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1. Introduction

We generalize the n-dimensional Chaplygin ball problem [8,13,10,9,16,14] to non-holonomic systems associated to semi-
simple Lie groups, and show how the Chaplygin ball system arises as a special case. That is, we consider a real semi-simple
Lie group G and a Cartan decomposition G = K x p in the common notation of [17]. On the Lie algebra level we have
g =t @ p together with the usual bracket relations. In p we fix a maximal abelian subspace a and an element wq € a. In
Section 3 we define a non-holonomic system that is naturally associated to these data: the configuration space is

Q:=KxV

where V is orthogonal to Z,(wo) = {x € p: [wo, X] =0} within p, the constraint distribution is

D:={(s,u,x,[wo,Ad(S)u]) e K x ¢t x V x V} CTQ,

and the Lagrangian is the obvious left invariant kinetic energy function on TQ. Then we use the restricted roots of the pair
(g, @) to give a detailed description of this model. We will see that the n-dimensional Chaplygin ball corresponds to taking
G =50(n, 1).

We extend some of the results of [13,16,14] to this setting. In particular this yields a geometrization of these results
since we follow the philosophy of [10] in working with a global trivialization of the compressed phase space and using
(almost) symplectic techniques.
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More precisely, by making use of the restricted root space decomposition associated to (g,a) we directly show the
existence of a preserved measure for these types of systems at the compressed level - Proposition 3.4.

Then we pass to the ultimate reduced phase space by means of truncation and reduction of internal symmetries. This
involves changing the non-holonomic two-form in a certain way that is better adapted to the symmetries - Section 3.6.
The passage from the original non-holonomic system to this reduced phase space via compression followed by reduction of
internal symmetries is reminiscent of the Hamiltonian reduction in stages theory which also lends the terminology ‘ultimate
reduced space’.

Moreover, in Theorem 3.6 we derive a necessary and sufficient condition for Hamiltonization of the ultimate reduced
system when the angular momentum with respect to the internal symmetries is fixed to 0. This condition is of algebraic
nature and in some simple cases it allows to decide (non-) Hamiltonizability by looking at the root system of (g, a). This re-
sult is a statement which only holds at the ultimate reduced level and thus depends crucially on the reduction by truncation
described in Section 3.6.

Section 4 contains some examples. We return to the n-dimensional Chaplygin ball system corresponding to G =SO(n, 1)
and apply Theorem 3.6 to verify the recent result of Jovanovic [16] on Hamiltonizability of this system at the ultimate
reduced level when the angular momentum is fixed to 0 and the inertia tensor is of special form. Then we give two
examples related to SL(n, R) and Sp(n, R).

Finally, we show how the rubber rolling sphere-on-sphere system arises in this setting. This is not so straightforward as
for the ball on a table: We start with the split real form of the complex semi-simple Lie group G, and consider, according
to the recipe of Section 3, its Cartan decomposition. The resulting system is shown to be never Hamiltonizable, not even
for homogeneous inertia tensor I = 1. However, from Koiller and Ehlers [19] we know that the rubber rolling system is
Hamiltonizable. Thus we are motivated to find a subsystem which is an obvious candidate for allowing Hamiltonizability.
This subsystem is then recognized as the rubber ball arrangement for the case in which the ratio of the radii of the balls is
1: 3. However, we are not claiming that we provide any new insights into the dynamics of this system; we only find a new
way to see this as being part of a non-holonomic system that is naturally defined on some bigger phase space.

In Section 2 we recall the notion of Hamiltonization of a non-holonomic system. Then we reformulate the Chaplygin
multiplier theorem in terms of a characterization of conformally closed almost symplectic forms which is due to Libermann
[20,21]. This characterization extends to higher dimensions whence we also formulate a higher-dimensional analogon of the
multiplier theorem. In Section 3.7 this is used as a preparation for Theorem 3.6.

2. Remarks on Hamiltonization

Non-holonomic systems can be seen as a generalization of Hamiltonian mechanics. A natural question that arises is:
when is a non-holonomic system Hamiltonian or Hamiltonizable?

As a toy example to illustrate some key ideas and also to set up notation we consider the vertical rolling disk. For more
information on this, and also on more complicated examples, see Bloch [4]. The configuration space is

Q=5"xS!'xR?
with coordinates q = (6, ¢, x, y). Here (x, y) denotes the contact point of the disk on the table, 6 its internal orientation,
and ¢ its orientation with respect to a fixed axis on the table. The Lagrangian is the kinetic energy
1_. 1 1
L= -16%+ ~J¢?* + —m(® + 32
2 + 2 o 2 ( ty )

where m is the mass of the disk and I and J are the different moments of inertia of the disk. The motion is to satisfy a no
slip constraint which means that

X=ROcosg and y=ROsing

where R is the radius of the disk. To rewrite these constraints in a more geometric manner consider the R2-valued one-form
Ae 21(5,R?) on §:=S! x S! given by

[ —Rcosqpdd
Av.p = ( —Rsingdf ) ’
Let 7:Q =S x RZ — S denote the Cartesian projection. The constraint space is thus defined by the smooth distribution

D={(0.0.¢.—Ar@@.9)} CTQ.

Now it is important to notice that L and D are invariant under the free and proper action of the abelian Lie group R?
on TQ. This action defines a (trivial) principal fiber bundle R? < Q — S. Moreover, D is complementary to the ver-
tical space kerTw of this bundle. In other words D defines a principal connection with connection form .4 and the
non-holonomic system (Q,L,D) is a G-Chaplygin system with G = RZ. This system is truly non-holonomic since D is
non-integrable since the curvature Curvé4 =dA is non-zero.
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G-Chaplygin systems are very well behaved in the sense that they allow for a natural reduction of symmetries. For this
our main reference is [10] where this reduction is termed compression. See also [3] for a more general reduction and [14]
for an account of these facts in the present notation. The compressed system turns out to be an almost Hamiltonian system
on T*S with compressed Hamiltonian H.. Of course, H,. is obtained by taking the Legendre transform of L, restricting to
the appropriate constraint subspace and factoring out the symmetries. The dynamics Xpn = (£2nn) ' dH. of the compressed
system are encoded in the almost symplectic form

2nh := 25 — (] o horlift4, Curvg') = 25 + (A, dA)

where £25 is the canonical symplectic form on T*S = TS (identified via induced Legendre transform), horLift: TS — TQ
is the horizontal lift, J:TQ = T*Q — R2?* = R? (Legendre transform) is the standard momentum map associated to the
R2-action, and Curv64 is the induced curvature form on S pulled-back to TS. Note that (A, d.A) is a semi-basic two-form
on TS which depends linearly on the fibers; the A in the left hand side of the pairing is viewed as a function on TS. In
general, the term (J o horLift*, Curv()‘l) is non-closed thus preventing the system form being Hamiltonian. However, in this
special example we have

2/ 6@cosg —singpdp AdO\\
(A A .p.6.9) =R <<ésin¢ ) ’ ( cospdp A do >> =0
Thus the compressed system (TS, £25,7Hc) is Hamiltonian even though we started from a truly non-holonomic system
(Q, L, D). Of course, this fact is neither new nor surprising: the constraint forces for this system are trivial.
More generally it may turn out that §2,, is conformally symplectic with respect to a positive function F:S — R, that
is, d(F$2,) = 0. If this is the case we consider the rescaled vectorfield F~!X,;, which is now Hamiltonian with respect to
F £2nh, and we say that the system (T*S, 24, Hc) is Hamiltonizable or that (Q, L, D) is Hamiltonizable at the compressed level.

