Celest Mech Dyn Astr (2012) 112:169-190
DOI 10.1007/s10569-011-9390-y

ORIGINAL ARTICLE

The two-body problem of a pseudo-rigid body
and a rigid sphere

K. Uldall Kristiansen - M. Vereshchagin -
K. Gozdziewski - P. L. Palmer - R. M. Roberts

Received: 31 October 2010 / Revised: 26 September 2011 / Accepted: 29 November 2011 /
Published online: 18 January 2012
© Springer Science+Business Media B.V. 2012

Abstract In this paper we consider the two-body problem of a spherical pseudo-rigid
body and a rigid sphere. Due to the rotational and “re-labelling” symmetries, the system is
shown to possess conservation of angular momentum and circulation. We follow a reduction
procedure similar to that undertaken in the study of the two-body problem of a rigid body
and a sphere so that the computed reduced non-canonical Hamiltonian takes a similar form.
We then consider relative equilibria and show that the notions of locally central and planar
equilibria coincide. Finally, we show that Riemann’s theorem on pseudo-rigid bodies has an
extension to this system for planar relative equilibria.

Keywords Full two-body problem - Symmetry reduction - Pseudo-rigid/affine bodies -
Riemann theorem

1 Introduction

With the recent progress of observational techniques and the increased interest in binary
asteroids, the full Newtonian two-body problem with non-spherical bodies has attracted
significant attention (Wang et al. 1991; Maciejewski 1995; Scheeres 2006; Bellerose and
Scheeres 2008). In fact studies have indicated that about 16% of the near-Earth asteroids
consists of systems of relative orbiting asteroid pairs (Margot et al. 2002). The formulation of
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170 K. U. Kristiansen et al.

this problem has been posed and studied in many references (Wang et al. 1991; Maciejewski
1995; Scheeres 2006; Bellerose and Scheeres 2008; Vereshchagin et al. 2010). The main
effect is the coupling between the orbital and rotational motion. Moreover, the introduction
of local coordinates leads to singularities and very complicated equations of motion. There
is therefore significant gains to be obtained by exploiting the symmetries under-pinning the
system to reduce and simplify the equations of motion. The reference (Wang et al. 1991)
was probably the first attempt in a systematic way to make use of the rotational symmetry
of the Newtonian system of a sphere and a non-spherical rigid body to reduce the equations
in a coordinate-free way. Since then this reduction procedure has been used and extended by
many authors, see for example Maciejewski (1995); Scheeres (2006); Bellerose and Scheeres
(2008); Vereshchagin et al. (2010).

More recently, the question whether the binary systems have random shapes or instead
obey some general rules of rotating fluid bodies has been addressed (see e.g. Deschamps
2008). Most of the binary asteroids discovered so far are considered rubble pile asteroids
which are cohesion-less gravitational aggregates. Therefore it is believed that fluid studies can
give insight into the shapes of asteroids, although this assumption of fluidity is not realistic
for actual bodies. To approach this problem, the models have to be extended to account for the
deformation of the body. This can be attained, at least to a first approximation, by replacing
the rigid bodies with pseudo-rigid bodies whose shapes are described through the action of
a general orientation-preserving, invertible matrix. Formally, this replaces the configuration
space of the rigid non-spherical body SO(3) by GLT(3) = {Q € R3*3|det Q > 0}. The
problem of gravitationally interacting pseudo-rigid body and sphere was also considered in
O’Reilly and Thoma (2003); Sharma (2009). The main drive of this paper is to develop these
models further.

Without the gravitational interaction from another body, such pseudo-rigid bodies have
received attention in many references (Dedekind 1861; Dirichlet 1861; Jacobi 1834; Rie-
mann 1860; Chandrasekhar 1987; Lewis and Simé 1990; Roberts and Sousa Dias 1999;
Slawianowski 1974). The interest was initiated by Newton in Principia, where he showed
that a spinning axi-symmetric self-gravitating body of fluid that is rotating slowly about the
symmetry axis will be oblate. Jacobi (Jacobi 1834) extended the work of Newton, but also
work of Maclaurin, to show that a self-gravitating fluid can also take on ellipsoidal shapes. The
solutions of Jacobi, Maclaurin and Newton were, however, still all rigid. In a frame rotating
with the body the fluid is stationary. Dirichlet and Dedekind, (Dirichlet 1861 and Dedekind
1861), respectively, opened a new direction when they found a symmetry that applied to
Jacobi’s solution generated a new solution in which the body is stationary in shape but the
fluid particles follow elliptical paths in planes orthogonal to a principal axis of the ellipsoid.
Dirichlet’s paper inspired Riemann to turn his attention to the problem. In Riemann (1860) he
gave a classification of the solutions of Dirichlet’s equations for which the ellipsoidal shape
of the body remains constant. At the heart of this classification lies what is now known as
Riemann’s theorem: the angular velocity and circulation (i) lie in the same principal plane
and (ii) if the angular velocity is parallel to a principal axis then the circulation vector must
also lie along that same principal axis.

Since then, the work of Riemann et al. has been united and extended by e.g. Chandrasekhar
(1987) and Roberts and Sousa Dias (1999). Pseudo rigid bodies have also been applied to
elasticity, spinning gas clouds, atomic nuclei etc. (see Roberts and Sousa Dias 1999 for
references therein).

In this article we aim to put the work of O’Reilly and Thoma (2003); Sharma (2009) into
the language of geometric theory of Hamiltonian systems while aligning our approach and
notation with the now standard reduction procedure for the two-body problem of a rigid body
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and a sphere, see e.g. Wang et al. (1991); Maciejewski (1995); Vereshchagin et al. (2010).
We will assume that the reference shape is spherical. By the singular value decomposition
any matrix Q € GL™(3) can be decomposed as a product:

Q =RAS, (1

where R, S € SO(3), and AeD= {diag (d1, d2, d3)|d1 > dr» > d3 > 0}. It therefore
follows that the shape of the pseudo-rigid body at any time is ellipsoidal with principal axis
half-lengths equal to the singular values of Q, the diagonal entries of A. We will also make
use of a “re-labelling” symmetry, which in the classical work gives rise to the conservation
of circulation. The references (O’Reilly and Thoma 2003; Sharma 2009) do not discuss this
symmetry even though their systems do possess such. Compared to O’Reilly and Thoma
(2003); Sharma (2009), our equations may also account for the pseudo rigid body being
incompressible without the use of multipliers.
The main results and novelties of the paper are:

(i) The development of non-canonical and canonical Hamiltonian systems for the reduced
problem with non-truncated potential, and the identification of the two conserved quan-
tities: angular momentum and circulation. Compared to O’Reilly and Thoma (2003);
Sharma (2009) we provide the following improvements:

(a) the related rigid body system is a natural subsystem;

(b) the identification of a second conserved quantity, the circulation of the pseudo-
rigid body;

(c) our results all go through essentially unchanged if the pseudo-rigid body is
assumed incompressible.

