Secular dynamics for curved two-body problems
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Abstract
Consider the dynamics of two point masses on a surface of constant curvature subject to an attractive
force analogue of Newton’s inverse square law, that is under a 'cotangent’ potential. When the distance
between the bodies is sufficiently small, the reduced equations of motion may be seen as a perturbation
of an integrable system. We take suitable action-angle coordinates to average these perturbing terms and
describe dynamical effects of the curvature on the motion of the two-bodies.

1 Introduction

As the geometry of constant curvature spaces developed in the 19th century, the mathematical study of
mechanical problems in such spaces presented an opportunity to explore variations of familiar themes. In
particular, studying the motion of point masses subject to extensions of Newton’s usual (flat) inverse square
force law to analogous ‘curved inverse square laws” was soon undertaken, see e.g. the historical reviews in
[6, 8]. Consequently, we speak of the curved Kepler problem or the curved n-body problem to refer to the
mechanics of point masses in a space of constant curvature under such nowadays customary extensions of
Newton’s inverse square law.

While the curved Kepler problem is quite similar to the flat Kepler problem —both being characterized
by their conformance to analogues of Kepler’s laws, or super-integrability— there are striking differences
between the curved 2-body problem and the usual 2-body problem. Namely, it has long been noticed
that the absence of Galilean boosts prohibits straightforward reduction of a curved 2-body problem to a
curved Kepler problem. More recently it has been shown —as an application of Morales-Ramis theory
in [14], and by numerically exhibiting complicated dynamics in [5]- that the curved 2-body problem, in
contrast to the usual 2-body problem, is 'non-integrable’: not admitting analytic first integrals independent
of the ‘obvious’ energy and angular momentum integrals. The purpose of this article is to extend standard
averaging techniques, long used in celestial mechanics, to these curved 2-body problems. Consequently,
we establish and describe new orbits of the curved 2-body problem in a regime of configurations with the
two bodies sufficiently close.

When the distance between the two bodies is small, one expects the curvature of the space to have only
a slight influence on their motion. Indeed, after a reduction and scaling (prop. 3.5), we find their relative
motion governed by a Kepler problem and additional perturbing terms which vanish as the distance be-
tween the bodies goes to zero. These perturbing terms represent the obstruction to reducing the curved
2-body problem to a Kepler problem as one would in the flat case. Thus, one may view their relative mo-
tion at each instant as approximately along an osculating conic: the conic one body would trace around the
other if these perturbing terms were ignored. The averaged, or secular, dynamics allow us to see how the
perturbing terms slowly deform these osculating conics.

The dominant effect of these perturbing terms causes the osculating conics to precess (fig. 4). Our main
result, following from a simple application of a KAM theorem [11] and the implicit function theorem, is
that many such orbits may be continued when the full perturbation is taken into account:

Theorem. For two sufficiently close bodies in a space of constant curvature, there exist periodic and quasi-
periodic orbits of the reduced curved 2-body problem following osculating conics which, in the positive
curvature case (resp. negative curvature case), precess in a direction opposite to (resp. the same as) the
bodies motion around their osculating conics.
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See theorems 1 and 2 below. The lifts of these new quasi-periodic and periodic orbits to the (spherical)
curved 2-body problem are depicted in fig. 1.

Figure 1: Orbits of two sufficiently close bodies on a sphere with fixed angular momentum C (vertical). Aproximately, the two
bodies (fast) motion is around conic sections which slowly precess in a direction opposite to the bodies motion around the conics.
The two conics share a focus (located at an approximate ‘center of mass’) lying on a certain latitude (intersection of the sphere by a
perpendicular plane to ) and the whole system is rotated about the angular momentum axis. As this latitude approaches the equator

(the great circle C), the precession rate decreases and the eccentricity of their osculating conics increases. At the equator we find two
types of (regularized) periodic collision orbits experiencing no precession: one for which the two bodies bounce perpendicularly to
the equator (pictured) and another for which they bounce along an arc aligned with the equator (see rem. B.2). Similar results hold for
two bodies in hyperbolic space, with collision orbits occuring for spacelike (or zero) angular momentum values, and the precession
occuring in the same direction as the bodies motion around the conics.

We will begin (sec. 2) by recalling properties of the curved Kepler problem, defining a system of action-
angle coordinates in app. A. The curved 2-body problem admits symmetries by the isometry group of
the space of constant curvature, and we next (sec. 3) carry out a Marsden-Weinstein-Meyer reduction to
formulate the equations of motion for the reduced curved 2-body problem, then define a scaling of the
coordinates (prop. 3.5) allowing us to focus our attention on the dynamics when the two bodies are close
relative to the curvature of the space. In sec. 4, we apply a KAM theorem and the implicit function theorem
to obtain our main results and then describe the lifting process used to obtain fig. 1.