The idea is that one reparametrizes the time dt = F~!dt in an F-dependent manner so that the system is Hamiltonian in
the new time 7.

2.1. Chaplygin’s multiplier theorem via Libermann’s criterion

Let (M, o) be an almost symplectic manifold of dimension 2m, that is, o is non-degenerate. Then we will make use of
the codifferential operator

§:2KM) — 2 1(m)

which is built out of o in the same way that the Hodge codifferential is built out of a metric. This operator is explained in
the first chapter of the book of Libermann and Marle [21] and we use the same conventions.

Theorem 2.1 (Chaplygin). Let B be a 2-dimensional Riemannian manifold. Consider the natural kinetic energy Hamiltonian H : T*B —
R associated to the metric. Let (T*B, o, H) be an almost Hamiltonian system such that:

(1) o = §2 + A where A is semi-basic with respect to T*B — B and linear in the fiber. That is, locally, A =1(q, p)dq' A dq? with |
linear in p. Further, 2 = 28 + & with & magnetic, that is, closed and basic.
(2) There is a function F : B — R such that Lx (Fo?) = 0 where X is the vector field associated to H via .
Then
80 =—d(logF) and d(Fo)=0.

Proof. The following formula can be found in [21]:

do =60 Ao

which holds since dim B = 2, and thus

d(fo) = (60 +d(log ) A fo (2.1)
for an arbitrary smooth function f:T*B — R. Therefore,
0=Lx(Fo?)=2d(FdH A o) =2(dF + FSo) AndH Ao

Using the special structure of A we can show that §o is basic. (See Lemma 2.4.) Therefore, since H is natural it follows
that dF + FSo =0. Thus d(Fo) =0 by (2.1). O
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In particular, this proves Hamiltonization of the 3-dimensional Chaplygin ball at the ultimate reduced level - the T*S2-
level which can be attained after truncation. It is remarkable that this theorem as well as its crucial assumption - the
preserved measure - had already been found by Chaplygin. Nevertheless, he could not apply these facts to conclude Hamil-
tonizability of the problem. This is probably due to the fact that it is not entirely straightforward to reduce all the relevant
structure in a coherent manner to the T*S2-level. See [14]. Indeed, it was Borisov and Mamaev [6,7] who invented a proof
of Hamiltonizability of this system.

2.2. A multiplier theorem for higher dimensions

Let (M,o0) be a 2m-dimensional almost symplectic manifold with codifferential . According to [20], [21, Proposi-
tion 1.16.5] there is a certain (effective) three-form v such that

do =y +

SoNnO. (2.2)
m—1
Moreover, o is locally conformal symplectic if and only if ¢ = 0.
Thus for an almost Hamiltonian system (T*B = M, o, ) with dynamics given by X = o ~!d there are two obvious
necessary conditions for a function to be a conformal factor.

Lemma 2.2. If a function F : B — R~ is a conformal factor, that is d(Fo) = 0, then vy = 0 and there is a preserved measure with
density F™=1, thatis Lx(F™1¢™) =0.

The following statement attempts to reverse the situation: When v vanishes we know that the structure is locally
conformally symplectic; when there is additionally a preserved measure then we can turn this local statement to a global
one.

In fact, we will consider a slightly more general situation by allowing the almost Hamiltonian system to have additional
internal degrees of freedom: Let H < S — B be a principal fiber bundle which is at the same time a Riemannian submer-
sion. That is, (S, us) and (B, up) are Riemannian manifolds, us is H-invariant and the bundle projection map induces an
isometry Hor(us) = Ver™ — TB. Let us denote the connection form corresponding to Hor(us) by A:TS — b. This is the
mechanical connection on (S, ius) (and should not be confused with the A appearing in Section 3). We suppose that T*S
is equipped with an almost symplectic form Q=025+ 4 where A is H-basic with respect to T*S — (T*S)/H, semi-basic
with respect to T*S — S and linear in the fibers of T*S. Thus §2 admits a momentum map Jy:T*S — h* which is the
standard one, since A vanishes upon insertion of infinitesimal generators of the H-action.

Further, assume that there is a right Hamiltonian H-space (F, £2F) with equivariant momentum map Jr:F — b*.

Then we consider the diagonal action of H on T*S x F where the H-action on the second factor is inverted to give a
left action. This action admits a momentum map which is given by J := Jy — Jr. Notice that (s, u, f) € J~'(0) if and only
if u=ug+ A¥(Jr(f)) with ug € Hory. Thus we may pass to the reduced space

JTUO/H=T*B x5 (S xy F) =W

where the isomorphism is defined in terms of the connection A. In particular, the reduced space WV is a (symplectic) fiber
bundle over T*B with fiber F. By construction the form 2 + 2F is basic when restricted to J~1(0) and passes to an almost
symplectic form on T*B xp (S xy F) which we shall denote by o4 to emphasize the A-dependence. This is the Weinstein
construction rewritten for a semi-basic perturbation of the standard symplectic form on T*S. By the usual computation one
sees that

o =28 —(JF, Curv?) + Ao + 2F (2.3)

where 28 is the canonical symplectic form on T*B, the second term is magnetic and Ag is the non-closed semi-basic term
induced from A.
The situation which we have in mind is that of [14, Corollary 4.2].

Theorem 2.3. Consider the natural kinetic energy Hamiltonian H : T*S — R associated to the metric s and let H: YV — R also
denote the induced function. Let m = % dimW, n=dimB and k = % dim F, whence m = n + k. Assume that:

(1) There is a function F : B — R. ¢ such that Ly(Fm-1 027) = 0 where X is the vector field associated to H via o 4.
(2) ¥ =0, or, equivalently doy = ﬁém\ A O4.

Then

(m—1)dlogF =—8§04 and d(Foa)=0,

that is, the almost Hamiltonian system (W, o4, H) with dynamics given by X = oA_l d'H can be transformed to a Hamiltonian system
(W, Foa, H) with rescaled dynamics F~1X.
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Proof. According to (2.2) we have

1
d(foa) = (aaA +(m—1)dlog f) A foa (2.4)

for all smooth functions f: W — R.,.
We use local Darboux coordinates g%, p, on T*B. Because of Lemma 2.4 the one-form 8o, is basic. Thus we have

(m—1)dlogF + 804 =) ¢a(q)dq’
in the local coordinates. Since o' = (£25)" A (2F)k,
0=dix(F" 'o}') = md(F"~ ]dH/\am 1
=m((m—1)F'“ 2dF AdH A O] = F" VN dH A Sop Aoa Aof )

mF™1((m —1)dlogF +80A) ANAH A OT!
n
=mF" 'Y " gadg" A 8_dpb A (quc /\dpc)

mle n F\k
(m—l)’Z¢a dq Adpy Ao Adgt Adpr A (27).