(i1) In Theorem 2 we show that the notions of locally central equilibria and planar equi-
libria coincide. The proof is only based upon the potential being symmetric, and since
the problem of a rigid body and a sphere is a natural subsystem of our equations, this
result therefore also extends to this case, where to the authors’ knowledge it has never
been proven.

(iii) In Theorem 4 we present an extension of Riemann’s theorem to this present two body
problem. To the authors’ knowledge this, too, has not been addressed previously, in
particular not in O’Reilly and Thoma (2003); Sharma (2009). Proposition 3 includes a
very interesting result: All “S-type relative equilibria” (Chandrasekhar 1987; Roberts
and Sousa Dias 1999), where the angular velocities are both directed along the same
principal axis, are “in general” planar. The meaning of “in general” are made precise
in Proposition 3.

Even though the gravitational problem was our motivation to look at the problem, in fact
these results all apply to general two-body problems of the given form. Theorem 5 is the only
exception which makes use of the explicit form of the gravitational potential to exclude some
exceptions to the validity of Riemann’s theorem in the more general version (Theorem 4).
The hypotheses are

H1 The pseudo-rigid body is spherically symmetric;
H2 The actual shape B of the pseudo-rigid body is not spheroidal (Q has distinct singular
values dy, dp and d3);

and for our investigation of relative equilibria we shall assume the following:

H3 The gradient of the potential U with respect to the relative position vector is nowhere
zero.
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This last condition excludes relative equilibria where the relative position vector is fixed in
inertial space. It holds true for the gravitational problem when the rigid sphere is outside
the pseudo-rigid body. We will introduce the hypotheses chronologically in the manuscript.
Whereas all of our results in our section on relative equilibria will rely on H1 and H2, some
results do not require H3, for example the general version of Riemann’s theorem (Theorem 4).
The hypotheses used will therefore be stated explicitly in each of our results.

The article is structured as follows: In Sect. 2 we introduce the model and the relevant
potential energies and then derive the unreduced equations of motion. In the following sec-
tion, we show that the system possesses two symmetries and, upon making explicit use of
the decomposition (1), we reduce the equations to the appropriate quotient space. In Sect. 4
we finally investigate the relative equilibria of the system.

2 The model

We consider a rigid sphere and a deformable body with masses m and m, respectively. See
Fig. 1. We model this system on the configuration space R? x R3 x GL*(3). The former
two spaces describes the centres of masses of the sphere and the pseudo-rigid body while
the latter describes the deformation of the pseudo-rigid body B with respect to its centre of
mass. Applying a G L™ (3) matrix to the pseudo-rigid body preserves the centre of mass. We
assume that the potential only depends on the the relative position and the configuration of
the pseudo-rigid body so that the system possesses translational symmetry, and the centre of
mass of the system moves with constant velocity. This is the case of the gravitational prob-
lem. We can reduce the system by introducing a centre of mass of the system and relative
coordinates. Let x be the relative position of the two centres of masses and let Q € GL™(3).
Then, upon proper scaling, see e.g. Maciejewski (1995), the kinetic energy of the system is:

Fig. 1 The two-body problem of
a sphere and a pseudo-rigid body.
Here x denotes the relative
position. The matrix

Q € GL*(3) describes the
shapes of the pseudo-rigid body
so that any point, say, w of the
pseudo-rigid body in its reference
shape is mapped to a new point
Qw in the deformed pseudo-rigid
body. We assume that the
reference shape is spherical and it
therefore follows that the shape
of the pseudo-rigid body is
ellipsoidal at all times
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. 1 L.
K&, Q) = SI% + ((Q, QM)
where |z| = /(z, z) is the Euclidean distance,
((V, W) = Ju(VWT) 2)

is the inner product1 on the tangent spaces of GL'(3), and J € diag™(3) is the moment
coefficient of inertia of the reference shape, see e.g. Holm et al. (2009). It is without loss
of generality to assume that spherical reference shape By satisfy J = I. Here I denotes the
identity. Indeed, we can just replace Q by QJ~!/2 to achieve this.

2.1 Potential

The potential of the system naturally splits into two parts U = U + Upres. The first part U
may for example include a term Ug,y due to gravitational interaction between the sphere
and the pseudo-rigid body. This potential is simply the Newtonian inter-particle gravitational
interaction integrated up over the pseudo-rigid body B3:

wup(z) Jz
[x + z|

Ugrav = -

Here 0 is the universal gravitational constant, p = p(z) is the density and z is the position

of particles in the body relative to its centre of mass. There are simplifications available for

ellipsoids (see Bellerose and Scheeres 2008), but we do not need them here. The potential U

may also include a term Usejr, the potential due to self-gravitating forces on the pseudo-rigid

body. The expression for User for a homogeneous ellipsoid is given by Dirichlet’s formula:
o0

1
Uself = 5//1,0(2)2 /Cb(u,z)du dz,

B 0

3 2
(@ + ) (@3 + ) (a3 +0) NI 4 F

where d; are the half-lengths of the principal axis, see O’Reilly and Thoma (2003). Finally,
U may include a term Ukjos due to possible elastic forces on the body and its surface. Such
potentials are considered and described in Lewis and Simé (1990).

