) € 2
satisfying equation (9), P = 0 and V = 0. Recall that for a cyclic quadrilateral, the diagonals
can be expressed in terms of the exterior sides. Expanding the expressions in equation (15)
yields

2 2 2\ 1/2
riars +riarsa(rys + 1) + rosr
14 23 34
r3 = < , (24)
123 + 114734
2 2 2 172
Fiar23r3s + ria(r3, +ry3) + 12313
14 34173
Foy = < 5 (25)
ri4 + 7123734

which are equivalent to F; = 0 and F, = 0, respectively. If equations (24) and (25) hold, one
can check that both P = 0 and V = 0 follow. This avoids the need to use the Cayley—Menger
determinant V = 0 and also serves to eliminate the variables r;3 and r»4. Substituting relations
(24) and (25) into equation (9) and setting rj, = 1 yields
F(ria, r23,734) = (riy = D(r33 = 1) 3y = riy) = (L = 1) (34 — 1) (ri = 133) = 0
where 3 and rp4 are understood to be functions of 4, 123, 134 given by equations (24) and (25),
respectively.
The relations on the mutual distances in €2, coupled with the fact that the bodies are on

a common circle, lead to further restrictions on the variables ry4, rp3, r34. Since ri3 > 1,
equation (24) implies that

}’1247‘23 + r14r34(r223 + l) + }’237‘324 > 13 + 7114534
which simplifies to

r]24+r324+r|4r34r23 > 1. (26)
Similarly, 24 > 1 and equation (25) imply that

}"223 + r324 + r14r3araz > 1. (27)
Note that since we are assuming 4 > 13, inequality (26) follows directly from inequality (27).

Also, the calculations above can be reversed, so that inequalities (26) and (27) imply 73 > 1
and ry4 > 1, respectively. We have proven the following lemma.

Lemma 4.1. Let
C={(rig.r23.734) €RY 11> 11y =123 > rag and Fay + 3y + Fiarsary > 1}, and
T ={s = (ri4, 73, 74) € R* : s € Cand F(s) = 0}.

Any point in T corresponds to a four-body c.c.c. with positive masses and up to a relabelling
and rescaling, I contains all such configurations.

4.1. T as a graph

We now show that I' is a surface by proving that it is a graph rj4 = f(r23, r34) (see figure 6).
First note that the boundaries of I" consist of a line corresponding to the kites (K), a curve
containing the isosceles trapezoids (T) and a curve corresponding to degenerate c.c.s (D) with
m3 = 0. Since they contain only positive masses, (K) and (T) are included in I while (D)
is excluded. The kites lie on the line rjy = 1,73 = r3ys = x with 1 /«/§ < x < 1. The
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Figure 6. On the left is the surface I' of c.c.c.s in r34r23r14-space. The outline of the projection
onto the r34rp3-plane is shown plotted in the plane ri4 = 0.9. This figure was generated with
Matlab [17] using a bisection algorithm. On the right is the image of I" in mym3m4-space under
equations (16), (17) and (18) with m; = 1. This figure shows the full set of masses for which a
co-circular c.c. exists.

trapezoids lie on a curve in the plane r14 = 3 and as shown in section 3.2, r»3 can be written
as a differentiable function of r34. The degenerate c.c. with m3 = 0 are critical points of the
planar, circular, restricted four-body problem. Here, bodies 1, 2 and 4 lie on an equilateral
triangle, with r1, = ro4 = rj4 = 1. It is straightforward to show that if 4 = 1, that is, when
the only strict inequality defining C becomes an equality, then F = 0 can only be satisfied on
C if ri4 = 1. Therefore, the boundary of I contains only the cases (K), (T) or (D).

or13 0ra . ..
Lemma 4.2. On C, both —— and —— are strictly positive.
ri4 r4

Proof. A straightforward calculation shows that

2 2 2
ari3 _ r23[r34(r14 +tryy =yt 1)+ 2r1ar23]

0ri4 2r13(ra3 + riars)?

which is strictly positive on C since rp3 = ra4. A similar calculation yields

2 2 2
8}”24 _ r23r34(r14 +r23 +l’34 +2r14r23r34 — 1)

or4 2ro4(ria + raar)?

which is strictly positive due to inequality (27). (|

Recall that for the isosceles trapezoid family, the exterior side 7,3 can be written as a
differentiable function of ri4, denoted by rp3 = 7(r34) for 0 < r3y < 1 and that T < 1 except
for r3g = O, 1.