Since ¢, depends only on q and H is regular it follows that ¢, = 0. Because ¥ =0 in (2.4) this finishes the proof. O

-1

Lemma 2.4. Under the assumptions of Theorem 2.3, 8o 4 is basic with respect to the projection YW — T*B — B.

Proof. We use local Darboux coordinates q%, p, on T*B and coordinates fi on F. According to (2.3) we may write o4 terms
of

P=3 dq" Adpa,  (Jr.Curvt)=} " Eapdg’ Adg,
Ao=) Awdq* ndg’,  RF=)"@fdf rdfl. (2.5)
Let us write o4 as

8oa=Y (Ca(@.p. f)dg" +C*(@q. p. f)dpa + Di(q. p. f)df’).
We need to show that C?* =0, D; =0 and C, = C4(q). Using the relation

dUAZdA()= _18O'A/\O'A,
expanding it in terms of (2.5), and inserting a pair %, m of vertical vectors on both sides we see that C* =0 for all a.
Similarly one sees that D; = 0. Now we insert vectors 337 agav p; On both sides, and see that C,(q, p) = dvaa(m) =

Ca(q). (It is here that we use that A is linear in the fiber.) O

3. Chaplygin systems associated to semi-simple Lie groups

We associate a Chaplygin type system to a Cartan decomposition (and choice of a restricted root system) of an arbi-
trary (real) semi-simple Lie group. In Section 3.3 it is shown that this construction generalizes the classical n-dimensional
Chaplygin ball system. For background on semi-simple Lie groups we refer to Knapp [17].

The systems considered in this paper belong to the class of non-holonomic systems defined on semi-direct products
[23] and coupled LR-systems [15]. The compression of a coupled LR-system is an L 4+ R-system [15], so the compressed
vectorfield X, defines an L 4+ R-flow on TK. See [11,12].

3.1. Configuration space and constraints
Let G be a semi-simple Lie group with Lie algebra g and Killing form B. Consider a Cartan decomposition g=¢ & p
associated to the Cartan involution 6, and let G = K x p, g = kexpx < (k,x) be the corresponding decomposition of the

group. Thus:

[t €] CE, [¢,p] Cp, [p,pl Ct.
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Fix a maximal abelian subspace a C p, and put m = Zg(a) and M = Zg (a). Fix also an element wq € a.! Define Zg(wg) = H
to be the stabilizer of this vector, and note that

ad(wo)lp*: bt :=pB- ne— ad(wo)(h) =V cp (3.6)
is an isomorphism onto its image V. If wy is regular then H=M and V =a*-Np.
The configuration space is now defined to be
Q:=KxV.

The Lagrangian is the natural kinetic energy Lagrangian L which is associated to the positive definite inner product By =
—B(.,0.) = —B|t + B|V taking into account the inertia tensor which is a symmetric positive definite endomorphism I of
(¢, —B|®). Thus

1 1
L= i(ﬂu, u) + E(x/,x’>

where (.,.) = By. This Lagrangian is left-invariant (i.e., invariant with respect to left multiplication of K on the first factor
of Q) since we identify TK = K x ¢ via the left multiplication, u =s~1s’.
The distribution is

D={(s.u,x,—As;w))} CTK x TV
where
A:(s,u) — —[Ad(s)u, wo] = —pry ([Ad(s)u, wo]), TK—V (3.7)

and wg has been fixed to define the isomorphism (3.6). It is customary to define also A" € 21(Q, V) by A"P(s,u, x,x) =
X + As(u). Then D = (A")~1(0) and one says that A is the local connection form associated to the global (or upstairs)
connection form A"’ on Q - Q/V.

(Q,D, L) is a V-Chaplygin system with abelian Lie group V. This precisely means that (Q, D, L) is a non-holonomic sys-
tem which is invariant under the free and proper action of the abelian Lie group V and that the distribution D determines
a principal bundle connection on Q — Q /V. The following are essential observations.

(1) A:TK — V is the connection form associated to D on the principal fiber bundle V < Q — K.
(2) A is right invariant.

The group H = {h € K: Ad(h)wg = wq} acts through two different actions on Q:
(3) The I-action: I, (s, x) = (hs, x). This action generates internal symmetries: A;{, =0forallYeh (;{, (s) =Ad(s71).Y).
(4) The d-action: dj (s, x) = (hs, hx). This action generates external symmetries. A(hs, u) =h.A(s, u) for all h € H. Thus D is
invariant under the d-action.

This should be compared to the set-up in [14].
3.2. Non-holonomic reduction: The compressed system

Compression refers to the passage from the non-holonomic system (Q,D, L) with (external) symmetry group V to
an almost Hamiltonian system (T*(Q/V), £2nn, Hc). The metric i on Q is invariant under the V-action. By requiring
Q —» Q/V to be a Riemannian submersion there is a well-defined induced metric @ on Q/V = K. We will henceforth
use o to identify T*K = TK. According to general results on compression in the presence of internal symmetries (e.g.,

[10,14,3,18]):
The compressed Hamiltonian is

1 1
He(s,w) = 5 (Iu,u) + S {As ), As(w)
which is H-invariant. The compressed almost symplectic form is

2nn = 25 = (Jv ohl#, Curvg), = 2K + (A, dA)y

which is also H-invariant. The dynamics are given by Xpn:

1 This corresponds to the vertical vector orthogonal to the table in the case of the n-dimensional Chaplygin ball.
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i(th)-th = dHc-
Finally, according to the non-holonomic Noether Theorem there is a conserved quantity:
Ju:TK — b*

which is the standard momentum map.

What about reduction? Can this data be reproduced on a quotient of the form ],;1(A)/H » for some value A € h*. Just
like in, e.g., [14] the problem that arises is that Jy is (for wo # 0) not a momentum map with respect to £2,,. Thus the
restriction of £2,, to a level set ],;l(k) is not horizontal with respect to the induced action of the stabilizer subgroup H;.
We will return to this problem in Section 3.6.

3.3. Example: SO(p, q) and Chaplygin’s ball
Let G =SO(p, q)o with p > g. Then the spaces under consideration are the following.

K = {diag(A, D): A€SO(p), D € SO(q)},

0 b
p={< oo >:begl(pxq,R)}
qxq

and
a= { <0P>t<l’ b ) : b has only lower antidiagonal non—zero} =RY,
b Ogxq
M = {diag(SO(p -q),0q,...,01,01, ‘..,Qq): 0;==+1, I16; = 1} —SO(p— q) x {£1)9°".
Therefore,

K/M = (SO(p)/SO(p — q) x SO(q)) /{£1}7"" = V(q, p) x SO(q)/{£1}9""

which is the ultimate reduced configuration space.

3.3.1. Specialcaseq=1,p >3
In this case there is only one positive root and assuming that wqg # 0 yields the following.

K =S0(p) x {1},
p={<0‘l’f” g):beg[(pxl,R)zR”},
a=R!' and V=gt =RP,
H=MZ=SO(p—1).

