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Abstract. We construct a Poisson map M: T*C? — se(3)* with respect to the canonical
Poisson bracket on T*C? = T*R* and the (—)-Lie-Poisson bracket on the dual se(3)* of
the Lie algebra of the special Euclidean group SE(3). The essential part of this map is
the momentum map associated with the cotangent lift of the natural right action of the
semidirect product Lie group SU(2) x C? on C2. This Poisson map gives rise to a canonical
Hamiltonian system on T*C? whose solutions are mapped by M to solutions of the heavy
top equations. We show that the Casimirs of the heavy top dynamics and the additional
conserved quantity of the Lagrange top correspond to the Noether conserved quantities
associated with certain symmetries of the canonical Hamiltonian system. We also construct
a Lie—Poisson integrator for the heavy top dynamics by combining the Poisson map M with
a simple symplectic integrator, and demonstrate that the integrator exhibits either exact or
near conservation of the conserved quantities of the Kovalevskaya top.
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1 Introduction

1.1 Heavy top equations

Consider a rigid body spinning around a fixed point (not the center of mass) in a gravitational
field. We specify the configuration of the body by a rotation matrix around the fixed point: the
rotation matrix defines a transformation from the body frame to the spatial frame; hence the
original configuration space is SO(3). Let t — R(t) € SO(3) be the rotational dynamics of the
body and define the body angular velocity by Q(t) := R~ (t)R(t) € so(3). One may identify
it with a vector §2(t) € R? via the standard identification between s0(3) and R® summarized
in Appendix A. Let I := diag(I1, I, I3) be the moment of inertia of the body with respect to
the principal axes, and define the body angular momentum II(¢) := I€2(¢). Let e3 be the unit
vector pointing upward in the spatial frame and set T'(t) := R(t) 'es; this vector signifies the
vertically upward direction — essentially the direction of gravity — seen from the body frame.
Then, the equations of motion are given by

IM=TIx (I"'I) +mgil' xe, I'=Tx (I"'I), (1.1)
where m is the mass of the body, ¢ € R3 is the unit vector from the point of support to the

direction of the body’s center of mass in the body frame, and [ is the length of the line segment
between these two points. The above set of equations is often called the heavy top equations.
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1.2 Hamiltonian formulation and semidirect products

The heavy top equations are known to be a Hamiltonian system. Let us define the heavy top
bracket for the space of smooth functions on the space R? x R3 = {(H, NIMeR3T € R3} as
follows

e (S e (S

The Hamiltonian h: R? x R? — R of the heavy top is given by
1
h(IL,T) := 51’[ - (I"'II) + mgiT - c. (1.3)

Then the Hamiltonian system defined with respect to the above Poisson bracket and this Hamil-
tonian, i.e.,

II={II,h}, T ={Ih}

gives the heavy top equations (1.1).

The heavy top bracket (1.2) turns out to be the (—)-Lie-Poisson bracket on the dual se(3)* of
the Lie algebra se(3) of the special Euclidean group SE(3) := SO(3) x R3; note that we identify
s¢(3) = s0(3) x R? — and hence se(3)* as well — with R3 x R? in the standard manner (see
Appendix A for details). In fact, [12, 13] showed that the heavy top bracket is a special case of
the semidirect product theory for reduction of Hamiltonian systems with broken symmetry; see
also [7] for its Lagrangian counterpart. Specifically, the heavy top is originally a Hamiltonian
system on T*SO(3) where the presence of gravity breaks the SO(3)-symmetry the system would
otherwise possess. As a result, the system retains only the SO(2)-symmetry with respect to
rotations about the vertical axis. The semidirect product theory effectively recovers the full
symmetry by considering the extended configuration space SE(3) as opposed to SO(3). As
a result, one obtains a Hamiltonian dynamics in se(3)* defined in terms of the Hamiltonian (1.3)
and the (—)-Lie-Poisson bracket (1.2) on se(3)* & R? x R3.

1.3 Collective dynamics

Given a Poisson manifold P and an equivariant momentum map M: P — g* associated with
a right action of a Lie group G on P, one can show that M is a Poisson map with respect to the
Poisson bracket on P and the (—)-Lie-Poisson bracket on g*; see, e.g., [11, Theorem 12.4.1].

Now, given a Hamiltonian system on P with Hamiltonian H: P — R, suppose that there
exists a function h: g* — R such that hoM = H; such a function A is called a collective Hamilto-
nian. If t — z(t) is a solution of the Hamiltonian system on P defined by H, then ¢ — M(z(t)) is
a solution of the Lie-Poisson equation on g* defined in terms of the (—)-Lie-Poisson bracket and
the collective Hamiltonian h. This is the basic idea of collective motions/dynamics originally
due to [4]. Their motivating examples are aggregate motions of a number of particles “as if it
were a rigid body or liquid drop”, such as the liquid drop model in nuclear physics; hence the
term “collective”. See also [8] and [5, Section 28] for details.