Remark 1.1. Our results are a natural continuation of the works [4, 5]. In [4], averaging methods were ap-
plied to the restricted curved 2-body problem using ‘curved Delaunay coordinates’ derived by seperation of
variables, while the curved 2-body problem was studied in [5] without the use of averaging methods. Here,
we apply averaging methods to the curved 2-body problem. Also, in app. A, we outline a different more
geometric derivation of these ‘curved Delaunay’ action-angle coordinates. Upon choosing an appropriate
representative for the reduction, our methods for determining the averaged dynamics proceed similary to
those applied to the usual 3-body problem in [9], although the setting here is simpler in the sense that we
only need to average over one fast angle.

2 Curved Kepler problems

Newton'’s "1/r’ potential may be characterized by either of the following properties:
e itis a (constant multiple) of the fundamental solution of the 3-dimensional laplacian, Ags
e the orbits of the corresponding central force problem follow Kepler’s laws.

Generalizing these properties to spaces of constant positive (resp. negative) curvature yields "cot ¢’ (resp. ‘coth ¢”)
potentials. We refer to [1] for a discussion of these long established potentials and their properties using
central projection (fig. 2), presenting some details here in appendix A. In particular, the curved Kepler prob-
lems are super integrable and on the open subset of initial conditions leading to (non-circular) bounded
motions we have action-angle coordinates, (L, ¢, G, g), where the energy depends only on L (see prop. A.5).
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Figure 2: The curved Kepler dynamics —with fixed center of attraction or ‘sun’ at g,— may be characterized by requiring that its
unparametrized trajectories centrally project to those of the flat Kepler problem in the tangent plane at gs. Setting p = |cgs|, the sphere
has curvature x = 1/p? and the hyperboloid (with the restricted Minkowski metric) has curvature k = —1/p?. We call ¢ := Z(gscq)
(resp. ¢ := Z(gscq) measured with the Minkowski inner product) the angular distance from q to gs (resp. G to gs). The distance from ¢
on the sphere to g¢s is given by py, while the distance from ¢ to gs on the hyperboloid is given by pg.

In what follows, we will consider motions of the curved 2-body problem satisfying ¢ = O(e) for all time,
where ¢ is a small parameter and ¢ = Z(q1, ) is the angular distance: the angle between the two bodies on
the sphere as measured from the center of the sphere. To avoid repetitive arguments and computations, we
will focus on the positive curvature case, remarking at times on analogous results for negative curvature.

3 Curved two body problems

In this section, we will present our reduction of the curved 2-body problem (prop. 3.1), and scaling of the
coordinates (prop. 3.5) used to focus on the dynamics when the two bodies are close. We first define the
dynamics of the curved 2-body problem on the sphere.

Let S? be the sphere of curvature k = p%, with || - || the norm given by its constant curvature metric.
Consider two point masses,

(q1,q2) =: q € (S? x $?)\{| cot | = 00} =: Q,

on this sphere of masses m;, my > 0 with ¢ the angular distance between ¢; and ¢». Normalize the masses
so that m; + mo = 1. We are interested in the Hamiltonian flow on 7*Q of:

Fo= 1]l n 2|12 _ mymy

t .
2m1 2m2 cove

The tangential components of the forces are of equal magnitude and directed towards eachother along

the arc q;go. By letting ¢; be the position vector of g; from the center of the sphere, the components of the
angular momentum vector:

—

Ci=miqi X @1 + maGi X >

are first integrals. They correspond to the symmetry by the diagonal action, (g1, ¢2) — (941, 9¢2), of SO3 on
Q. Since ¢ # 0,7 in Q, this SO3 action on each level set {¢ = cst.} C Q is free and transitive. By choosing a
representative configuration (see fig. 3):

q°(p) := (—psin Mmap] + pcos mypl%, psinmyj + pcos mlgofc) 1)
in each level set of ¢ we obtain a slice of this group action and have:
QgIXSOi% 12(077‘-)9@’

such that the SO3 action is by left multiplication on the second factor.
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Figure 3: Our choice of representative configuration (eq. (1)). Embed the sphere of radius p in R?, centered at the origin and take

an orthonormal basis 4, J, k of R3 . Given ¢ € Q with angular distance ¢ between the two bodies, there is a unique element g € SO3
with ¢ = gq°(e).

3.1 Reduced equations of motion

An application of symplectic reduction (see, e.g., [3] App. 5) gives:

1

Proposition 3.1. Fix the angular momentum C # 0. The reduced 2-body dynamics on a sphere of curvature k. = 2

takes place in T*I x O,,, where O,, is a co-adjoint orbit in so3. It is given by the Hamiltonian flow of:
ICl?
2

Fred = Kepn + fi( - pg) + O((p)7 dp(p A dSO + dp9 A de»
. = 2 +p2/sin?
with |pe| < ||C||. Here Kep,, = %

problem.

— % cot ¢, with m = mymy, is the Hamiltonian for a curved Kepler

Proof. We first find the mass weighted metric, (01, ¥2), (41, U2)) = m1 ¥ - Uy +mats - Uy, in terms of our iden-
tification ) = I x SO3 (fig. 3). Since the metric is invariant under left translations, it suffices to determine it
at the identity (our representative configurations, ¢°, in fig. 3).