Thus,

50 RP 0 e
g=<(R§f;1 0) and w0:=<et (1)">6an
P
yield

.As(u) = —pry [Ad(s)u, WO] _ ( 0 —(Ad(S)U).ep> eV

—((Ad(s)u).ep)" 0

which can be identified with the connection form
TSO(p) — RP™' (s,u) —> —prgp—1 ((Ad(s)u).ep)

describing the p-dimensional Chaplygin system when mass and radius of the ball are both set to 1. See [13,10,14]. Moreover,
K/M=Vv(Q,p)=SsP!

whence we recover the p-dimensional Chaplygin ball. (The Lagrangian L also identifies in the expected way.)
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3.4. Describing the system

In this section we introduce notation and formulae that will be used very much in the subsequent. Let X be the set
of restricted roots associated to the pair (g,a) and ¥y C X a choice of positive roots. Then the associated root space
decomposition is

9290@@” where go =m @ a.
rex

Moreover, we choose an orthonormal system
Yo a=1,...,dimm and Z;gq, A€X;, a=1,...,dimg;
that is adapted to the decomposition ¢ = m @ m~, and an orthonormal basis
epa, A€Xi,a=1,...,dimg;

of a’- Np. We assume further the relations

ad(W)Z(A,a):k(w)e(x.a) and ad(W)e()\’a):K(W)Z()\,a) (3.8)
for all w € a. Such a basis always exists. In the following we will use the convention that «,pg,y,... take values
1,...,dimm, and pairs (%, a), (u,b), (v,c) have their first component in X, while the second component runs from 1

to the dimension of the corresponding root space. The basis vectors Yy, Z(, q) as well as their dual basis are right extended
to give a right invariant frame and coframe

£y, Loa and p%, n*@

of K. With respect to the left trivialization this frame and coframe become
Eq(s) =Ad(s7")Ya =57V and p*(s)(u) =(Ad(s™") Yo, u)=(s""Yq, u),

etc. (We will often suppress the Ad-notation and simply write s—1Y for Ad(s—1)Y.) It will be convenient to use the notation
ly=p*:TK—>R and guq= n*9:TK - R

when we view the one-forms as functions on the tangent bundle. These functions are the components of the angular
velocity of the ball with respect to the space frame. Thus the component of X,;, which is tangent to the group can be
written as

TT.Xph = Zlaéa + Zg(k,a)g(k,a) (3.9)

where 7:TK = K x ¢ — K. This is just the reformulation of u = s~!s’. Moreover, it will be convenient to define

Ta = la o o and G()\,a) =8&m,a oMo TK - R

where we view o as a bundle endomorphism TK = K x € — K x £* =( ) K x £. The Liouville one-form can now be written
as

0 =3 "Tup* + > Go.an™®.

With this notation we derive the following simple formula for the connection form A which will be central to the
subsequent. Namely,

A= ZX(WO)U(A’a)e(A,a) (3.10)
red
where
@ :={re X1 Mwo) #0} (3.11)

is the set of relevant roots. For reference we also note that
h=me @ span{Z g a)}-
A(wg)=0

This subalgebra is reminiscent of the £-part of the Langlands decomposition of a parabolic subalgebra of g. Indeed the
possible choices of @ correspond in a one-to-one fashion to the possible parabolics in g. In fact, according to Knapp [17,
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Section VIL7] every parabolic is specified by a set I C ¥ which contains X . The correspondence is now given by setting
I' = X\ (—®). Equivalently I" can be defined by requiring the identity —(I" N X_) = X \ &@. We will make use of this
observation in Section 4.4.

The induced metric

po(ur, up)ls = (Tuy, uz) + ([wo. Ads(u1)], [wo. Ads(u2)])
becomes in this notation

o= (L,)+ Y Mwo) n*® @n*o,
rED

Alternatively o can be considered as an endomorphism
o =T+ A*A=T+ > rAw0)*ga.0 0.0
of TK =K x ¢, and we will use the same symbol po to denote both instances. The compressed Hamiltonian is

1 1 5 5
He(s, u) = o (I, u) + - );)\(WO) Soa) (s )2

Furthermore,
2on =25 + (A dA) =2+ a(wo)* g dn*
reD

and a formula for dp®*® is given in (3.12).
Lemma 3.1. (A, dA)(Xph, Cy) =0 forall Y €.

Proof. This follows either form direct calculation using the above formula. Alternatively one can use that M. is H-invariant
and that Jy is a preserved quantity. Thus €2, (Xan, &y) = 0= —2K(Xun, ¢y). O

The structure constants are defined by C‘()‘La)(“’b) = (Yo, [Z(.a), Z(u,p]) etc.

Lemma3.2. et A, u,ve X, and 1 <o <dimm.

(1) Ifc?;’a;(u’w 0 then A = .

.a _
(2) Ifc(u’b)(vqc) #0then A =+u +v.
Proof. To see this one notices that the Z;, q) can be written as Zg g = —X%;, —0X%, €t for a suitably normalized or-
thogonal basis X{ of g consisting of root vectors. (Recall that & denotes the Cartan involution.) The assertions now follow
directly from the properties of the root system with respect to the action of the Lie bracket together with the fact that
Yoem=goNt O

Taking into account the change of sign in the map ¢ : ¢ — X(K), [X, Y]~ ¢x,y1 = —[¢x. ¢y] we obtain the formulas
1 1
O o of Yo o xa) (u.,b)
dp® =2 ¢y’ AT+ e aunn ™ AP,
1
na) _ *a B (A,b) (x,a) (u,b) (v,0)
dn® 0 =3 eyl At + 3 2 Cumwon™? Ano. (3.12)

3.5. The preserved measure

The n-dimensional Chaplygin ball problem has a preserved measure which was found by Fedorov and Kozlov [13]. We
consider the Chaplygin system (TK, £2,,, H¢) introduced above and show that the existence of a preserved measure con-
tinues to hold.

Let d =dim K and g:=det o where we view o as a function K — End(£). Consider the volume form

g2k

vol =vol(uo x (.,.)) = i

on TK =K x t.
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Lemma 3.3. Let f : K — R.¢. Then
d _1 a d
L (£(2)") =Ly, (f872 vol) =0 = dllog N)Xon ==} 7-(J. K) (xnh, a—q,.>
i

where (q', p;) are canonical coordinates on TK.

Proof. Ly h(fg’% vol) = d(fg’%).th v01+fg’% divye) Xph vol. Thus f is a preserved density corresponding to the volume
(22194 = 24 iff

) 1
d(log f).Xnn = — divyo Xph + Ed(IOgg)-th-

Now,

. d OH d IH. 0 1
divyo Xph = Z(Z}T]’ apic + 87171(_ quc +(J, K)(ths 37]'))) + id(IOgg)~th

where we use the general formula for the divergence and the equations of motion of the almost Hamiltonian system. O
By (3.9) we can identify d(log f)X,, with the function TK — R that corresponds to the one-form d(log f) on K. In
particular, f is unique up to multiplication by positive constants. We will use the notation
1

fi=ﬁ

and refer to this (after Proposition 3.4) as the preserved density of the system. When G =SO(n, 1) and we are dealing with
the n-dimensional Chaplygin ball then f coincides with the density found by [13]. Using the rule for the differential of the
determinant, ¢ q) det o = det(uo) Tr(,ua] {(.,a)M0), one obtains

d(log f).¢o.ay=— Y wwo)*(ig " [66.» Siuby)s Sy (313)
(p,b)

where the notation is as in Section 3.4.
Proposition 3.4 (The preserved measure). Lx, (f(£2%)4) =0.?