More recently, [14, 15] used this idea to develop geometric integrators for Lie—Poisson equa-
tions. In one of their examples, they considered a natural right action of SU(2) on C? = T*R?
and used its associated momentum map M: C? — su(2)* to construct a natural Poisson map
from C? = T*R? to s0(3)* where su(2)* = su(2) and s0(3)* = s0(3) are identified in a natural
manner, as summarized in Appendix A. As a result, they obtained a canonical Hamiltonian
system on T*R? whose solutions are mapped by M to solutions of the free rigid body equation
in s0(3)*. By applying a symplectic integrator to the canonical Hamiltonian system on T*R?
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and taking the image by M of its numerical solutions, they obtained a Lie—Poisson integrator
for the free rigid body equation and also for the point vortices equations on S? — a coadjoint
orbit in su(2)*.

We also note that [3] extended the above work to Hamiltonian systems on the direct product
(82)n x T*R™ motivated by an application to the spin-lattice-electron equations. However,
the symplectic/Poisson structure there is the standard one on the direct product (interactions
between the (SQ)n part and the T*R™ part come from the Hamiltonian), whereas our Poisson
structure is on a semidirect product and hence is geometrically more involved.

1.4 Outline and main results

We present a collective formulation of the heavy top equations by constructing a Poisson map
from T*C? = T*R* to se(3)*. More specifically, we first consider, in Section 2, the cotangent
lift of the natural right action of the semidirect product SU(2) x C? on C? = R* and find the
associated momentum map L: T*C? — (su(2) x C2)".

Next, in Section 3, we construct a Poisson map w: (su(2) x (CQ)* — s¢(3)* with respect to the
(—)-Lie-Poisson brackets on both duals. Then it follows that the composition M: T*C? — se(3)*
defined as M := w o LL yields a Poisson map that gives a collective formulation of the heavy top
dynamics. We note that a more natural and straightforward Poisson map T*SE(3) — se(3)* is
not appropriate for collective dynamics; see Remark 2.1.

In Section 4, we state our main result, Theorem 4.1. It essentially states that we can realize
any heavy top dynamics as a collective dynamics of a canonical Hamiltonian system in 7*C? =
T*R*. We also look into the symmetries possessed by the system in the general case as well as
for the Lagrange top. It turns out that those momentum maps associated with these symmetries
are essentially the well-known Casimirs ||T||* and IT - T of the general heavy top as well as the
additional conserved quantity II3 for the Lagrange top.

In Section 5, we develop a collective Lie—Poisson integrator for the heavy top dynamics by
combining our result and the idea of [14, 15]. Our test case is the Kovalevskaya top, which also
possesses an additional conserved quantity — the Kovalevskaya invariant — in addition to the
Casimirs. We apply both symplectic (implicit midpoint) and non-symplectic (explicit midpoint)
integrators to the collective dynamics. We refer to the former as the collective Lie—Poisson
integrator. We also apply these integrators directly to the heavy top equations (1.1); note that
neither is a Poisson integrator for the heavy top equations although the implicit midpoint rule
has favorable properties; see [2]. We numerically demonstrate that the non-symplectic integra-
tor, applied to either the collective or direct formulation, exhibits drifts in all the conserved
quantities — the Hamiltonian, the Casimirs, and the Kovalevskaya invariant. On the other hand,
the collective Lie-Poisson integrator preserves the Casimirs exactly (or more practically to ma-
chine precision) and exhibits near-conservation — small oscillations without drifts — of the exact
values of the Hamiltonian and the Kovalevskaya invariant.

2 Momentum map L: T*C? — (5u(2) X @2)*

2.1 Cotangent bundles T*C? and T*R*
Let y € C? be arbitrary and identify it with ¢ € R?* as follows

+igo
(CZ — R47 == X1 == a . = q = ) ) ) .
X [XZ o + igs q=(q1,92,43,q4)

We equip C? with the inner product
(s )ee: COxC* =R, (,6) = (,¢) = Re(v*9). (2.1)
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Then it is easy to see that this inner product is compatible with the dot product in R*. Setting

wl] [pl + ipz}
- - . H - b ) ) b
(0 [1/)2 s + ipy p = (p1,P2,3,D4)

we have
(¥, X)e2 =P 4
Therefore, we may identify the dual ((CQ)* ~ (R4)* with C2 2 R?* via this inner product. As

a result, we may identify the cotangent bundles 7*C? and T*R* as follows

T (C2 — T R4, (X,¢) = <|:Z[1))+13421:| y [z;+1};j:|> — (q,p) = (qla‘°'7Q4ap17"'7p4)'

Then, for any xy € C2, the natural dual pairing between T;C2 =~ ((CQ)* and TX(C2 ~ C? is
identical to the inner product (2.1), i.e., with an abuse of notation,

(), o2 TEC*xT,C* =R, (¥,%) — Re(¥*x).
We define a canonical 1-form on T*C? as
©1 := Re(¥*dx) = Re (¢dx;),
and define a symplectic form on T*C? as follows
Q:=-dO; =Re (dxi A dTZJZ)