Theorem 4.3. The set of c.c.c.s T is the graph of a differentiable function ri4 = f(rs4, 123)
over the two variables r34 and ry3. The domain of this function is the region

+2 2 2
D ={(r34,r23) € R" 112123 > 13, r3 < T(r34) and ryy +r3, +r3ars > 1}

Proof. We will show that the projection of I' onto the r34r,3-plane equals D (see figure 7) and
that r14 can be written as a differentiable function of r34 and ro3 over D, that is, % and %
exist and are continuous on the interior of D. ’
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Figure 7. The projection 7 (I") = D of the surface of co-circular c.c.s onto the r34r23-plane.

According to the definition of C, the distance r;4 must satisfy both

l_’"223_"324
14 2 ra3 and g > T (28)
23734

Therefore, define
l—r 223 - r 324 }
123734 '
We will show that for a given point (734, 723) in D, F = 0 has a unique solution for some r4
satisfying Z < rj4 < 1. This point will clearly lie in T.

The intersection of the two surfaces ri4 = ro3 and ri4 = (1 —r3; — r3,)/(r23r34) projected
onto the first quadrant of the r34r,3-plane is a piece of the parabola ;'223 = 1 — r34. This curve
divides D into two regions, denoted D; and D,. On Dy, defined as the set of points in the
interior of D for which o3 < /1 — 734, we have that 2 = (1 — r3; — r},)/(r23r34). On Dy,
defined as the set of points in the interior of D for which rp3 > /1 — r34, we have that Z = ry3.

The three curves defining the boundaries of D correspond to the kites (13 = r34), the
isosceles trapezoid family (3 = t(r34)) and the degenerate case withms = 0 (rpg = r14 = 1).
If ri4 = 1 and we restrict to the interior of D, then inequalities (26) and (27) show that rj3 > 1
and ro4 > 1. It then follows that

Z(r34, r3) = max {Vzm

F(ria = 1,123, r30) = (ri3 = D(r3y — D035 — 13y
is strictly positive on the interior of D.

Next, we claim that F(rj4 = Z, ra3, r34) is strictly negative on the interior of D. To see
this, consider a point in the region D; and suppose that riy = z = (1 — r223 — r324) /(r3r3q).
Then, inequality (27) becomes an equality and rp4 = 1. Moreover, 0 < r;3 < ri4 < 1 by
the definition of Z and the fact that (34, 723) is in the interior of D. We also have, using
equation (24), that

5 ra(riurs + g+ ra(rdy — ry)) -

2 _
i3 —7T3a = 0

r23 + 114734
since rp3 > r34. It follows that

F(rig = 2,r3,r32) = —(1 = i) (1 = 13 (ry — 13,)

is strictly negative on D;.
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Now consider a point in D, and suppose that 4 = r»3. On this plane, we also have that
r13 = ry4 since the quadrilateral is cyclic (or by examining equations (24) and (25)). A short
computation gives

3 3
F(ria =rx3,r3,1r34) = (rjs —ry3) - T(x =134,y =123)

where T is given by equation (21) from the isosceles trapezoid family. As demonstrated in the
proof of lemma 3.3, the value of T on D is strictly negative since 7" vanishes only on the upper
aT
ay
we have that F (ri4 = rp3, 23, 34) is strictly negative. This shows that F(ri4 = Z, 123, F34) is
strictly negative on the interior of D. By the intermediate value theorem, it follows that for
each point (734, r23) in the interior of D, there exists a solution to F = 0 for some r4 satisfying
2 <ru< 1
To see that this solution is unique, we show that % > 0 onI". We compute that

boundary of D and $-(x, y = 7(x)) > 0. Since rj4 = ry3 implies thatrjz3 = /r34 + r223 > 13,

oF ) 3?‘13

or
_ 3 2 9724 2
— =3rp—a + 3r248—a2 + 3ri4a3

oary ors T4
where

3 3,3 3 343 3

o = (3 — r3g) (P — rig) — (L= riy) (ryy — riyy),
3 35,3 34,3 3

oy = (ry3 —r3) (riz — 1) — (1 = riy) (ri5 — r33),
3 37,3 3 3 34,3

o3 = (g —r3) (rjz —ry3) — (ry3 —ry)(ri3 — 1.