Proof. Of course, we will use Lemma 3.3. Choose coordinates q' with i € J U around a point in K such that (s) =&y
for all i € J where i corresponds to «, and (s) = g(l a)(s) for all i € I where i corresponds to (A, a). The con]ugate

momenta corresponding to i = (A, a) are then glven by ap,- =(0, gy K(;\,a))- The first equality in the following calculation
uses Lemma 3.1.

a a
> a—mu,lo(xnh, 8—qi)

ielu]

0
Xnh,
=2 31’@ a) < o 3q(“))
0
b
= Z 8p ,u,(wo)zg(ﬂ,b)dn(“’ )<Z(1a§a + 8w,0)¢(w,c))s —3 (A,a))

b)
=- Z M(WO) & b)Ca(x ale Z apo.

=- Z M(W0)2<§(M,b)’ ME] Z(,\,a))lanffZ) - Z M(Wo)zg(u,b)(éa, ME] Z(,\,a))Cgff;)

- Z M(WO)Z(C(u,b)a MalC(A,a)>g(u,c)CEfi’cb))(,\,a) — ZM(Wo)zg(M,b)@(\),c), Malé(x,a)>CEﬁ’cb))(x,a)
= Zﬂ(WO)Zg(u,b)([C(u.b)s ‘ol Mali(x,a)) + ZM(WO)Zg(u,c)@m,b), Mgl [Cw.0s Cuy 1)
= Z,U«(WO)Zg(A.a)([{(/\,a)s Cuumls Mo ) = —d(log f)Xan,

(n
M(WO) by, Cm 8.0

2 1 am grateful to the referees for pointing out that this also follows from the expression of the density of an invariant measure given by Fedorov [11,12].
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where we have used that cé’zﬂ) = cgffz)éw. Further, (L)%, ()¢ denote the projections onto the subspaces spanned by &,

{.,a) Tespectively. Finally note that f is a pull-back of a function on the base K and we have made use of some formulas
from Section 3.4. O

Remark. When D is mechanical, that is orthogonal to the vertical bundle via u, then we know that compression equals
symplectic reduction at 0. (This case can be realized by setting wo = 0.) Thus Xp, is the reduced Hamiltonian vector field
and as such it preserves (£2X)4. This is consistent with the above since, now, J =0 whence Bipi(], K)(Xah, aiqi) =0 and

thus divye Xnh = %d(log g)Xnn. This can be used as a roundabout way to reach the obvious conclusion f =1.
3.6. Truncation

The system (TK, 2nh, Hc) is H-invariant and has a preserved quantity which is just the standard momentum map
Jy :TK — b*. Thus it is natural to ask whether this set of data can be reduced to ];1(0)/H = ];l(a)/Ha where O is
the Ad*(H)-orbit through o € h* and Hy is the stabilizer of o in the group. The answer to this question is negative: the
momentum map equation

i@Cy)$2nn =d(Ju,Y)

with Y € b is not satisfied in general. Thus the restriction of £, to ]El(a) is not horizontal in general whence it cannot
induce a form on the reduced space. The situation here is identical with that of [14]. Thus by [14, Theorem 3.3] we also
know that there is a solution: the form (J, K) is not optimal for describing the system; it sees vertical directions that
are inessential (Lemma 3.1) whence it needs to be replaced by an entity which is horizontal. As an aside, we remark that
[14, Theorem 3.3] is only of philosophical value here: It does tell us that a horizontal perturbation A of (J, K) such that
i(Xpn) (A — (J, K)) = 0 exists but it does not provide a very practical way for finding one. The cited theorem yields a two-
form which is well defined only on a dense open subset of TK. To get a form which is globally well defined we propose
definition (3.14) below which has been found by trial and error, and it seems like this form cannot be constructed according
to the recipe of [14, Theorem 3.3]. Nevertheless we retain the name truncation since the idea of replacing (J.K) by A is
to chop off the vertical directions - and since vertical vectors and horizontal forms are canonically defined we do not need
the notion of a connection on TK to make sense of this.

Let
1 5 1 5 G
A== D wole g plat™ P ANt =2 ST uwo e 5 o 8aan ) A0
AED, 1, veP
1 A
+5 D Mwo ) o 8ean Y AntO. (3.14)

n,ved

) vy ZO With 2. ¢ @ and v e @

then p(wg)? = v(wg)? by Lemma 3.2. One makes a choice here: in principle one could add to A any T-semi-basic H-basic
two-from which vanishes upon contraction with X,,. However, in the proof of Theorem 3.6 we will see that this choice for
A seems to be preferred by the problem at hand.

The following theorem generalizes [14, Theorem 4.1] but the situation here is more tricky: In [14, Theorem 4.1] we
defined the perturbed form to be (L, Curv®) where L =) lyY, and Curv® is the curvature of w =) p*Y, € YK, ).
However, while A and —(L, Curv®) coincide in the case of the Chaplygin ball, i(Xun)(J, K) = —i(Xpn) A # i(Xpn) (L, Curv®)
in general.

Notice that the coefficients of the second summand of A are skew-symmetric: when ¢

Theorem 3.5 (Truncation). The system (TK, 2, ‘Hc) where
2=0f4+4
has the following properties.

(1) Qs nog—degenerate and H-basic.
(2) i(Xpn)$2 = dHc.
(3) iQy)2=d(Ju.,Y) forallY €h.

Proof. Non-degeneracy is clear. Observe that

1 2 by , 1 2 0 b
<§ D rworel, g plan ™ AN 5 YT wwol el o goan Y AnTO
rED, L, vED

= ([ad(wo)?s.u], s.u’z]h, s.u)
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where ()P denotes projection onto . Clearly this is H-invariant since, by definition, H commutes with ad(wg). On the
other hand,

Ep>

A, 1
MR 8 A1) (i) = s su]” ad e )
n,ved (s,u)

which is also H-independent. Thus A is H-invariant. Obviously A is also H-horizontal since the b for e @ are
horizontal by construction. To see that §2 produces the right dynamics note simply that

b A,
(A, dA) Xan, E0,0) = Y W02 Z(un)laCoty mduv + Y AW0)* 800 8b)Cy Byw.c)

2 2 (u.b)
== D HW0 guubylaCl, byw.oduy = D MW0)I €008k aw.c)
g

2 (@)
+ ) Awo) 80.a)8(.b)C (1 by(v.c)
ned

= A(th» f(v,c))

for all v € @. Finally, we can use the momentum map equation with respect to 2% and horizontality of A to obtain the
momentum map equation for £2. O

Thus one can pass to the description (TK, 2, He) of the system and do (almost) Hamiltonian reduction with respect to
the symmetry group H and the momentum map Jy. Using the mechanical connection associated to 1o the reduced space
can be realized as a symplectic fiber bundle over T*(K/H) with fiber a coadjoint orbit O C h* whence Theorem 2.3 is
applicable.

3.7. Cases of Hamiltonization for multidimensional systems

In this setting multidimensional means that the dimension of the ultimate reduced configuration space K/H is greater
than 2.