The second term Upyes, given by

Upres = —4E((Q T det Q, Q)), 3)

in the total potential U has to be included if the pseudo-rigid body models an incompressible
ideal fluid with detQ = 1. Equation (3) is based on methods developed in Maddocks and
Pego (1995) for un-constrained Hamiltonians of ideal fluids. At this stage, E is a Lagrange
multiplier. We will, however, later see that it can be directly related to the fluid pressure, which
vanishes on the surface 98y = S2. We will include this term in our calculations henceforth. If
the pseudo-rigid body is not incompressible, then one can simply set £ = 0 in the following
to recover the governing equations. Notice that

8 Upres
5Q

1 The reason for including the factor of % will become apparent later.

= —42Q TdetQ.
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Compared to O’Reilly and Thoma (2003) we do not require the body to be homogeneous.
Instead we restrict attention to the larger class of spherically symmetric pseudo-rigid bodies:

Definition 1 We call a pseudo-rigid body spherically symmetric if in its reference spherical
shape the potential U is rotationally invariant:

U(gx,gQh) =U(x,Q) forevery (g, h)e SO@3) x SO@3).

A pseudo-rigid body is only spherically symmetric if material parameters, such as density
and elasticity, in its reference spherical shape only depend upon the distance from the centre
of body. We add the hypothesis:

H1 The pseudo-rigid body is spherically symmetric.

Note that the gravitational problem considered in O’Reilly and Thoma (2003) and Sharma
(2009) with U = Ugray + Userr and p = p(|z|) satisfy this hypothesis. We will add a sec-
ond H2 and third H3 hypothesis later on. From the kinetic energy we define the following
Legendre transformations:>

(FIx(X), V) + (FIQ(Q). V) = dK (k. Q(v. V) — dUpres (Q)(V)
= (X, V) + ((2Q + 4EQ " detQ, V)),

for every v € R?, V € ToGL™ (3), so that

y=x

P =2Q+42Q TdetQ, “)
are the momenta canonically associated with x and Q, respectively (Marsden and Ratiu 1994).
The Hamiltonian is the function on the phase space P = T* (R3 X GL+(3)) defined by:

H(x.y.Q.P) = (y.X) + ((P.Q) — K(*,Q + U

1 .o

equipped with canonical symplectic structure associated with the Poisson bracket:
5f Og 3g &f
) Y, Q, P) = (3x f, dyg) — (0xg, 0 O R UYL
{f,g}x,y,.Q,P) (0x f, yg> (oxg yf)+<<8Q 5P>> <<5Q SP
for f,g € C°°(P). Here U = U — Upres 1s the “true” potential. When the pseudo rigid

body is incompressible, Hamilton’s equations define the true equations of motion only when
letting E be the unique quantity satisfying:

dzH = 0. (6)

The uniqueness follows from g% > 0. Using (4) this gives

r(Q 'Q)detQ =0,

or in the more transparent form Vg - ¢ = 0 with ¢ = QX. This is the incompressibility
condition. Defining E this way, is what allow us to ignore the dependency of E on the other
variables. Indeed if we denote the right hand side of (5) by H = H(x,y, Q, P, E), then

through (6) we have % = % forz=x,y,Qandz =P.

2 We identify the dual TéGL+(3) with Tq G L™ (3) via the inner product (2).
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The differential equations for Q and P are (4) and

5 v L T T -T
P= 50 42Q77Q" Q Tdet Q.
Therefore
Q= %8,(P—4EQ_TdetQ)
— l _& _am —TAT A-T _ :1 —-T
= 2( 50 42Q7'Q Q 'detQ —4EQ " detQ
+4EQ_TQTQ_TdetQ)
_ 18U et
330 2E8Q @)

Here we have used that det Q = 1. The factor % is the expense we have to pay for introducing
the factor % in the definition of the trace inner product. In terms of the gradient (g—g) of U
*
with respect to the inner product ({-, -))x = 2((:, -)) Eq. (7) takes the canonical form:
.. sU .
Q= —(7) -28Q T,
8Q/ .,

By for example comparing with the equations in Chandrasekhar (1987) section 27, we realise
that Z is the pressure at the centre of mass of the pseudo rigid body.

The system described by (5) is not very convenient to work with. First of all Hamilton’s
equations will include matrix equations. Furthermore, the symmetries of the system have not
been used to reduce the dimension of the system. We will address these issues in the following.

3 Symmetry and reduction

In this section we shall make use of symmetries to reduce the system. We shall throughout
the rest of the paper make use of the hat-map which is defined by

R 0 —£235 §2»
= 25 0 —-£2;1 | €so(d),
—$27 21 0

forevery 2 = (821, §2,, §23) € R3. This map defines an isomorphism between the Lie-algebra

so(3) = {space of skew-symmetric matrices in R**3 equipped with

the commutator algebra [-, -]},

and (R3,- x ) but also between (so(3), ({-,-))) and (R3, (-, -)) as inner-product spaces.
The latter property is the reason for the factor of % introduced in the definition of the trace
inner product. Finally, it also has the following properties (Roberts and Sousa Dias 1999;
Maciejewski 1995):

Z=—2", aw=wz' —2'w, 2x W=7W — Wz, gz x W) = (g2) x (gW),
and
IW=1Z X W, 3
gz =gig’, €)
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for any vectors z, w € R3 and g € SO(3). We now define two actions of SO (3) on P by:

lg : P> (x,y,Q,P) — (gx, gy, gQ, gP) € P,
rg 1 P33y QP — (x,y,Qg Pg) c P,
for g € SO (3). We then have the following:

Proposition 1 The Hamiltonian system (5), subject to the hypothesis HI, is invariant under
lgandrg, i.e. H(ryolg(z)) = H(z), Vz € PandV (g, h) € 50(3)%.

Proof 1If Q — gQh and P — gPh then Q — th. Therefore

1 ) )
H(rpolg(z)) = E(gy, gy) + ((gQh, gQh)) + U (gx, gQh).

For the invariance of the first two terms notice

(gy.gy) = gy ey=y'g gy = (v.y).

(1gQh. QM) = St (20h (20h)")
= %tr (gQQTgT) = %tr (ngQQT)
= ((Q. Q).

Here we have in the second last equality used the conjugation symmetry of the trace inner
product:

tr(CDT) = (DT ©),

for all matrices C, D € R3*3. We therefore obtain

H(rolg(2)) = %(y, ¥) +((Q. Q) + Ugx. gQh.
The invariance of the potential
U(gx, gQh) = U(x, Q),
follows immediately from the hypothesis H1 and so
H(rp o lg(z)) = H(2),
completing the proof.