Using F = 0, each «; restricted to I simplifies to

(1— "134)(”234 - r;4)(1 - r§3)

1= ,
r133—1
3503
(1 —r134)(r133 —ry)ry, _’"334)
2 = 3 3 ,
g — T4
3
o (r234 —r34)(r133 _"233)(”234 -1
3= 3 3 .
Tog — T4

It is clear that o3 is strictly positive on I" while «; and o, are non-negative. Taken together
with lemma 4.2, this proves that Lfr—i > QonTI'. Hence, there exists a function ri4 = f(r34, 123)
implicitly defined by F = 0 over the interior of D.

Finally, on the boundary of D defined by ry3 = ra4, the only possible solution to F = 0
that lies inside C is rj4 = 1 (the kite configurations). Similarly, on the boundary ry3 = 7(r34),
since 5% > 0, the only possible solution to F' = 0 that lies inside C is r14 = ry3 (the trapezoid
family). Thus, we define f(r34, 723 = r34) = 1 and f(r34, 123 = T(r34)) = 723 to extend f
to all of D. The implicit function theorem, which is applicable on the boundaries (K) and (T)
as well, and the fact that F' = 0 is algebraic, then shows that f is continuous on all of D and
differentiable on the interior of D.

From the proof of lemma 3.3, any point (rs4, r23) lying above the curve T has T > O.

Since gr—i > 0 on I', it follows that the solution to F' = 0 must satisfy ri4 < rp3, which lies

outside C. Likewise, any point (r34, 23) lying on or below the curve r3; +r3, +rar2; = 1 will
have ro4 < 1, which also lies outside C. It follows that the projection of I" onto the r34723-plane
is precisely equal to D. O
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4.2. Ordering of the masses

Remarkably, it is not difficult to show that for any c.c.c., the masses must be ordered in a
precise fashion. The arguments that follow rely mostly on the fact that the four bodies lie on
a common circle, as well as our ordering of the mutual distances.

Theorem 4.4. Any c.c.c. in I' satisfies
m3 <my <my <myp = 1.

In other words, the largest body is located at the vertex between the two longest exterior sides,
and the smallest body is opposite the largest one. In addition, the two largest bodies lie on the
longest side while the two smallest bodies lie on the smallest side.

Before proving this theorem, we verify some important inequalities relating the two
diagonals with the second and third-longest exterior sides.

Lemma 4.5. Any c.c.cin T satisfies
ri3 — 1y < (rg —rp)(1 —r3y)  and (29)
13 — 1y < rig — 3. (30

Proof. Using equation (15), we have
a a
ry—ru=,/—0b-=c)= |—(u—rs)(l—ri).
bc bc

bc = (r14 +1r23r34) (r3 + r14¥34)

2 2
= riar3 + r34(Fiy + ry3 +r147r237r34)

Then, since

> Fr1413 + 134 (by the definition of C)
= a’

we have ;- < 1, which verifies inequality (29). Since 0 < r34 < 1, inequality (30) immediately
follows from (29). We note that equality is also needed in both (29) and (30) due to the isosceles
trapezoid family where both sides vanish. In fact, these inequalities are strict for all other co-

circular c.c.s. O

Lemma 4.6. Any c.c.c. in " satisfies

rs ri4
L =

N
24 r23

Proof. Since ry3 < ri4, we have

r T4 + ro3r ris(l1+r r
13 _ Natrars ru(+re) e 0

ra rntrarsa  ra(l+ra) s
Proof of theorem 4.4. We begin by showing
_ ’"223”224 (’"f3 - ’"34)
B r123'"124 (r234 - "33) h
Since r13 = ry4 and ri4 > ro3, it suffices to show that r§’4 — r233 > 1’133 — r134 or equivalently,

3 3 3 3
Fiz =Ty S Tig — I3 3D



364 J M Cors and G E Roberts

Cubing both sides of inequality (30) yields
3 3 2 2 2 2 3 3
ri3 — Fyy + (=3ri3ra + 3r13ry, + 314123 — 3riary;) < riy — ;.
Inequality (31) will then follow, provided —r123r24 + r13r224 + r124r23 — r14r223 is non-negative.
Factoring, this is equivalent to showing
r13r24(raa — r13) + rigrp3(rig — r23) 2 0. (32)
Beginning with 1 < ry3rp4 = r3r14 + 34, we have the following sequence of implications:
2
1 <rag+7ri4r3 = r3g — 13y — raariars <0
= (1 —r3g)(riaras +r3g) <rry
= riaru(l —rag) <rurs
= r13ra(rig — r23) (1 — r34) < riars(ris — r23).
Then, using inequality (29), we have
ri3raa(ri3 — raa) < rizraa(rig — r3) (1 —rag) < riarpz(rig —rs)

which verifies inequality (32) and shows that m, < 1.
Next, we verify that m4 < m,. Using equations (16) and (18), we have