By Theorem 3.5 we regard the compressed system as being described by the almost Hamiltonian system (TK, 2, Ho)
and we recall that we identify TK = T*K via the induced metric wg. According to Proposition 3.4 this system admits a
preserved measure: anh(fQ,‘i) =0 where d =dim K and

f = (et o) 2.

(From Lemma 3.3 it is not hard to see that f factors also to a density on T*(K/H) = j,;l (0)/H.) Let L:],}l(a) — TK,
aeh* m: j;] (o) — H;l(a)/Ha where Hy is the isotropy subgroup of « in H, and

1
F := fm
with m = % dim];l(a)/Ha. Then the reduced almost symplectic form o is characterized by the equation 7w*o = 1*2. Note
that we may use the metric o to identify

Ji'@)/Ha = J5 (O)/H ZT*(K/H) xk/u (K X1 O) (3.15)

where O is the Ad*(H)-orbit through « and o is of the form ‘canonical plus magnetic plus semi-basic’ with the semi-basic
part linear in the fibers whence we are in the situation of Theorem 2.3. Up to multiplication by positive constants, the
only possible candidate for a conformal factor of o will be F which we can view as a function K/H, — R.¢. (Because
80 = —(m — 1)dlog F in this case.) However, we do not know beforehand whether ¢ =do — ﬁaa A o vanishes. This
only follows a posteriori since we prove in Theorem 3.6 that o is exact and we know from Lemma 2.2 that ¥ =0 is a
necessary condition for o to be (locally conformally) closed. Thus the only practical value of Theorem 2.3 here is that it
says where to look for a conformal factor, and even this value is limited by the fact that the same conclusion can be reached
by considering Lemma 2.2.
It is a trivial observation to note that F indeed is a conformal factor if and only if

*dA =—*(d(log F) A £2). (3.16)

Analyzing this equation for o =0 leads to the following result.

Theorem 3.6 (Hamiltonization at 0 momentum). Let m = dim K/H. The induced almost symplectic structure o on ];1(0)/H =
T*(K/H) is Hamiltonizable if and only if the metric tensor juo =1+ > A(wo)zg(k,a)g(x_a) 1 & — tsatisfies
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(SMO(S)ilsilz(K,d)v [3d(W0)2Z(u,b), Z(u,c)]h - ad(Wo)z[Z(u,b), Zw,ol)
1 11 2 2
=——7 Z(SMO(S) ST Zovay [Zowby ad(W0)* Zi0) |8 w.0),0e.0) — [Zv.00» Ad(W0)* Zi0) |8 by, (c,0y)  (317)

forallk, 1, v € ®. Here (L)Y denotes the projection onto h with respect to the Ad-invariant inner product. As usual 8w,0),(e.d) i 1if
(v, ¢) = (k, d) and 0 else. Moreover, if this condition is satisfied then

T (Fo) = (*(F) = —* d(F 3 G(A,am“w) = —x*d(FoX/H) (3.18)
where 0X/H is the Liouville one-form on T*(K /H). That is, Fo is even exact.

We remark that T=1 implies that suo(s)s~! = po(e). Notice that the condition simplifies when |®| =1 as is the case
for the n-dimensional Chaplygin ball. When dim K/H = 2 then the condition is empty in agreement with the Chaplygin
multiplier theorem.

Proof. Let us first prove that (3.17) implies (3.18). Since *(F2) = *(—=Fd(}_ G(,\,a)n()“a)) + FA) it suffices to show that
A=—d(logF)A)" G(A,a)n(k’“) along ],;] (0).2 Consider an element (s, u) € ],}1 (0) with u = ,ud(j]{(,(.d) where x € @. (Notice
that we sometimes drop the base point s in order not to make the notation too cumbersome.) Then with @, v € @ we have

Ags,u) Cu,by> S,0) = — Z M(Wo)zSM,UC‘(’M,b)(W)(YaSME]5_1 Ze.d))

o
2 .(Aa) —1.—1
- ZM(WO) C(u,b)(v.c)(z()"a)’suo S Z(K,d)>
rgED
2 _(ra) —1.-1
+ZK(W0) C(M,b)(v,cﬁz(x,a),sl/«o s Zgea))
red

= —([ad(WO)ZZ(M’b), Z(v,c)]m, 5#615_1 Z(K,d))

Nmt 1 .-
~([adW0)* Zu by Zew.o )" ™ 51 'S Zge )
+(@dWo)[Z by Zw,ol Sl 'S Zie.ay)
= —(S,U«E]S_lz(x,d), [ad(wo)zz(%b), Z(v,c)]b - ad(Wo)z[Z(u,b), Zw,ol)-

As before, the superscript (_)™ denotes projection onto m with respect to the Ad-invariant inner product (., .). On the other
hand,

1 _
—(d(log F)yA Z G(A,c)n(k'a)) u)(((u,b), L) = — ZK(WO)Z(MO ! [ewby S0ua)s 0na) ). d), v,0)

(s,

1 _
i ZK(WO)ZWO oo Coals 0 )8, d), (11,b)

1

—— (sio's ™ Zonay [Zwby» ad(W0)* Z 0y |)00.0), k.0

+ ﬁ Y fsug s 20wy [Zv.0» d(W0) Z 60 ).y, (.-
Since the two-forms in question are semi-basic and linear in the fibers this proves that they are equal along the 0 level set
of Ju. Note also that the pull-back of the Liouville one-form on T*(K/H) equals * " G.oyn*® =* Y, .5 Goayn™®. To
see that the condition is also necessary one evaluates Eq. (3.16) on a triple of the form (¢, p), ¢w.c) ﬁ = (0, /,Lalé‘(,(.d))).
The resulting calculation is very similar to the one above. O

4. Examples

This section contains examples of the class of non-holonomic systems introduced in the previous section. We continue
all the notation from above, most of which has been introduced in Section 3.4. In particular, ¥ will be the set of restricted
roots associated to a pair (g,a) and Xy C X a choice of positive roots. Then the associated root space decomposition is
9=00 P P,cx 9, where go =m @ a. Moreover, we choose an orthonormal system Y, and Z, ), that is adapted to the
decomposition ¢ =m @ m', and an orthonormal basis ex,a) of a’ Np. We will in each example fix an element wq € a and
consider the set @ :={A € X;: A(wp) #0}.

3 We view this as ‘compelling evidence’ that the choice for A in (3.14) is in a sense optimal.
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4.1. SO(n, 1), Hamiltonization of Chaplygin’s ball

According to Section 3.3 the above Theorem 3.6 should have some bearing on the n-dimensional Chaplygin ball system
with angular momentum « = 0. Moreover, for this system there is only 1 positive root (and we assume that A(wg) =1 for
this root) whence condition (3.17) simplifies to

(sig's ™' 24, [2Zp, Zcl) = —— Z (sig s Za, [Zb, Zalbea — [Ze, ZalSpa). (4.19)

Let us decompose s,ugls”Zd =YW + Zd) € h & h*. Then (4.19) does not induce a restriction on Z(d) € h. On the
other hand, (Y(d),[Zp, Zc]) =0 if b#d #c, and (Y(d), [Zp, Zg]) = 715 S o(s1g 'S Za, [Zp, Zal) =: My (s). Thus Y(d) =
> My($)[Zp. Z4] where My(s) depends only on s and b. Using that u =1+ A*A, A*Als~'h =0 and A*Als~'h* =
id|s~1hL implies that the system is Hamiltonizable at the T*(K/H) = T*(SO(n)/SO(n — 1))-level if and only if I satisfies

s Zg=pos (ZW +Y() =T+ s ' Z(d) + ]IZMb(s)s—l (Zb, Z4] (4.20)
b
for certain My(s). We will identify so(n) with R"™ A R" and hence Z; =eg A e, and [Zp, Z4] = e, A eg Where eq,..., e, is

the standard basis of R". Simultaneously we revert to writing Ad(s) for the adjoint action of s on so(n).
Making the simplifying assumption that I is diagonal with respect to the basis Yy, Zq of € =so0(n) and evaluating (4.20)
at s =e then implies that Z(d) = I+ 1)~1Z4 = @qZ4 for some ¢4 > 0. Therefore,
— ¥d
@d

1
leq Anep =

eq N\ eén.