Let X, X,, X3 be the infinitesimal symmetry vector fields generated by rotations about the 7, j, k axes.
Together with J,,, they frame (). We compute:

? = p?

map) (X3, X3) g0 = p*(my sin® mag + ma sin® ma)

(0, 0p)qe = pPmrmy (X1, X1)go = mali x @7 |1 + molli x @5

(X2, Xo)go = %(my cos® map + my cos?

(X2, X3)go = pz(ml €OS Mo Sin Mo — Mg COs My sinmyp),

all other inner products being zero. In terms of Q)’s co-frame, {dy, X 7}, dual to the above frame, the metric
is given by inverting its {J,,, X; } matrix representation:

1 1
(dp,dp)ge = Pmima (X1, X1 ge = 2
(X2 X2> _my sin? mow + Mo sin? map <X3 X3) _my cos? map + ma cos? ma
9 q° — s g =

mimap? sin? @ mimgp?sin? @

(XQ, X3>qo _ M2 COSM1¢ sinmq —2 @12cos Mo sin mop .
mimep-Sin- @

We identify T*@Q = T* I x (SO3 x s03) by right translation: o, € T,; 503 — (g, R}a,). In these coordinates,
the symplectic lift of SO3’s left action on @ is given by: g - (¢, py, h, 1) = (¢, Py, gh, Ad;,1 1) with associated
moment map: J(¢,py, g, ) = p. The reduced dynamics takes place on the quotient P, := J(u)/G,, =
T*I x Oy, realized by: (¢, py, g, 1t) + (¢, Py, Ad;p). The reduced symplectic form on P, is dp, A dp + ,
where €2, (adv, adyv) = v([€, 7)) is the Kirillov-Kostant form on O,,.



By left invariance of the two body Hamiltonian, F', we have: F(p, p,, g, 1t) = F(@, py, €, Ady ), or letting
v=Adyp = v; X7 (q°), and m = myms, we have:

pi m 2 mq sin? mop + m2 sin? mip
Freqg = 5 — —cotp+ 2+ 3 2)
2mp p 2p 2mp? sin”
5 My cos? map + mg cos?myp Mg COS M1 sinmyp — m1 €0s M sin may
+v3 + voug
2mp? sin? % mp>? sin? @)
Now, using that Z‘?n “* is an analytic function around = = 0, with expansmn a? + O(z?), and that the

vovs coefficient is analytic around ¢ = 0 of O(yp), and v + v3 + 13 = |C||2, we have:

2 2 312
Py V3 m Il

— —cotp+ k(—— —
2mp?  2mp2sin®eo  p ! 2

Frog = v3) + O(p).

Finally, recall that the Kirillov-Kostant form is given by Q = dps A df when we parametrize O, —away
from the "poles’ |py| = ||C||- as

(\/ [|C)12 = p2sind, \/||C||2 — p3 cos, pg) = (v1,v2,v3). 3)

O

Remark 3.2. The reduction above may be thought of as a curved analogue of the usual conversion of a flat
2-body problem to a Kepler problem, with the O(k, ) terms representing the obstruction to this equivalence
in the curved case. The coordinates (¢, #) take the role of polar coordinates for the relative position vector,
¢1 — G2, in the flat case, and our choice of representative (fig. 3) corresponds to the role of the center of mass,
m1q + mads, in the flat case.

Remark 3.3. For equal masses, the expression for F..q may be simplified by taking ¢ = ¢/2, p,, = 2p,. One

a c 2
has: Fpoy :Kep,{+%+l€“ ¥ pe(l—k(tan@bcos@) ), where Kep,, = 555 (0}, + go8) — C%tpw.

Remark 3.4. Reduction has been applied to the curved 2-body problem before, see e.g. [14, 7]. Our choice of
representative (fig. 3) was motivated by the mass metric being ‘more diagonal’, namely requiring: (0, X;) =

0. The reductlon in [7], is based on a different representative configuration, namely by taking ¢¢ = k,¢3 =
psin @] + pcos gpk

Next, we introduce a small parameter, ¢, to study the dynamics when ¢ = O(e):

Proposition 3.5. The reduced dynamics on the open set ¢ = O(e) may be reparametrized as the Hamiltonian flow
of
Freg = Kep2 + Per, & =dL Adl+dG Adg

where Kep.z: =

2m’

-5 Sy 2L ) — myme, and Per = ¢ ( — G% 4 (my —m1)0(e) + 0(62)>.

Proof. Take Delaunay coordinates (prop. A.5), (L, G, ¢, g), for the Kep,, term of Fy.q. Let L2 =: peL? G2 =

psG2 |C||2 =: peC?2, which imply ¢ = O(¢). The dynamics of F.q := peF,.q with symplectic form @& :=
dL A dl+ dG A dg = w/ \/PE, corresponds to the time reparametrization: (pe)®/%¢ = ¢, where £ is the new
time. Note that the mean anomaly, f, for Kep,: is the same as the mean anomaly, /, for the Kep,, term, as
can be easily checked by comparing d¢ = 9, Kep,. dt and df = 9; Kep.: di. O

Remark 3.6. The scaling above includes the possibility of taking ¢ = 1/p, and in place of imagining the
bodies as close, view their distance remaining bounded as the curvature of the space goes to zero.