2 3 3 3 3
my Ty Tz T4 T T (33)
ma 22 3 3 _ 3

4 Tl T Fog =713
Each of the three fractions in equation (33) are greater than or equal to 1. This follows since
r23 = r3g and 1 > ri4. Consequently, m,/my > 1, as desired.

Finally, using equations (17), (18) and (9), we compute
my r224r124(rf3 - 1)(”233 —r§4) _ r224r124(rf3 - ”233)

2.2 0,3 3 3N 2 2.3 35"
ms iy (ry, — ry) (1 —riy) risry3(ryy = riy)

Bylemma4.6, rogri4 > ri3r23. Sinceryz > rygandryq > 13, we also have r133 —r233 > r§’4—r134.
This proves that ms < my. O

Somewhat surprisingly, theorem 4.4 and its proof give strong implications if just two of
the masses are equal.

Corollary 4.7. If just two bodies of a c.c.c. have equal mass, then the configuration is
symmetric, either a kite or an isosceles trapezoid. Specifically, for any co-circular c.c. in
I, if either my = my or my = my, then the configuration is an isosceles trapezoid and the
other pair of masses are necessarily equal. If my, = my, the configuration is a kite. If any
three masses are equal, then the configuration is a square and all four masses are necessarily
equal.

Proof. From the proof for m, < 1, we have that

2 3 3
_ T3 Ty Tiz T 34
2 2 703 3 34
g Tz Ta— T3
is the product of three positive numbers less than or equal to one. If my, = m; = 1, it follows
that each of the fractions in equation (34) is equal to one. This quickly yields rj4 = r»3 and
r13 = rys, yielding an isosceles trapezoid. Then, by equation (20), ms = m4 follows.
Next, suppose that m3 = my4. Then, from the proof for ms < mg4, we must have
riy — r3; = r3, — ri,. This implies that

3 3 _ 3 3
Fi3 =¥ = T3 — Ty (35)
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If 753 < ry4, then the right-hand side of equation (35) is negative, contradicting the
fact that ri3 > ry. Thus, r;3 = ri4 and then equation (35) gives r;3 = ry4 and the
configuration is, once again, an isosceles trapezoid. Then, by equation (16), m; = m;
follows.

Finally, if m, = mu4, a similar argument using equation (33) shows that rj4 = 1
and rp3 = ry, yielding a kite configuration. If three of the masses are equal (either
ms = mg4 = mp Or my = my = my), then the co-circular c.c. is simultaneously both an
isosceles trapezoid and a kite. This means it is a square and that all four masses must be
equal. g

Remark.

(1) Corollary 4.7 shows that if one pair of masses on either the longest or shortest exterior
side are equal, then the other pair is also equal and the configuration must be an isosceles
trapezoid. One would expect that with the same assumption, such a strong conclusion
does not hold for generic four-body convex c.c.s.

(2) The fact that m, = m4 implies the configuration is a kite is already a consequence of the
main theorem in [4], where it is shown that this fact is true for any convex c.c., not just
co-circular ones.

(3) Corollary 4.7 and our work on the symmetric cases shows that there are positive masses
for which no c.c.c. exists. For example, if we consider a set of masses where m; = m for
some choice of indices, then the configuration must be symmetric. However, our work in
section 3 shows that there is a specific relationship between the other two masses to ensure
that the configuration is a c.c.c. Thus, generically choosing the remaining two masses will
not yield a c.c.c., regardless of relabelling or rescaling.

(4) In the four-body problem, for a given choice and ordering of the masses, there exists a
convex c.c. [15,30]. It is not known whether this configuration is unique. If we restrict
to co-circular c.c.s, we conjecture that the configuration is indeed unique. However,
a global argument on all of " seems technically quite challenging. We present some
visual evidence for uniqueness in figures 8 and 9. By contradiction, if there existed
a choice of masses for which two distinct c.c.c.s existed, then one of the curves in
figure 9 would have to intersect itself or collapse to a point. This does not appear to be
the case.