A choice of a number a, > 0 then induces a prescription

d
=d4, dg+> @q=1—aqan

Pd =
n

which can be taken as a motivation to define

aia;
— a,-aj

Tejnej= einej withO<ajaj<1forl<i, j<n. (4.21)

This is the inertia tensor of Jovanovic [16, Section 4]. Another equivalent way to write (4.20) is

1o Ad(s™ ") (eg Aen) =Ad(sT1) Z(d) + Y Mp(s)Ad(s™") (e Aeg) (4.22)
with the same notation as above. Going through the proof of Theorem 3 of [16] one sees that

o 'Ad(s™ 1) (eq A en)

=(s"ey,,Als7 e >(( As7leg+ (A7 s7len, s len)s e en+Z “len, s lep)s ey As_1ed)

where A :=diag(aq, ..., a,). With

Z(d)=(s""en, A" s ep)(—sAs Teq + (A7 s en, s Ten)eq) A en
and

Mp(s) =(sen, A s Ten)(A s Ten, s ey

this clearly satisfies (4.22). Thus the system defined by the inertia tensor (4.21) is Hamiltonizable at the T*(K/H)-level
which reproduces the result of [16, Theorem 5]. In fact, the rescaled form is given by (3.18) whence it is not only symplectic
but even exact.

4.2. SL(n,R)
Let g = sl(n,R). Then ¢ =so(n), p = {x € sl(n,R): x{ =x}, a = {diag(w', w™) € sl(n, R)}, and m = {0}. Thus there
are no internal symmetries when wy is regular. Let fi:m —> R, w = dlag(w w") — w'! for 1 <i<n. Similarly to the

Cartan case the restricted root system X = {A;j := f; — fj: i # j} associated to (g, m) is of type A,_1. A choice of a positive
system is X' = {A;;: i < j}.

Let n = 3. According to (3.10) the constraints are determined by the connection form A:TK — V = {x € 5[(3,R): x' =
x and x' =0},
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ul A3 (W())ﬂ1
A:(s,u)~> Ad(S)u =1 = ('112> — —ad(wo)lil = — (A] (wo)ﬁz> (4.23)
PE A (Wo)ﬁg

where A1 = A13 > A3 = A2 > A3 = A3 are the ordered positive roots. Note that X 4+ A3 = A1. The basis vectors Z q),
e, introduced in Section 3.4 can now be identified with Z;, = (0,1, 0)t, etc., considered as an element of ¢ = R3 and
ey, =2, =(0,1, 0)t, etc., considered as an element of V = R3.

For generic wg, Q = SO(3) x R3, and the system (4.23) could be viewed as a three-axial ellipsoid with constraints moving
through space. There are no internal symmetries,  =m =0, in this case. Using the relation [Z;,, Z),] = Z,, condition (3.17)
with kK = A3, © = A1 and v = A, thus becomes )L3(W0)2(/.LE1Z)L3, Z;,) =0. Since (o is positive definite this implies A(wq) =
0 contradicting genericity of wg. Thus this case is never Hamiltonizable, not even for the homogeneous case I = 1. This is
in contrast with the n-dimensional Chaplygin ball system [14, Corollary 4.3].

However, when Ay (wg) =0 and Aq(wg) = A3(wg) # 0 then H = S! and we recover the 3-dimensional Chaplygin ball
system.

4.3. Sp(n,R)

Let G =Sp(n,R) = {g € SL(2n,R): gfJg = J} where | is the standard complex structure on R?". Thus g = sp(n, R)
consists of matrices of the form

X1 X2
X3 —Xt

with X;j € gl(n,R) such that X, and X3 are symmetric. The constituents of the Cartan decomposition are ¢ = so(2n) N
sp(n, R) =um), K=Un), and p={x e g: x* =x}, and a is the subspace of diagonal matrices in p and m = {0}.

For convenience we will restrict now to the case n = 2. For i = 1,2 define f; € a* to be the mapping f;:
diag(w!, w?, —w', —w?) > w!. Then the positive restricted roots associated to (g, a) are

Si={fi—f2, i+ f2.2f1,.2f2}.

Note that {f1 — f2,2f,} forms a simple system. Since we are interested in having internal symmetries we fix an element
wo = diag(a, a, —a, —a) € a with a > 0. Thus (f1 — f2)(wg) =0, @ ={f1 + f2,2f1,2f2} and A(wp) = 2a for all A € ®.
Therefore,

ul 0
Lo N
A:(s,u) > Ad(S)u =1 = {’73 > —ad(wo)l = —2a %3
u ut

Further, the configuration space is Q =K x V=U2) xR® and t=h @ bt ={yZs_p,: ye R} @ (2" Zop, + 22 Zf 4, +
722755, 79 € R} where

0 —1 Z]] 212
1 0 212 222
Zp—f, = 0 —1 and anzﬁ +lezf1+f2 +22222f2 il I VRV

1 0 _212 _222

Notice also that one can read off from the properties of the root system that [hL, h1] C h whence the left and right hand
side of (3.17) are both identically O for the homogeneous case I = 1. Thus the homogeneous case is Hamiltonian (F is
constant) at the ultimate reduced level T*(U(2)/S).

For general n one can use that the root system X(g, a) is of type C, whence the positive system will be of the form
Yo={fitfj: 1<i<j<njU{2fi: 1<i<n} and the simple roots are f; — f; with 1 <i < j<n and 2f,. A choice of
wo can now be determined by letting appropriately many simple roots vanish on wy. E.g., one can conclude just as above
that choosing a non-zero wy in the joint kernel of f; — f; with 1<i < j <n yields a system which is Hamiltonian at the
ultimate reduced level T*(K/H) = T*(Un)/(U 1) 1)).

4.4. Split G, 2-3-5, 1/3 and rubber rolling

Let G be the split real form of the exceptional complex semi-simple Lie group G;. This group is 14-dimensional and can
be realized as the automorphism group of the split octonions. We refer to [24,22,17] for background. The Cartan decompo-
sition data are the following,

K =SUQ2) x(+1)SU(2) =ZS0(4), p=R%  a=R? and m={0}.