Remark 3.7. When the curvature is negative, eq. (2) has the trigonometric functions replaced by their
hyperbolic counterparts, and with so} ;’s coadjoint orbits: v + v5 — v§ = ||C||3 ; replacing the coadjoint

A A 2 A
orbits of s035. One arrives at Fy..q = Kep_.2 + 62(% + G2 + (ma —m1)O(e) + O(g2)).



4 Secular dynamics

By the secular or averaged dynamics we refer to the dynamics of the Hamiltonian:

. 1 [ .
<Fred> : / Fred CM
0

T o

The secular dynamics admits I as a first integral. We will use the brackets to denote a functions aver-

age over £, namely (f) = - OZW f df. The dynamical relevance of the secular Hamiltonian is due to its

appearance in a series of ‘integrable normal forms’ for the reduced curved 2-body dynamics:

Proposition 4.1. Consider the scaled Hamiltonian, (F,.q, ), of proposition 3.5. For each k € IN, there is a symplec-
tic change of coordinates, (wk)*d) = O, with:

Frego® = Kepeo + (Per) + (FY) + ...+ (F*=1) 4 F*
and each FJ = O(27+3). When the masses are equal, F7 = O(e27+4).

Proof. The iterative process to determine the sequence of ¢* and F*’s is not new (see e.g. [9]). For the first
step, let ¢! be the time 1-flow of a "to be determined’ Hamiltonian x. By Taylor’s theorem:

1 2
. d® 4
Freqo 1/)1 = Kep.: + Per + {K6p627X} + {Per, X} + / (1 - t)@(Fred OTPt) dt.
0
Let Per := Per—(Per). Note that, while Per = O(?), we have Per = O(?). Taking i1y := f(f Per(L,1,G, g)dl,
where 7 = 0; Kep,», we have:

Per + {Kep.2,x} = (Per), x = O(e"),

so that for ¢ sufficiently small ¢! is defined. Finally, integrating by parts, one has

2

1
GaEreao ) dt= [ {(Per) + tPer.x}o vt dt = OF).

F' :={Per,x} —|—/O (1—1%)

This process may be iterated to obtain the sequence in the proposition. O

Remark 4.2. The truncated, or k'th order secular system: Sec® := Kep.> + (Per) + (F') + ... + (F*~1) admits
L as an additional first integral, since it does not depend on ¢. For each fixed k, the k’th order secular
system approximates the true motion over long time scales in a region of configurations with the 2-bodies
sufficiently close. In appendix B, we compute an expansion, eq. (12), of (Per) in powers of ¢ to observe
some finer descriptions of these orbits behaviour (see fig. 7 and rem. B.2).

By ignoring the O(y) terms in F.q, we have: G = 0, § = —2xG, i.e. the Keplerian orbits experience
precession (see fig. 4). We next will check that for ¢ sufficiently small, many such orbits survive the per-
turbation of including these O(y) terms: they may be continued to orbits of the reduced curved 2-body
problem and then lifted to orbits of the curved 2-body problem.

4.1 Continued orbits

Applying a KAM theorem from [11], establishes certain quasi-periodic motions of the reduced problem.
Introducing some notation, for v > 0,7 > 1, let

v

Dy, ={veR?: [keov|> —
! (kx| + [k2])7

Vk = (ki, ko) € Z2\0}

be the (v, 7)-Diophantine frequencies. Take

~

B:={(L,G): 0<G<L<1}

o)}
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Figure 4: When the curvature is positive, (a), the Keplerian conic giving the particles relative motion precesses in a direction opposite
to the particles (fast) motion around the conic. When the curvature is negative, (b), the precession occurs in the same direction as the
particles motion.

and let o
(-[7 6) = (-[17]2791792) = (L,G7€7g) + 0(63)

be action-angle variables for some kth order secular system, with B = {(I1,I5) : (L,G) € B} c R?
equipped with the Lebesgue measure, Leb, restricted to B.

The reduced curved 2-body problem has, for ¢ sufficiently small, a positive measure of invariant tori
along each of which the motions are quasi-periodic -behaving approximately as the precessing Keplerian
orbits in fig. 4. More precisely:

Theorem 1. Fix 7 > 1,4 > 0,m > 2 and set y := €™#. There exists g > 0 such that for each 0 < € < ey, we have:
(i) A positive measure set, d, » C B,
(ii) for each 1° € d. ;, there is a local symplectic change of coordinates, 1°, for which 1)°(I1°,0) is an invariant
torus of Fy.q with frequency in D., .
(iii) As ¢ — 0, Leb(d., ;) — Leb(B) and ¢° — id (in the Whitney C*° topology).

Proof. We verify the hypotheses of [11]. Let (I, §) be action-angle variables for a k’th order secular system
(remark 4.2) with 2k > 2m — 3. Setting s := I° € B, and r := I — I°, we have by Taylor expansion:

F? = Sec” =2+ a2 -1+ O(r?)

where ¢ := Secy(I°),a? = dSec*(I°). From the proof of proposition 4.1 (x = O(e?)), the action angle
variables of Secy, are O(£3) close to those of proposition 3.5, so that:

3 ()

m_ 52%, “22219) 4+ O(%) = (O(1), 0(2)).