The first part regarding [g is precisely what is exploited in the work in the two-body prob-
lem of a rigid body and a sphere. See for example Wang et al. (1991); Maciejewski (1995);
Scheeres (2006); Bellerose and Scheeres (2008); Vereshchagin et al. (2010). By Nog\ther’s
Eleorem (Holm et al. 2009) the symmetries /; and ry generate conserved quantities J; and
J», respectively. Since the symmetries are due to the left and right actions of SO (3) the
conserved quantities are maps from P to the dual so(3)* defined by:

(B y, Q. P), T)) = (v, T x x) + (P, 2Q)),
((J-(Q.P), X)) = ((P,QX)),

for every T e so(3) (see, for example, Holm et al. 2009, Chapter 8). Therefore we have:

(J1Q.P),Z) = (x xy, T) + (PQT, ) = (x x y + PQT, £)),
(J,(Q,P), %)) = ((Q"P, T)),
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so that upon identifying so(3)* with so(3) through the inner product and taking the skew-
symmetric part to ensure that J;, J, € so(3):

Tixy. Q.P) =X/><\y+%(PQT —Q¥'). (10)
T _l Tp _ pT
QP = (Q'P-P7Q). (11)

Here J; and J, are the total angular momentum and the circulation, respectively. See also
Roberts and Sousa Dias (1999). The momentum maps are left and right equivariant to the
action of SO (3) in the following sense:

Ji(gx, gy, 2Q. gP) = gli(x,y, Q, P)g’ =g, (12)
J,(Qh,Ph) = h’J,(Q,P)h=h"]J,, (13)

for every (g,h) € § O (3)2. Here, we have used (9) in the last equality. Furthermore, the
momentum maps are right and left invariant in the following sense:

Ji(x,y, Qh, Ph) = Ji(x,y, Q, P),
Jr (gQ7 gP) = Jr (Qs P)

We shall make use of these facts in the following lemma which will be useful later on when
proving the extension of Riemann’s theorem. At a relative equilibrium the trajectory is an
orbit of a one-parameter subgroup of the symmetry group SO (3)*:

x(t) = exp(R0)x0,  Q(t) = exp(1)Ag exp(—A1),

where £ and A are skew-symmetric matrices and A is a constant diagonal matrix. £ and A
are the angular velocities associated with the rigid body and orbital rotation and the internal
rotation of particles of the body, respectively. We have the following fundamental property:

Lemma 1 At relative equilibria:

Jix2=0 J. xA=0.

Proof The proof is straightforward (see also Roberts and Sousa Dias 1999). It relies on the
conservation of the momenta J; and J, and their equivariance with respect to the left and
right action, see (12) and (13). Indeed, the conservation of J; and J, imply that:

Jix (), y(@), Q(0), P(1)) = J1(x(0), y(0), Q(0), P(0)),
J- Q@) P(1)) = J-(Q(0), P(0)). (14)

By setting g = exp(ﬁt) and h = exp(—;l\t) in (12) and (13) we have:

Ji(x(0), ¥(0), Q(0), P(0)) = exp(21)J;(x(0), y(0), Q(0), P(0)),
J-(Q(0), P(0)) = exp(A1)J-(Q(0), P(0)). (15)

Differentiating with respect to ¢ at t = 0 gives:
2),=0, A), =0,
or simply by (8):
2x) =0, Ax]J, =0.
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3.1 Decomposition

In our reduction procedure we will make use of the singular value decomposition Q = RAS”

(1). This decomposition is not unique. First of all, if the singular values are not distinct, then

we may re-arrange the corresponding identical diagonal components of A without changing

Q. We will exclude this scenario by including a second hypothesis:

H2 The actual shape B of the pseudo-rigid body is not spheroidal (Q has distinct singular
values d1,d, and d3).

We therefore replace {A} = D by D° = {diag (d1, da, d3)|d) > d> > d3 > 0} in (1). Now A
is unique. However, the decomposition is still not unique. Let Q = RAS” = liAST Then

A=RTRASTS)"

SO

% 9

R =RP;, S =SP;, (16)
forsomei =0, ..., 3 where
Py =1, Py =diag(l, -1, —-1), P, =diag(—1, 1, —1), Py =diag (-1, —1,1); (17)

the elements of Dy = Z x Zj. The mapping (R, AS) € SOB) x D° x SO3) +—
RAS” e GL*(3) is therefore four-to-one. By considering the determinant of the Jacobian
of the mapping, one can show that it is a submersion. See also Fasso and Lewis (2001).> The
decomposition therefore lifts the system to a (branched) cover of the original configuration
space and G L (3) is the quotient of SO (3) x D° x SO (3), by the action (R, S) — (RP;, SP;)
of the dihedral symmetry group D». This action lifts to an action on the cotangent bundle.
The actions on both the covering configuration space and its cotangent bundle are free, and
T*GL™(3) can therefore be identified with the quotient of T*(SO(3) x D° x SO(3)) by
this free action. We will denote the covering phase space by Pcoy = T*(]R3 X SO3) x D° x
S0O(3)) so that P = P.oy/ D> with the action defined above.
The reference (Holm et al. 2009) also gives the following easy interpretation:

- §T rotates the coordinates in the reference frame.
— A stretches the body along the instantaneous principal axis of 7 (Bp).
— Rrotates the deformed body.

See also Fig. 2. Upon replacing GL™(3) as configuration space by the product SO(3) x
diag™(3) x SO(3), we obtain a new expression for the kinetic energy:

~ 1 L~ L2
K(k, (RAS)) = 2.5 + (R, RA%) + (A, A))

+2((RAST, RASTY) + (($. SA™Y),

and, through straightforward calculations, momenta conjugate to R, AandS:

o~ . o~ ~ AT - ~

RM = RA® — RA’ (RTR) +2RAS”SA, (18)
B =2A +48A "detA, (19)
—~ .~ ~ AT -~ . -

SN = $A” — sA” (sTs) +2SAR'RA, (20)

3 In Fasso and Lewis (2001) the authors have, however, mistaken the group D, with Z4. Furthermore, they
have not written (16) correctly.
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1) 2) 3)

Fig. 2 The action of Q can through singular value decomposition be decomposed into the following steps:
(1) a rotation ST of the reference sphere; (2) a deformation A along the instantaneous principal axis; (3) a
rotation R of the ellipsoid

respectively. Here we have again taken skew-symmetric parts to ensure that Mand N belong
to so(3). For B we have also made use of (3). The Hamiltonian then takes the following form:

H(z) = (y.X) + (RM, R)) + (A, A)) + ((SN. §)) — K (%, (RAS)")
+U(x, RAST) (1)

equipped with the canonical symplectic structure associated with the Poisson bracket:

_ 5f g sg  of
{f. g}(@) = (o« f, ayg> — (0xg, ayf> + <<5R 5RM>> <<3R 8RM>>

ol 1G5 3 0)+ s )~ (s s

for f, g € C*®°(Pcoy), where z = (x,y, R, RIVI, A, B, S, Sﬁ). Here A is given by (19). The
action ry o lg is through the decomposition mapped to the action

®gn(z) = (gx, gy, gR, gRM, A, B, h”S,hSN), (g, h) € SO(3)%, (22)

which leaves the Hamiltonian (21) invariant. The Hamiltonian therefore descends to a
Hamiltonian function & on the quotient space Peoy/S O (3)2. We may define a model for
Peoy/SO(3)? by taking (g, h) = (R”, S) in (22) so that

z= (RTxv RTy’ I, M, A, f;, I, N) € Peov-
LetA=R"x, p = RTy and

R=R®2, §=SA. (23)
In particular, (18) and (20) then simplify to:
M=1,2 - LA, 24)
N=T,A 12 (25)
with inverses
@ = 1M + N, (26)
A =TN+TM, 27)
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180 K. U. Kristiansen et al.

where
I = tA’T— A” = diag (&2 + d2. d? + d2, d% + d2) , (28)
I, = diag (2dsd3, 2dyd3, 2dydb) (29)
=@-2)"1, (30)
= 0-2)"L, 31)

and A = diag(d), da, d).

Remark 1 (Singularities): Notice from (30) and (31) that I and I do not exist if d; = d s
for some i, j € {1,2,3} withi # j, i.e. if the body is spheroidal. This is a consequence
of our decomposition. The spheroidal shapes are, however, exceptional. There is therefore
little loss of generality by restricting attention to ellipsoidal shapes and hypothesis H2, as in
Riemann’s classical theorem.

Upon identifying A = diag (dy, da, d3), B= 2diag (b1, ba, b3)) with (A = (d1, d», d3),
B = (b1,by,b3)) € T*R3+ a few calculations give

R 1 1 .
hw) = H@ = (A A) + 2 {p m) + (M, 1“M) + 5N, IN) + (N, I'M)
+ud,A), w=(M,A, u N A B), (32)
where u(A, A) = U(X, A). Here A = (dl, dz, dg) is given by
d;!
B =A+2E8didyds | dy'
d;!

The Poisson structure also descends to a non-canonical Poisson structure on the reduced
space. In Wang et al. (1991) it is shown how one obtains the reduced brackets for the system
of a rigid body and a sphere. One can perform similar calculations to obtain the part of the
reduced bracket related to the left invariance. Similarly, it can be shown that the reduced
bracket related to the right invariance is the standard reduced rigid body bracket (see, for
example, Holm et al. 2009). We therefore have:

Theorem 1 The reduced system on Peoy/S 0(3)? is described by the Hamiltonian (32)
equipped with the Poisson structure matrix:

MXia000
X01I000
A_|A-10000
0 00NOO
0000 0TI
0 000-I0

Since dvh = 1M + I°N = 2 and dxh = 19N + I°M = A, Hamilton’s equations read:
M=Mx 2+ xdu,

X:Xxfl+u,
L= x 2 —0u,
N=N><A,
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A=B-28A7",
B = —oah. (33)
d;!
Here A™! = dz_] . The quantity & is determined through (6) dgh = 0:
d;!
1 (A7, B)

ATNA) =08= """
( ) 2(a7hA™h

The theorem gives the reduction of the lifted system. The following computations show that
the lifted angular momentum map (RL, SN) is invariant with respect to the D;-action:

~ . - - AT - . ~
RMR’ > RP, (P,-RTRP,-AZ AP (RTR) P; + 2AP,-STSP,-A) P,R”
= RMR7,
N Tép 2 k2 T\ T ipnl N T
SNS” > SP; (P;STSP,A° — A”P, (s s) P; + 2SAP;R"RP;A ) P;S
= SNs”.

Here we have used that P;AP; = A. Therefore its fibres (RL, SN) = Gs.dr) € R® are invari-
ant under the D;-action and the reduced spaces of the original system are just the quotients
of the reduced spaces of the lifted system by the action of D;.

Remark 2 There reduced system has the following symmetry:
(M, 2, u,N) = (P;M, PiA, P, PiN),

where P; is an element of D, (17). The pseudo-rigid body is invariant under this action and
the symmetry-related solutions obtained hereby therefore coincide with those obtained in the
original system through (x, y) — (P;x, P;y)

We can replace the equation for A and B by a second order equation for A. This way it
becomes clearer how the pressure enters the equations. We have

A=B—28A"' +28A A,

and so by using

we finally get
A=A +u)—28A7", (34)

where we have introduced ¢ = %(M, “M) + %(N, I“N) + (N, I°M).
Since det A = didrds = 1 we can eliminate one component d; = (djdk)’l with (i, J, k)
a permutation of (1, 2, 3) and solve for the pressure at the centre of mass:
1
2d;
This can then be inserted into the Eqs. (34) for d; and di.

[ag-

(d; + 84, (¥ +u)) .
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Besides decreasing the necessary degrees of freedom, the introduced reduction also allows
us to decouple the dependency of the effective rotations R and S (23). In particular, in the
rotational frame described by R the mutual attraction between the bodies is independent of
the attitude of the pseudo-rigid body. Instead, the rotations affect the orbital motion, and vice
versa, via the dependency of the angular momenta M and N.

Now, L = M + A x p and N are the body angular momentum and body circulation,
respectively, so that J; = RL and J, = SN (see (10) and (11)). By virtue of the reduction
we have:

Proposition 2 The functions C = C(|N|, |L|), are Casimir functions of the system. In par-
ticular, |N| and |L| are conserved.