(5) Theright-hand graph in figure 6 shows the surface of masses in m,m3m4-space for which a
co-circular c.c. exists. Attempts using Grobner bases and symbolic computation software
to find a single polynomial expression relating the three masses were unsuccessful.
However, if I = (Fy, F», F3) C Clrys, r14, 123, 24, 34] is the ideal generated by the
first three equations in system I, then it is possible (using Maple) to compute a Grobner
basis for I using a graded reverse lexicographic order. From this calculation, we deduce
that the dimension of the algebraic variety of I is two. Then, since the equations for
mo, m3 and m4 are rational functions of the distance variables, it follows that the image
of T" under the three mass functions is contained in a two-dimensional algebraic variety
in R[m,, ms, my]. Consequently, for a generic choice of positive masses, there does not
exist a c.c.c. We thank John Little for providing the details for this argument.

5. Some geometric facts about co-circular c.c.s

We now provide some precise bounds on the mutual distances as well as some interesting
geometric facts about four-body c.c.c.s.
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Figure 8. Surface and contour plots of the mass my as a function of the exterior side-lengths r»3

and r34.
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Figure 9. Each curve shows the relationship between m3 and m4 along a particular level curve of
my = constant. The bottom two figures are magnifications near the origin of the top figure.
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5.1. Bounds on the mutual distances

Let T be the minimum value of the function t(x) defined in section 3.2 for the isosceles
trapezoid family. From remark 3 after lemma 3.3, T &~ 0.908 026. It turns out that this value
is also the minimum value for ri4 on all of T".

Proposition 5.1. The exterior sides and the diagonals of a c.c.c. in T are restricted by
1

0<ru<l, —<rm<l,

V3

Sra <1, 1 <rs, g < V2

>

These bounds are sharp.

Proof. The bounds for the distances r34 and rp; follow directly from theorem 4.3. Using
a similar argument as in the proof of theorem 4.3, we have that ;’r—'; > 0 on the interior of

D. By the implicit function theorem, it follows that "“4 < 0 on the interior of D. Since

ri4 = 1 on the lower boundaries of D (the degenerate equllateral triangle or kite families), it
follows that the minimum value for r;4 must occur on the upper boundary of D given by the
curve rp3 = t(r34). However, on this curve we have rj4 = ry3 (the isosceles trapezoid case).
Therefore, the minimum value of rj4 occurs at the minimum value of r»3 on t. This is precisely
the number 7 ~ 0.908 026.

The lower bounds on the diagonals come directly from the definition of I" and follow from
inequality (27). To see that they are sharp, note that as (734, r23) approaches the lower-left
boundary curve of D, r324 + r223 + 3y = 1, r14 approaches one due to the second inequality
in (28). Then, inequality (27) becomes an equality and r,4 approaches one. The diagonal
r13 can also become arbitrarily close to one in the upper-left corner of D. Here, we have r34
approaching zero and both r,3 and 74 approaching one. Equation (24) then shows that r{3 also
approaches one.

Next, by equation (15), rj3 < +/2 is equivalent to ab < 2¢ or

(734 +114723) (P14 + 123734) < 2(r3 +714734).

This, in turn, can be written as
2 2 2
r14r34(1—r23) 2”23(’"14"""34_2)- (36)

Since r14 < 1 and r34 < 1, the right-hand side of (36) is non-positive, while 7,3 < 1 implies
that the left-hand side of (36) is non-negative. This verifies (36) and proves that rj3 < V2.
Since rp4 < ry3, the upper bound on ry4 is also established. These bounds are attained, but
only at the square configuration, since ry3 = r3s = rj4 = 1 is the only possible way to make
inequality (36) an equality. 0

For a general four-body convex c.c. with diagonals rj3 and rp4, and r;3 > r, a
straightforward geometric argument shows that 1 < ”ﬁ < /3. This is part of theorem 4.1
in [24]. Requiring the bodies to lie on a common circle reduces this bound considerably. More
precisely, the ratio rj3/rp4 of the diagonals satisfies the following sharp bounds:

2
1< o2~ 1547,

24 ﬁ
This follows because 8(%) /0dra3 < 0 on the interior of D. The minimum value of the ratio
of the diagonals (one) occurs at the upper boundary of D, at the isosceles trapezoid case (T),
while the maximum value occurs at r34 = rp3 = 1/ V3, the point of intersection of the kite
family (K) and the family of degenerate c.c.s (D).
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Furthermore, the ratio of the two opposite exterior sides 4 and r,3 satisfies the following
sharp bounds:

r
l<ﬁ< 3.

ra3

This follows since 8(%‘3‘) /9r23 < 0 on the interior of D. Once again, the minimum value of
the ratio in question occurs at the upper boundary of D. This value is one, since rj4 = r3 on
the boundary (T). The maximum occurs at the lower boundary of D where r4 = 1 for both
(K) and (D). Thus, 2% = é has a supremum of +/3, since the infimum of r»3 is 1/+/3.