= (T

S

Note that for 0 < ¢ sufficiently small, o satisfies the non-degeneracy condition of being a skew map: its
image is not contained in any 1-dimensional subspace of R?.
Likewise, we take Fs := F...q4(r, ) around s = I°. Since we have chosen 2k + 1 > 2m, we have:

[Py~ F2 = or?)

for ¢ sufficiently small. So ([11] Thm. 15 and remark 21) there exists amap B > s — «a, € R?, with |ag —
a?] << 1in the C*°-Whitney topology such that provided as € D, -, we have Floa 01)° = cs+ag r+0(r?%;0)
for some local symplectic map ¢°. It remains to check that d, . := {s : «; € D, ;} is non-empty. Since
m > 2 and a; = (O(1), 0(g?)) is also skew, we have the estimate ([11] Cor. 29, from [13]):

m—2

Leb(B\d,,-) =0( # )

for some constant i > 0. So indeed, for ¢ sufficiently small, d,, ; has positive measure and is non-empty. [J

Remark 4.3. As the reduced dynamics has two degrees of freedom, there is KAM-stability in the ¢ << 1
regime: the invariant tori form barriers in energy level sets.



One may also apply the implicit function theorem to establish periodic orbits of long periods for the
reduced dynamics:

Theorem 2. Let m,n € N. Then for m sufficiently large, there exist periodic orbits of the reduced curved 2-body
problem for which the bodies revolve m-times about their osculating conic, while the osculating conic precesses n-times
around.

Proof. We will consider non-equal masses, a similar argument applies for equal masses. After iso-energetic
reduction, the equations of motion for G, g are (from eq. (12)):

aG 3 o 49, o 3
i Qsing + O(e%), ¥ 2eG + O(¢e?),

where Q(L, G) # 0 for |G| # 0, L, C. Consider the "long time return map’:

_ 20/ 114G dg
PE Ov ° = T30 19 d€7
(G, 4°) / o, %)

the integral taken over an orbit with initial condition G°, g°. When P.(G°,¢°) = (0, —2nn) and 1/e* =m €
N, we have a periodic orbit as described in the theorem. The map P, is analytic in ¢, with

Po(G°,g°) = 2n(Qsing®, —2G?).

By the implicit function theorem, g° = 0 mod 7, G = 7, continues to solutlons of P.(G¢,¢°) = (0, —27n)

for 0 < e < &,, yielding periodic orbits of long periods for those £ with 1/e2 = m € N. O

Remark 4.4. When the curvature is positive the precession is, as with the quasi-periodic motions, in the
opposite direction to the particles motion around the conic, while for negative curvature in the same direc-
tion.

4.2 Lifted orbits

The continued orbits are the image under a near identity symplectic transformation of certain orbits of F..4
with the O(p) terms neglected:

Hyeq = Kepn + fi( || || G2> (4)

We describe how the precessing Keplerian orbits of (4) hft to T Q. Recall our coordinates, eq. (3), used for
the co-adjoint orbits. We have: Ad; (11, va,v3) = g'(v1,v2,v3), and take G = py. Let us set u, = (0,0, ICD),

corresponding to an angular momentum vector along the k-axis.
Then, in the reduced space, T*I x O,,,, the orbits of (4) are given by:

((p(t), Py (t), AdZ(t) ,uo)

where g(t) = R;(\)R;(6(t)) is a rotation by 6(t) about the k-axis followed by a rotation by X about the -
axis. Moreover, (ga(t), (t)) describe a precessing orbit of the curved Kepler problem (fig. 4) having angular
momentum

G = ||C|| cos A.

Since € = ||C||k, the isotropy is by rotations about the k-axis. The ambiguity in the reduced orbit is by
Ady ) Ady, 1o, Where h(t) = R (w(t)). Hence the lifted orbit, on 7*@Q, is of the form:

() (o), pp(t), h(t)g (1), 1to)-

Such an orbits projection to @, is the motion:

R (W) B; (MR (0(1))a° (o(1)),



as depicted in fig. 1, provided we show w > 0. Indeed, the Hamiltonian (4) is the symplectic reduction of H
on T*Q given by H(p,p,, g, it) = Hrea(p, Py, Ady w). Requiring the lifted curve (x) to satisfy the equations
of motion of H, imposes the condition:

& = r||C].

In summary, a precessing Keplerian orbit of (4) with angular momentum G lifts to a curve with angular
momentum i, on 7@, projecting to an orbit in () where the two bodies follow precessing Keplerian orbits
with foci on the colatitude, ), satisfying ||C|| cos A = G. The whole system is uniformly rotated with angular
speed x| C|| about the k axis.