The restricted roots are of type G, whence a positive system can be written as
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X ={A,A2, A1 + A2, A1 + 222, 201 + 342, A1 + 342}

with Ay and A, simple. We choose wg € a such that A1(wg) =0 and Ay(wg) # 0. Thus the set of relevant roots is @ =
{A2, A1+ A2, A1 + 242,201 + 3X2, A1 + 3X2} and the infinitesimal internal symmetries are

h=span{Z,,} =R

which we view as the Lie algebra of the connected component H of Zg(wy),
Hx=s'.

According to Section 3 we have V = ad(wg)¢ = spanfe,: A € ®} =R> and therefore

Q=K xR and Q/(R®x H)=K/HZ=SU(2) xS0(3)/S' =SU(2) x S2.

We remark that K/H = G/Py, where Py, is the parabolic subgroup of G associated to the subset of simple roots IT
consisting of {A € IT: A(wp) =0} ={r1}.

What about Hamiltonization? Suppose I =1 which implies that sgg(s)s~! = po(e) and po(e)~1Z, = (1 +k(wg)2)~1Z,
for all k¥ € X;. Thus the left hand side of (3.17) is non-zero for, e.g,, K = A1 + A2, 4 = A1 + 242 and v = 21 + 3A,. Thus
the system is not Hamiltonizable at the T(K/H)-level corresponding to reduction of (TK, £2, H.) at the O-level set of the
Ju-momentum map.

On the other hand we recognize K/H as the double cover configuration space SO(3) x S2 of the sphere-on-sphere-rolling
system. This system is a natural generalization of the Chaplygin ball on a table when one forbids slipping. One can also
introduce a no-twist constraint and the resulting non-holonomic system has been shown to be Hamiltonizable by Koiller
and Ehlers [19]. Moreover, it seems to be known since Cartan that G, is related to this no-twist no-slip sphere-on-sphere
system. Therefore, one might expect some relation between this system and the one defined by (TK, £2,H) even though
the non-Hamiltonizability of the latter is apparently an obstruction to any such relation.

Recall from Theorem 3.5 that &2 = £2X + A. In order to stand a chance at obtaining a Hamiltonizable system we consider
the set {(s,u) € TK: i(Xnn) As,uy = 0}. By (3.14) we have

i(Xon) AGy) == t(Wo)’Cl8uny + D (W0)’Cly 818
" A UED

Setting v = A1 +2A; the possibilities for {A, u} are {A3, A1 +A2} and {A3, A1 +3A2}. The resulting condition for i(Xnyn) A(Zy) =
0 is then

62y (01 +22)(W0)? = (12) (W0)) 81,831 +32 + 62435, (1 +322) (W0)? = (12) (W0)*) 83,83y 432, = 0.

Since A1(wg) = 0 this is satisfied if g;,43;, = 0. We find that i(Xpn) A(s,u) vanishes when (s, u) belongs to the right invariant
distribution

M o A+2h A1 +3A2
s , s

Drew = ker(n*, n n n?132) = span{¢s,, Gy, )- (4.24)

This is a rank two distribution with growth 2-3-5-6 on a 6-dimensional configuration space. Notice that [£5;, Dhew] C Dnew,
i.e., Dpew is invariant under the action of the connected Lie group H on K. Via the Langlands decomposition H coincides
with Py, NK=H= S1. Along Dpew the equations of motion are thus given by the canonical equation

i(Xnn) 25 = dH,.

Moreover, Xy, lies in the kernel of Tz Apew Where 7 : TK — K and

Anew = (n)ul , 77)»14-2)\2’ ,7)\14-3)»27 n2)q+3)»2) ‘TK — R4

However, it is not true that X, is tangent to Dpew. (One could say that the constraint forces introduced by Dpew 0n the
Hamiltonian system (TK, 2%, H.) are non-trivial.) By invariance Dpey factors to a rank two distribution Dyew/H of growth
2-3-5 on K/H = SU(2) x SO(3)/S! = §3 x $2. Indeed, passing to the right trivialization of TK for a moment, Dyew/H can
be realized as

K xy span{Zy,, Zy, +3,}-

Further, the restriction of the compressed Hamiltonian

_1 1 2(,2 2
Hc|Dnew = 5 (Tu, u) + 2)»2(W0) (g)Lz + gA1+A2)

1422

is K-independent. E.g., ¢, (g, + 22 ,,,) = —Zci],)\z

and therefore

(82,8042 — 8ri+2282) = 0. That is, H¢|Dhew is actually left invariant
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He|Dnew = %((HMWO)Z)u, u).

Let us now follow [22] and define g; C g for i #0 to be the sum of all restricted root spaces g, such that A, occurs with
coefficient i in the decomposition of A into simple roots A1, Az; go is defined to be the sum of a and all restricted root
spaces g, such that A, occurs with coefficient 0 in the decomposition of A into simple roots A1, A2. Thus

=9 30920919900 Ps1 gD 93

which is the grading of g with respect to the parabolic subalgebra pw, = Lie(Pw,) = D;_g 3 8i- Choose an orthonormal
basis X, of @, g, consisting of root vectors. Then the prescription Z, — X_, and e; > X, for A € X induces isomor-
phisms

ht=g =g 3®g2®g1 and V=g, :=g1 g2 ®g3=Pw,/do-

This corresponds effectively to the passage from the Cartan to the Iwasawa decomposition. Moreover, the isomorphism
ht = g_ is equivariant with respect to the H-action on h' and the Py,-action on g_. This follows from the Langlands
decomposition of the parabolic Py,. Associated to the grading there is a P, -invariant filtration

9/Pwy D 9_2/pwo o g_l/pwo

of g/pw, where the filter components are g = @j:i,_”j gj. With this notation and the isomorphism hL = g_ we obtain

Dnew/H = K x 1 span{Zy,, Zy, 423,} =G xp,, 87" /Pwo C G X, 8/Pwy = T(S? x §?).

The growth of the distribution is of course reflected in the way in which the filtration reacts to the Lie bracket:
67 /Pwes 87 /Pwol = 872/Pw, and [671/Pwy. 872/Pwe] = 8/Pw,- This distribution corresponds to the homogeneous model
of Cartan geometries of type (G, Pwy,).

Bor and Montgomery [5] have explained that G X Py, g‘l/pwO C G Xpy,, 8/Pw, can be identified with the no-twist no-slip

distribution when one passes over the two fold covering S3 x S = K/H — SO(3) x S? and when the ratio of the radii of the
two balls is 1/3. Along similar lines Sagerschnig [22] has explained some of the Cartan geometric background and proved
that it is isomorphic to a certain ‘divisors of 0 distribution’, and Agrachev [1] has shown that this ‘divisors of 0 distribution’
can be realized as the ‘rubber rolling distribution’ for ratio 1/3.

5. Questions

Hamiltonization at non-zero momentum « € h* remains open. Generalizing Theorem 3.6 to this setting is a problem for
future work. The difficulty here is that one has to take into account the extra structure coming from the non-zero orbit
O =Ad*(H).« in (3.15).

Integrability? Very little is known about integrability of n-dimensional Chaplygin systems, and we have not touched at
all the question of integrating the systems introduced in Section 3. Jovanovic [16] has just shown very recently that the
n-dimensional Chaplygin ball is integrable when the inertia tensor is of special type as in (4.21). Chaplygin [8] has explicitly
integrated the 3-dimensional problem.
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