It is interesting to note that while the largest values of %’ and 7* occur very close to
the point of intersection between the kite and degenerate cases, the larger values of the ratio
%i = é occur near the intersection of the trapezoid and degenerate cases (upper-left corner

of D). However, this ratio has no upper bound since r34 can be arbitrarily small.

5.2. Interior angles, arcs and semi-circles

According to Long [14], any interior angle of a four-body convex c.c. must lie between 60°
and 150°. Since opposite angles of a cyclic quadrilateral are supplementary, we can amend this
bound for our problem. In fact, the maximum interior angle of a four-body c.c.c. lies between
90° and 120° while the minimum interior angle lies between 60° and 90°. These bounds are
sharp as they are identical to those obtained for the kite and trapezoid families.

A few restrictions on the possible shape and angles of a c.c.c. follow nicely from the
perpendicular bisector theorem due to Conley. Suppose that  is a planar c.c. For any
pair of bodies x;, ;, consider the perpendicular bisector of the line segment joining the two
bodies. Taken with the line passing through x; and x;, a coordinate system is formed dividing
the plane into four quadrants. The union of two opposite quadrants (taking the first with
the third quadrant or the second with the fourth) excluding the axes forms an open cone.
The perpendicular bisector theorem states that if one of these cones contains a body of the
configuration, then so must the other cone. An elegant proof can be found in Moeckel’s nice
paper on c.c.s [20].

As in section 3, denote 0;, as the arc along the circumscribing circle between bodies 1
and 2. By construction, this is the largest possible arc between consecutive bodies. Using
the perpendicular bisector theorem and some simple geometry, it is possible to show that
an upper bound for 6y, is 144°. However, numerical calculations suggest that this bound
can be decreased to 120° and that the value of 6, decreases as rp3 increases through
D. The maximum 6,-value occurs at a minimum of the circumradius. Both the kite
and trapezoid families have a supremum of 120°. Since 6, is the largest arc along the
circumscribing circle, it follows that the minimum value of 6, is 90°, attained at the square
configuration.

Moreover, using the perpendicular bisector theorem, it is straightforward to see that no
c.c.c. can lie entirely in a semi-circle. This result easily extends to any number of bodies, not
just four-body c.c.c.s. Finally, using the law of cosines and the definition of I', we find that
three bodies of a c.c.c. cannot lie on the same half of the circumscribing circle as the longest
side r1, unless the configuration is a kite.

6. Conclusion

We have used mutual distances as coordinates to fully classify the set of co-circular c.c.s in
the planar four-body problem. This set is a two-dimensional surface, a graph over the two
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shortest exterior side-lengths, whose boundaries are important symmetric families consisting
of a kite, an isosceles trapezoid and an equilateral triangle with a zero mass off the triangle.
A specific ordering of the masses has been demonstrated to hold for any co-circular c.c.
Somewhat surprisingly, if just two masses of a co-circular c.c. are equal, then the configuration
is symmetric, either a kite or an isosceles trapezoid. The set of positive masses which yield
a co-circular c.c. lies in a two-dimensional algebraic variety. We conjecture that for those
masses for which a co-circular c.c. exists, the configuration is unique.

By restricting the central configuration to lie on a circle, we have been able to utilize
the resulting geometry as well as Ptolemy’s theorem to obtain many results. It is our hope
that this may spark similar efforts to use constraints in an attempt to classify general convex,
four-body c.c.s. For example, is it useful to search for c.c.s under the constraint P = ¢, where
c # 07 Are there other feasible geometric constraints whose level sets are tangent to V = 0?
Could these methods help find a foliation of the space of convex c.c.s and suggest a technique
for proving the uniqueness of such configurations? Finally, are any of the relative equilibria
corresponding to the co-circular c.c.s on I' linearly stable and if so, is it possible to rigorously
prove this is the case? We hope to explore some of these interesting questions in future work.
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