Remark 4.5. The collision orbits, G = 0, g = 6° — m, of (4) lift to collision orbits,

Ry (w(D)Ri(5) Ry (6°)4° (o (1)),

centered on the ‘equator’, C'-, experiencing no precession (see remark B.2, for some effects of the O(y) terms
on the true behaviour near collisions). There are 3 parameters involved in describing the lifted orbits we
consider of (4), namely G, L, and C := ||C||, where G, L are the Delaunay coordinates (for non-circular mo-
tions |G| < L) and for the circular motion, when G = L, one should take Poincaré coordinates (prop. A.5).
The well-known circular relative equilibrium solution corresponds towhen G = L = C. When C > L > G,
the lifted orbits are constrained to bands, cos A < % < 1, around the equator, at an extremal value, A., of
A, we have a circular motion whose center moves along the latitude A. at the constant rate xC. For L > C,
one obtains with G = C' a precessing non-circular motion having a focus over k.

The true motions of the reduced curved 2-body problem established in the previous section lift to orbits
which are qualitatively the same as such lifted orbits of (4), performing small oscillations around them.

A Action-angle coordinates for the curved Kepler problem

A.1 Curved conics

The Kepler problem on a sphere of radius p with a fixed ‘sur’, ¢;, of mass M and particle, ¢ € S?, of mass
m is given by the Hamiltonian flow of:

2
M
Kep, = m — m—cotgp
2m P
on T*(S?\{| cot p| = oc}). Here || - | is the norm induced by the metric of constant curvature k = 1/p?

on 5% and ¢ is the angular distance from ¢; to ¢ (see figure 2). For a negatively curved space, one replaces
cot ¢ with coth .
Because the force is central, letting ¢ € R? be the position of the particle from the center, ¢, of the sphere

and k a unit vector from ¢ to gs, the angular momentum:

G:=m(qgxq) k

is a first integral. It corresponds to the rotational symmetry about the g, axis.

2
Remark A.1. In spherical coordinates, ¢ = p(sin ¢ cos , sin psin 6, cos ¢), we have: |[p||Z = 5 (02 + 5245),

sin? ¢

and G' = mp?sin® f = py. In these coordinates, it is not hard to show analytically that the curved Kepler

trajectories centrally project to flat Kepler orbits (fig. 2). Indeed, setting R = 1/r := CO; £, one finds 571; +R =
2 2
%, with e and ¢ being constants of integration.

Here v := 6 — g is the true anomaly and g is the arqument of pericenter.

m?2M/G?, so that the §-parametrized orbits are: r =

The curved Kepler trajectories are in fact conic sections on the sphere having a focus at ¢; (see fig. 5).
One may express energy and momentum in terms of geometric parameters of such spherical conics.



Figure 5: A spherical ellipse, with foci at ¢s and f is the set of points g for which |qqs| + |¢f| = 2« is constant. We call « its
semi-major axis, the midpoint, ., between the foci its center, and the length |bg.| =: B its semi-minor axis. The number, €, for which
|gsqc| = ae is called the eccentricity. When e # 0, the closest point to gs is called the pericenter, pc, and furthest, ac, the apocenter. The
angle v := Z(pc, gs, q) is called the true anomaly of q.

Proposition A.2. Consider an orbit of the curved Kepler problem along a spherical conic with a focus at q, (fig. 5).
Let o be the semi-major axis and [ the semi-minor axis of this conic. The orbit has energy and momentum:
mM 20

Kep, = — cot —,
P p

G? = m?Mptan? s cot 2.
PP

Proof. Consider the spherical triangle A(f, ¢, ¢) with sidelengths 2ae, pp, 2a — pp and interior angle 7 — v
2

opposite to side ﬁ] (see fig. 5). The cosine rule of spherical trigonometry yields: r = ptany = oo,

cos 29€ _cos 22

22 sin 22 . . . . .
where p? = p——2——2 and e = —£, so that the orbits are indeed curved conic sections. Comparing
sin <% sin <%

with the expression in remark A.1 yields G* = m? Mp?. The expression for G in the proposition follows by

£ (consider the right spherical triangle A(qgs, ¢, b)), to simplify.

To obtain the expression for Kep,, following [1], observe that ¢, := @ and @, := @ are maximal

and minimal values of ¢ over the trajectory having energy Kep,, =: h. Consequently p, = 0 at ¢, , so we

using the relation: cos = =
P cos

have two solutions of the equation: hcos2p = % sin2¢ 4+ h — %2. Adding and subtracting the above

equation evaluated at ¢, ,, yields: Kep, = h = %% =~ cot(pa + @p)- O

Remark A.3. The sign of G represents the orbits orientation, with positive G for counterclockwise motion
around ¢s. The same arguments apply to bounded motions when the curvature is negative, replacing
trigonometric functions with their hyperbolic counterparts. The energy for bounded motions in a space of
curvature k = —1/p? is always less than —mM /p.

Remark A.4. The orbits of the curved Kepler problem colliding with ¢g; may be regularized similarly to the
usual Kepler regularization, via an elastic bounce [2].