These conserved quantities can be introduced as new coordinates leading to further reduction
in the number of equations. One particular nice way of doing this is obtained by setting

VL% — L3cosf JN? — Nicosg
L=1 /12— 13sino [ N=] /N2 - NZsing

L3 N3

where L = |L| and N = |N] are the conserved quantities. The new equations in these coor-
dinates are still Hamiltonian. Indeed, the new Hamiltonian function is just (32) written in
these coordinates:

1 . . 1 1
5<A,A>+§<u,u>+§<L—xxu,ﬂ"(L—xxu»

1
+§(N, I“N) 4+ (N, I (L — A x p)) + u(r, A).
u=@,L3 A pn,¢,N3,A B),

hp,y) =

depending on the constants L and N as parameters, while the Poisson structure descends to
a canonical symplectic form:

w=d0 ANdLz+dA A p+dp A N3+ dA A dB.

In other words, the new Hamiltonian equations take the following form:

0 = d,hL N,
Ly = —dhr v,
A =dphLw,
= —0y\hL N,
¢ = dnshr N,
N3 = —dphr N,
A = dghp N,
B= —oAhL N

The equations L = |L| and N = |N] therefore define the symplectic leaves (Marsden and
Ratiu 1994) of the reduced Poisson structure. Their topologies are SI% x RO x SIZV x R®. Here
Sf denotes SC2 ={z e R3||z| = c}.
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4 Relative equilibria

By the reduction, the relative equilibria of the system are solutions of the following system:

0=Mx 2+ x 0hu, (35a)
0=AxR2+pu, (35b)
0=p xR —0d)u, (35¢)
0=NxA4A, (35d)
0=A, (35e)

0 = 0ah, (35%)

For further simplifications it is advantageous to eliminate g from (35b) so that (35¢) and the
total angular momentum read:

0=A27 - 22\, 2)—du. (36)
and
L=M+ 27—, 2), 37
respectively. At relative equilibria (12) and (13) give:
L = Ji(x0. ¥p. Ao, Pg), N =1J,(A¢, P).
Lemma 1 may therefore be restated as:
Corollary 1 At relative equilibria:

Lx2=0, NxA=0.

Proof Here we show that this result can also be deduced directly from the reduced equations.
Indeed, the latter condition coincides with Eq. (35d). For the former condition, take the right
outer product of L expressed by (37) with £2, so that

Mx 2 —Ax 22, 2)=0.

The first item of this equation, using Eq. (35a), is equal to —A x 9y u. In turn 9y u can be
eliminated from (35c). After these substitutions, the first item is equal to the negative of the
second one, and hence L x £ = 0. The corollary is therefore completed.

We will now add the final hypothesis of the paper:
H3 The reduced potential u satisfy dy u # 0.

Cf. (36) this condition is equivalent to A |/ §2. The hypothesis therefore excludes relative
equilibria where the relative position vector x is fixed in inertial space. For the gravitational
problem, this means that the rigid sphere is external to the pseudo-rigid body.

As for the rigid body case the relative equilibria can be divided into two types: locally
central and non-locally central (see also Scheeres 2006). We also define planar equilibria in
the following definition:

Definition 2 1. A relative equilibrium is said to be locally central if the mutual attraction
and relative position vectors are parallel, i.e. A x dyu = 0.

2. A relative equilibrium is said to be planar if the total angular momentum vector L is
perpendicular to the relative position vector A, i.e. (L, A) = 0.

@ Springer



184 K. U. Kristiansen et al.

However, the following theorem implies that the two notions of locally central and planar
equilibria actually coincide:

Theorem 2 Assume that the pseudo-rigid body satisfies the hypotheses H1, H2 and H3. Then
a relative equilibrium of the system is planar if and only if it is locally central:

(L,A)=0 & Axdu=0.

Proof First notice that by using (37) that (L, A) = 0 is equivalent to (M, 1) = 0. Let
A x 0y u = 0. Then from Eq. (35a) it follows that M x §2 = 0. Taking the left outer product
of the last equation with A, we obtain:

Q(M, 1) = M(A, 2). (38)

Then, taking the left outer product of Eq. (35¢) with A, and applying the assumption A x 9y u =
0, we obtain A x 2(\, £2) = 0. Thus, there are two feasible cases. If A x £ = 0 then from
Eq. (35b) it follows that g vanishes and from Eq. (35c) it then follows that the gradient 0y u
vanishes. This contradicts hypothesis H3. Thus, (A, £2) vanishes, and then, since £ does not
vanish, from Eq. (38) it follows that (M, A) vanishes. Thus, the sufficient condition has been
proved.

Let (L, A) = 0. By Corollary 1 it follows that (2, A) = 0. Therefore, by eliminating M
in (37) and inserting this into (35a), we have:

Axou=0.

Thus, the necessary condition has been proved.

We note that the two-body problem of a ellipsoidal rigid body and a sphere is a natural
subsystem:

M:Mxﬂ—i—kxa)‘u,
A=Ax 2+ n,
=[x 2 —0u,
with A fixed, and hence the theorem also holds true for this case. In particular, the proof did
not make use of any properties of the potential other than it being symmetric.
Riemann’s theorem, in the particular form of our interest, describes geometrical properties

of the angular velocity and the circulation of a pseudo-rigid body, without the gravitional
interaction with another body, in a relative equilibrium:

Theorem 3 (Roberts and Sousa Dias 1999) Consider a spherically symmetric pseudo-rigid
body in a relative equilibrium:

0(t) = exp(@1)Ag exp(—21),

with ;10 = diag (dy, da, d3) a constant diagonal matrix. If ® and X are both non-zero and the
equilibrium is ellipsoidal, i.e. d| > dy > d3, then ® and X must satisfy one of the following
conditions:

(i) O and X lie in the same principal plane of the ellipsoid;
(i) if one of the vectors is aligned with a principal axis, then the other vector is aligned
along the same axis.

@ Springer



A pseudo-rigid body and a rigid sphere 185

In the following, we show that Riemann’s theorem extends to the relative equilibria of the
two-body systems of this paper whenever A is aligned with one of the principal axes of the
ellipsoid. First, however, we note that from Corollary 1 it follows that L. and 2, N and A are
parallel pairwise. Here 2 = 0 would imply that w = 0 and 9y u = 0, and would therefore
contradict H3. If A # 0 we therefore introduce k; and k4 sothat L = k2 and N = k4 A.