A.2 Delaunay and Poincaré coordinates

We have the following analogues of the Delaunay and Poincaré symplectic coordinates for the bounded
motions of the curved Kepler problem. Note that to each point of p € T*(S?*\{=£g;}), one may associate a
pointed spherical conic and conversely, parametrizations of pointed conics may serve as local coordinates
for T*(S*\{=£gs}).
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Proposition A.5. Given a pointed spherical conic (fig. 5), let G be its angular momentum, g its argument of peri-
center,
«
L? :=m?*Mptan—, L >0,
p

and {, the mean anomaly, be proportional to time along the conic to pericenter, scaled so that { € R/2rnZ. Then
(L, ¢, G, g) are symplectic (Delaunay) coordinates for bounded non-circular motions. The variables:

A=L, A=Ll+g, £€=+/2(L—|G|)cosg, n=+/2(L—|G|)sing,
are symplectic (Poincaré) coordinates in a neighborhood of the circular motions. The energy is given by:

m3M? L?
Kep,, = 572 + Ky 5)
Proof. The construction of these coordinates is almost identical as for the planar Kepler problem (see e.g. the
presentation in [10]). We only found some difference in the computation determining L owing to, in the
curved case, the period as a function of energy (Kepler’s third law) not having such a simple expression.
For non-circular motions, we have symplectic coordinates (H = Kepy,t, G, g), where t is the time along
the orbit (to pericenter). Since orbits of fixed energy, Kep, = H, all have a common period, T'(H), we set

= T%Z) t and seek a conjugate coordinate L(H) to ¢, i.e. we want to integrate:

T(H)
2

dL = dH.

To integrate this expression, we make some changes of variable. For H a negative energy value admitting
bounded motions, let p.(H) be the angular distance of the circular orbit having energy H. Then:

H:_mM

cot 2¢., G T (H) = 2rmp?sin? ¢,

where G2 := pm?M tan ¢, is the angular momentum of the circular solution. Note that

m3M? G?
() H==" g
We compute LdH = dG,. So we take L = G, and have L? = m*Mp tan % from (%) and prop. A.2. O

Remark A.6. The mean anomaly, ¢, is related to time by d¢ = n dt where n(L) := m‘zﬂf ’ + m#. When the
curvature is negative, the same arguments lead to L? = m?M p tanh %, and the same expression, eq. (5), for
the energy.

A.3 Other anomalies

In averaging functions over curved Keplerian orbits, i.e. determining - fOZTr f(q) d¢, it is often useful to
perform a change of variables, as the position on the orbit, ¢, does not have closed form expressions in
terms of ¢. We collect here some parametrizations of Keplerian orbits. Although not all are necessary for
our main results, they may serve useful in other perturbative studies of the curved Kepler problem.

The position on the conic is given explicitely in terms of the true anomaly (remark A.1). By conservation

of angular momentum (recall d¢ = n dt withn = mzﬁ/[ ® ¢ Ii%):

G dl = n mp*sin® ¢ dv.

One may centrally project a curved Kepler conic to the tangent plane at ¢; and then parametrize this
planar conic by its eccentric anomaly, which we denote here by u,. Letting a, e, b be the semi-major axis,
eccentricity and minor axis of this planar conic, the position is given by:

r=ptany = a(l — ecosu,) x =rcosv = a(cosu, — €) y=rsinv = bsinu, (6)
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and one has:

| M
— dl =n psin p cos ¢ du,. 7)
a

Some more parametrizations arise naturally when one orthogonally projects the curved Kepler ellipse
onto the tangent plane at g;. The time-parametrized motion along this plane curve sweeps out area at
a constant rate, however it is now a quartic curve: the locus of a 4th order polynomial in the plane. This
quartic may be seen naturally as an elliptic curve and then parametrized by Jacobi elliptic functions. Taking
R = psing, X = Rcosv,Y = Rsinv, the quartic is the projection to the XY -plane of the intersection of the
quadratic surfaces:

R*=X?+Y? (R+eX)?=p*(1l—-kR?,

where p, e are as in the proof of prop. A.2. Consequently we find the parametrization:
R = psin glc’nd;.cw — pcos gk:cdkw X = psin gk’cdkw — pcos gkndkw Y = ptan s cos gSdkw.
p p p p P p

where k = sin <5, "' = cos <. Since the area is swept at a constant rate, one computes:

,osing dl = psinp dw.
p

which integrates to give a ‘curved Kepler equation’, i.e. the relation between position and time through:

cot T 14 ksnpw
2 1 — ksnpw

®)

¢ = arccos cdpw —

It turns out that a geometric definition of eccentric anomaly, u (see fig. 6), is the Jacobi amplitude of w:
du = dnpw dw,

which can be established by using spherical trigonometry to give the position in terms of «, and some
straightforward, although tedious, simplification.

Figure 6: A ‘curved eccentric anomaly’, u, for a (non-circular) Keplerian conic on the sphere. One circumscribes a (spherical) circle
centered at g. around the conic and to a point g on the conic assigns the angle u := Z(pc, gc, p), where p is the intersection of the circle
with the perpendicular dropped from g to the major axis.

Remark A.7. Projecting the spherical orbits from the south pole leads as well to quartic curves in the tangent
plane at ¢;, however along these quartics the time-parametrization is no longer by sweeping area at a
constant rate —as it is for orthogonal projection— which we found only led to complicated expressions.
Another parametrization of the orbits is presented in [12] eq. (28), and used to derive a different ‘curved
Kepler equation’ from our eq. (8).
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B Expansion of (Per)

We will compute an expansion, eq. (12), in powers of our small parameter ¢ for (Per) (prop. 3.5) upto O(g°).
This expansion may be found by using the “flat eccentric anomaly’, u,, of eq. (7) to average the terms. With
this approach, it is necessary to make use of the following formulas allowing one to translate between the
major axis and eccentricity (a, e) of the centrally projected planar conic and our Delaunay coordinates:

m

L? 1 12 , o2 EN
_2< _77I;4L2(L2_G2)>_p87n2(1+0(8 ), _( L2><1+ﬁLG)

(recall we set m = mymy). Note that by eq. (6), r = ptan ¢ = pO(e), so indeed ¢ = 7 + O(g3) is O(e).
By Taylor expansion of eq. (2) in ¢, and then exchanging ¢ to 7, we have:

A2 R 9 R N N 2
Per = ¢2 <2—02+3(m2—m1)0 02—02’"‘"’;59+(<c — (%) cos? 0 — G2>0p>+0< %, )

1—(m}+m3)
6

where we set o = . So, to determine (Per) = 5= f02 ™ Per df upto O(e°), it remains to find:

(rcosb), (r? cos®0), (r?).
By eq. (7), d = n\/ai5zdu, = ny/ar(1 — kr? + O(e*)) du,, where
m2
nva = Pz + O(e).
Hence:
(recosd) = n;ﬂf ; r? cos 0 — kr® cos 0 du, + O(?).

Using 6 = v + g, and the expressions for r, r cos v, r sinv of eq. (6), we obtain:
2 3 e? 3
(rcos@) = a’env/acosg —5* ka(2 + 5) +0(e”).
Or, in terms of the (scaled) Delaunay coordinates:

(rcos@) = pecosg L\/ L2 — G2 (—2 + 2;712 (5L% — G2)> +0(e?). (10)

Likewise, one computes:

(12 cos? §) = ‘2’ Wy (2£2 (3 + 5cos 2g) (L2 G2)) +O(EY, () =L 12512 — 3G2) + 0(eY). (11)

Combining eqs. (10), (11) with the averaged eq. (9), yields:

(Per) = 2 (C; - é?) # (mafy/iC2 = 6222~ 62)cosy

et [mﬁ ((é2 G202 + (12 — ) (3 + B eos2g)) — G2(5L2 — 3@2)) (12)

_ A A2 — G2V E? — G2 (512 — (2) cos 5
3pm2LG\/(L C2)(C2 — C2)(5 G)CO&g}—I—O(e ),

3 3
1—mj—mj

where we set ma = m; — mg,m = —5-7—=2, and m = mymo.
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Remark B.1. When the masses are equal, one may avoid the need to take expansions as we have done here
by using the simplified expression in remark 3.3, and making use of the different anomalies presented in
section A.3 to obtain explicit, albeit still rather complicated, expressions.

In the secular dynamics, we may view L,C as parameters, and then describe the dynamics of non-
circular motions in the coordinates (G‘ ,9). To see the behaviour near circular motions (when G=L<O0O),
one may convert eq. (12) to Poincaré coordinates, in which one finds the circular motion is an elliptic fixed
point. Taking into account higher order terms of (Per) leads to finer descriptions of the orbits. For example
above we have for the most part worked at order €2, when we see the precession properties described for
our continued orbits. In fig. 7, we plot some level curves of eq. (12).

Lo T T T T T ™ Lo

Figure 7: Level sets of (Per), with L = € = 1. The vertical axis is the angular momentum, G € [—1, 1], and the horizontal axis the
argument of pericenter, g € [0, 27]. In (a), we have equal masses, while in (b) non-equal masses. The two stable circular orbits are, in
these coordinates, blown up to the lines G = =+1.

Remark B.2. The equilibrium points, G = 0,2¢ = 0 mod = for equal masses, in fig. 7(a) correspond to (reg-
ularized) periodic collision orbits of the reduced dynamics (for non-equal masses, one has high eccentricity
"near collision orbits’).

According to remark 4.5, the stable (elliptic) points, g = 0, 7, lift to collision orbits bouncing perpendic-
ularly to the equator, C* (depicted in fig. 1). The closed curves surrounding these stable points represent
invariant (punctured) tori of the reduced dynamics different than those described above as, rather than
precessing at a constant rate, the osculating conics experience libration: with g oscillating around 7 or zero.
The unstable (hyperbolic) points, g = %, X, lift to collision orbits bouncing along an arc aligned with the
equator. In the true dynamics, one expects a splitting of the seperatrices connecting these unstable orbits.
Note that, by prop. 4.1, such a splitting would be exponentially small, i.e. of O(exp(—1/¢)). If one could
establish such a transversal intersection, one would obtain random motions near these unstable collision
orbits admitting the following description. For any sequence sq, s1, ... with s, € {0, 1}, there would exist a
near collision orbit for which, during the time interval [nT, (n + 1)T] the osculating conic precesses s,, times
around, and where T' > 0 is some sufficiently long time period.
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