Theorem 4 Assume that the two-body system is in a relative equilibrium satisfying the
hypotheses HI and H2 and where A is aligned with the I 'th principal axis of the pseudo-rigid
body. Denote by the integers m and n the two remaining principal axes so that (I, m, n) is a
cyclic permutation of (1, 2, 3). Then:

1° A # 0 and either of the following conditions hold true:
(@)
kp=d?+d> 43 (dF —d2) (dF — d2) A7%

(b) or Riemann’s theorem hold true:
(i) the angular velocity of the pseudo-rigid body vector 2 and the internal
rotation velocity vector A lie in the same principal plane of the body;
(ii) if one of the vectors is aligned with a principal axis, then the other vector is
aligned along the same axis.

2° A =0and 2 is in a principal plane of the body.
Proof For 1° assume that A £ 0. Then from (37), (24) and (25) it follows that

(I[d — (ke —_|x|2)1—uT —I ) (Sj) _o. (39)

I. Iy —kal

Since A is assumed to be aligned with one principal axis, it follows that AAT =
diag (A% A%, A%) with only one diagonal element non-zero. Therefore there exists a non-
zero solution for (£2;, A;) if and only if the determinant of the linear system

()i — ko + M = 37) 2 — @)y 4i = 0,
(a)ii —ka) Ai — 10);; 2 =0
vanishes. We compute:
(ke = IM? +27) ka — W2y (ke +ka = A +47) + @) — @75 =0.  (40)
From the definitions of I; (28) and I (29) we then obtain the following lemma:

Lemma 2 If (£2;, A;) and (.Q.,-, A_,-) are non-zero solutions of (39) with i # j, then either
Ai = Aj =0andd; = d; or the following two equations hold true

ke +ka = d? +d? —2d} + A
422 (df +di - kA) (d}—d})_l + 212 (2 + d} —ky) (d_lz._df)_l @
koks = did; + (di2 + df) d? —3d} + kA
22 (d? + d}) (d} +d?— kA) (dl? —_ d?)fl
+33 (a2 + d) (d? +d} — ka) (d} - d,.Z) ,

where (i, j, k) is a cyclic permutation of (1, 2, 3).
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Proof We solve (40) for kg + ks and kok fori =i andi = j.

If Riemann’s theorem hold true then one of the pairs (§2;, A;) vanishes. Now assume oth-
erwise. Let us assume that A; # 0 and A, = 0 = A, with (I, m, n) a cyclic permutation of
(1, 2, 3). Since the pseudo-rigid body is assumed to be ellipsoidal, it follows from Lemma 2,
and in particular (41), that:

—1
dF +d2 =243 + 33 + 3 (3 + 4 — ka ) (dF — d2)

=} df = 2dp, 407 + 27 (d] +d} —ka) (@ — )
=d> +d> —2d7 + 2}
After some straightforward manipulations this can be shown to be equivalent to
kp=d>+d2+3(df —d2) (df —d2) A%
In the following we will show the last part of Riemann’s theorem. Since I, is invertible it
follows from (39) that
@ =171 1y — kaD) A. (42)

Assume then that A; = A; = 0, # j. Then by (42) it follows that either £2; = £2; =0

or d; = dy. The latter contradicts H2 and the body being ellipsoidal. We can repeat the same

arguments for £2; = §2; = 0. The last part of Riemann’s theorem has therefore been shown.
For 2° let A = 0. Then the first rows of (39) give

(}Id — (kg — IA?)T— nT) 2=0. 43)

For contradiction assume that all components of §2 are non-zero. This implies that the entries
of the diagonal matrix appearing in (43) all vanish. Therefore

1 1
d} = Ske -7, di,dP = Ske-

But d,, # d, according to H2. The proof is completed.

The proof of the theorem did only rely on the hypotheses H1 and H2, Corollary 1 and the
properties of the conserved quantities and the angular velocities £2 and A. Therefore the
result applies to general two-body problems of the given form, for example in molecular
dynamics. By making further use of H3 we can show the following:

Proposition 3 Assume the hypotheses of Theorem 4 and suppose furthermore that H3 holds.
Then the second property of Riemann’s theorem, see 1° (b) (ii) in Theorem 4, can only hold
true in a locally central equilibrium.

Remark 3 This proposition can be interpreted as follows: The “S-type relative equilibria”
(Chandrasekhar 1987; Roberts and Sousa Dias 1999), where the angular velocities are both
directed along the same principal axis, are “in general” planar for the gravitational two-body
problem. The exception being given by 1° (a):

N 2 2 2 2\ (12 2\ 4 -2

—=d +d, +3(df —d;) (df —d;) A,

(I, m, n) being a cyclic permutation of (1, 2, 3).
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Proof Assume otherwise so that £2; = 0 = £2;, i # j and therefore A; = 0 = A;. Then
from (39) we have:

Ai(h, £2) =0=2;(x, £2),

so that (A, ) = 0 or A; = 0 = A;. The former implies through (36) that the equilibrium is
planar. By assumption the latter must therefore hold true. But then A || £ and through (35b)
and (35c¢) it follows that u = 0 and 9; u = 0, respectively. This contradicts H3 and that the
system is in relative equilibrium. This completes the proof.

4.1 The gravitational two-body problem

We now state the only result which relies on the particular form of the potential for the grav-
itational two-body problem. In this case we will show that the exceptions to the validity of
Riemann’s theorem in Theorem 4 cannot hold true in a locally central relative equilibrium.
This follows from Theorem 2 and the following lemma:

Lemma 3 In a locally central equilibrium of the gravitational two-body problem, the rigid
sphere is located along a principal axis of the body.

Proof This follows directly from the fact that the pseudo-rigid body is ellipsoidal. See also
Scheeres (2006).

Indeed, we have the following:

Theorem 5 Consider the gravitational two-body problem and assume that the system sat-
isfies the hypotheses Hl, H2 and H3 and is in a locally central equilibrium, then Riemann’s
theorem hold true:

(i) the angular velocity of the pseudo-rigid body vector 82 and the internal rotation veloc-
ity vector A lie in the same principal plane of the body;

(ii) if one of the vectors is aligned with a principal axis, then the other vector is aligned
along the same axis.

Proof By the assumptions of the theorem and Lemma 3 it follows that: (a) A is aligned with
a principal axis, say i, and (b) (2, A) = 0 so that £ is contained in a principal plane with
2; = 0. Therefore by (42) it follows that either k4 is such that (I (Is — kaD)),, = 0 or
A; = 0. If the latter holds then we are done. Assume therefore the former. By inserting (42)
into (39) we obtain the following equation:

0= ((]Id — (ke + M) T - uT) 171 (Ig — kal) — L-) A.

From this equation it follows that if (]IC_1 Iy — k AI))”. = 0 then A; = 0. The first part of

Riemann’s theorem has been completed. The last part is proved by repeating the arguments
in Theorem 4.

It is now natural to ask what happens when the equilibrium is non-planar. We do not expect
a generalisation of Riemann’s theorem beyond Theorem 4 since in a general non-planar
equilibrium the term AA7 is not diagonal. In the following we shall instead investigate the
non-planar equilibria with the particular aim of diminishing the necessary equations while
gaining further insight into the underlying geometry. Although, we pretty much follow the
method proposed by Scheeres in Bellerose and Scheeres (2008), we find our approach clearer
and simpler as unlike Bellerose and Scheeres (2008) we present explicit formulas for obtain-
ing all the variables describing the relative equilibrium once A is found.

@ Springer



188 K. U. Kristiansen et al.

4.2 Non-locally central relative equilibrium

Let A x 0y u # 0 and assume first that A # 0. Then if we take the inner product of Eq. (35a)
with 2, we obtain that the vectors £2, A and 9y u all lie in the same plane. Furthermore, by
taking the inner product of Eq. (35¢) with 2, we obtain that (82, 95 u) = 0. Hence, the vectors
£2 and 0y u are perpendicular. The vectors ) u, 0y u x A and 9 u X (Bxu X X) therefore form
an orthogonal basis in R3. Let us denote this basis by .- In this basis the vector £ has only
one non-zero component as it is parallel to dy u x (8xu X X). This allows us to write £2 in
the following way:

dpu x (dyu x A)
|apu x (9u x A)|

2 =+ |2| (44)
Note that since the system is symmetric with respect to the reflection (£2,A,un) +—
—(82, A, p) the choice of a sign in (44) is not important. The magnitude of £2 can be found
by taking the inner product of Eq. (36) with 9y u:

|apul®

121> = ,
(A, By u)

(45)

where (A, dy u) does not vanish as otherwise d) u would vanish. Moreover, it is strictly
positive. Finally, after some simplifications, the vector §2 can be rewritten in terms of A and
the potential in the following way:

dpu x (dyu x A)
O o) (gl — (1, ou)?)

2=+ (46)

From (42) we have
(Ig —kaDA = 1.2, @7)

where k 4 is a parameter. The matrix (I; — k4I) is diagonal and may only have one zero non-
diagonal component, as otherwise it would imply that the pseudo-rigid body was spheroidal.
We therefore consider two different scenarios. In the first scenario the matrix is invertible so
that:

A=y —k D7 'IL.92. (48)

Next, let the matrix have a zero component so that £2; = 0. From this k 4 can be determined
along with the other components of A by inverting corresponding diagonal elements of the
matrix. We then leave the remaining component A;, rather than k 4 as above, as a parameter.
We have:

2d;dy 2d;d;

A; = Ajo, Aj:mgj, Ay = ——= 5, (49)
t J

P —d?
where (i, j, k) are in a cyclic permutation.

After the introduced eliminations of u, 2 and A Egs. (35a) and (35f) form a closed sub-
system, which should be solved for the position A and A. These equations are vectorial. It
means that there are six scalar equations. However, the amount of equations determining the
relative equilibrium position can be diminished. Each of the equations can be treated as a
vector which should vanish. Any vector can be resolved in an unique way along an orthog-
onal basis, and the condition that a vector vanishes is equivalent to the condition that all its
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component in an orthogonal basis vanish. We shall use the basis F_ for this purpose. In this
basis Eq. (35a) has a zero component along the vector dj u x (dy u x A). This allows us to
reduce the Eq. (352a) to two scalar equations, and together with Egs. (35f) they give us the
minimum number of equations for finding the relative equilibria position:

(M*, 03 1) + (A, dyu) (M [pul® — (X, 9))?) =0, (50a)
(M, A x dyu) =0 (50b)
aah =0. (50c)
Here
M* = £ [l — Le(ly — kaD 7 'L] 8y u x (dpu x 1), (51

is a re-normalised angular momentum of the pseudo-rigid body valid only when (I, — k4I)
is invertible. Otherwise we replace this vector by:

M* = +l0)u x (dpu x ) — LA,

where A is given by (49).

We now consider the case when A vanishes. Then M = [;£ and condition (35d) is iden-
tically satisfied. We therefore have the same three equations as above but with a different
M*. In this case it is given by M* = £I39) u x (93 u x A). Let us collect the results:

Proposition 4 Consider a non-locally central relative equilibrium satisfying the hypothesis
HI, H2 and H3. Then either

1. A # 0: X andA are given by (50a), (50b) and (50c). Once this system has been solved, 2
is given by (46). If the matrix (I — %I) is invertible then A is given by (48). Otherwise
it is given by (49);

2. A =0: X and A are given by (50a), (50b) and (50c) with M* = £I;3)u x (dyu x X).
Once this system has been solved, 2 is given by (46).

Compared to the equations found by Scheeres (2006), we have obtained five equations as
opposed to two equations due to the extra degrees of freedom in our system. If the pseudo-rigid
body is incompressible, the five equations reduce to four equations through the constraint
didyd; = 1. The angular momentum vector also has a more complicated form. Again the
rigid body case can be considered as a subsystem considering A = 0 and dy, d» and d3 as
constants.

5 Conclusion

In this article the gravitational two-body problem of a pseudo-rigid body and a rigid sphere
was considered. For the case of a spherical symmetric pseudo-rigid body we reduced the
system by its symmetries through an extension of the reduction procedure of the two-body
problem of arigid body and a sphere. This way the corresponding rigid body problem became
a natural subsystem. We then showed that the pseudo-rigid body problem possesses similar
properties and structure to the corresponding rigid body problem. In particular, we showed
that the notions of locally central and planar relative equilibria coincided. We also showed
that Riemann’s theorem of pseudo rigid bodies had a natural extension for planar relative
equilibria.
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