Note that we use Einstein’s summation convention unless otherwise stated. Omne easily sees
that, under the above identification of 7*C? and T*R*, ©1 and € become the canonical 1-form
p;dg; and the canonical symplectic form dg; Adp; on T*R%, respectively. Therefore, T*C? is also
equipped with the following canonical Poisson bracket. For any smooth F, H: T*C2=T*R* — R,

OF O0H OF 0H

F H} . ,p) = — — : 2.2
5 Hirec2 (a.7) 9q; Op;  Op; 0g; (22)
Alternatively, we may define the one-form
1
O9 1= B Re(¢*dx — x*dy). (2.3)

Then, it is (p;dg; — ¢;dp;)/2 in T*R?*, and satisfies Q = —dO as well.

2.2 Actions of SU(2) x C2

Let us define the semidirect product SU(2) x C? using the natural action of SU(2) on C?, i.e.,
for any (U, p), (W, ) € SU(2) x C%, we define a binary operation

(U, p)- (W, 0) := (UW, UV + p).
This renders SU(2) x C? a Lie group. Alternatively, one may think of the resulting Lie group
SU(2) x C? as the matrix group

{[[0] ﬂ EGL(?”C”UESU(2),pe<c?}

under the standard matrix multiplication.



Collective Heavy Top Dynamics )

Now consider the (right) action of SU(2) x C? on C? defined as follows
U (SU@R)x C*) xC? = C% ((U.p),X) = Pup(x) = U (x — p)-

In terms of matrices, one may write this action as follows

(A ) A S e 1

Its cotangent lift is then

T*¥: (SU(2) x C?) x T*C* — T*C?,
(U, p), (xs¥) = TV ()1 (X, ¥) := (U*(x — p), U™).

It is clear that the canonical 1-form © is invariant under the cotangent lift, i.e., (T*V¥ g ,)-1)*01
= 0, for any (U, p) € SU(2) x C2.

2.3 Momentum map

Let us find the momentum map associated with the above action. Let (&, ¢) be an arbitrary
element in the Lie algebra su(2) x C? = T, (r,0)(SU(2) x C?). Its infinitesimal generator on C? is
defined as

d
(57 ¢)<C2 (X) = &‘“Ilexp(s(f,d)))(X)

)

s=0

where the exponential map takes the form

exp(s(£,6)) = (exp<sf>, | explo0re da) |

Therefore, we obtain

==X —¢.

s=0

(€ 0ea(0) = 3 expl(-39) (x [ explogyodo)

As a result, the associated momentum map L: T*C? — (511(2) X (CQ)* satisfies

(L(x,¥), (& 9)) = 0106¢) - (§,d)c2(x, ¥) = —Re (" (Ex + ¢))
= —Re(tr(x¥¢)) — Re(¢*¢)

_ _% (tr(X*€) + tr(E5 X)) — (¥, D)o
— 9tr <£11 (Vx* — x¥") 5) + (=%, ¢)c2
~2u (fl (* — b — i Im(g 1)’ 5) (G

= <1 (Y™ —ox —iIm(¢*x)1) ,§> + (=¥, d)ce;

su(2)

where we used the inner products on su(2) and C? defined in (A.1) and (2.1), respectively.
Note also that, in the second last line, we added an extra term to render the matrix inside the
conjugate transpose traceless to come up with an element in su(2). Using the inner products,
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we may identify su(2)* with su(2) and (C?)” with C? so that (su(2) x C?)" = su(2) x C2. Under
this identification, we obtain

L(x,v) = (i (X" —x* —iIm(y*x)I), —w) :

Since this momentum map is associated with the cotangent lift action of the right action ¥
on T*C?, the momentum map L is equivariant (see [11, Theorem 12.1.4]), i.e., for any (U, p) €
SU(2) x C?,

Lo T*\I’(U,p)—l = AdTU,p) oL.

Remark 2.1 (why not SE(3) action on R3?). Perhaps the most natural way to construct an
se(3)*-valued equivariant momentum map — under a right action — on a cotangent bundle would
be the following. Consider the right SE(3)-action on R? defined as

SE(3) x R® — R3, ((R,a),x) — RT(x — a),

or using matrices,

(8 56~ 3075

that is, this is the right action one obtains from the natural left action of SE(3) on R3. Using
its cotangent lift action on T*R3, one obtains the momentum map

M: T*R3 — se(3)", M(q,p) = —(q X p,p)

with the standard identification se(3)* 2 s0(3) x R? = R? x R3. However, this momentum map is
too restrictive for the collective heavy top dynamics in se(3)* because setting (II,T') = M(q, p)
implies that the angular momentum II is always perpendicular to I'. This is clearly not always
the case. For example, even the very simple case of the top spinning in the upright position

does not satisfy this condition: IT and I' are both parallel to (0,0, 1).

Let us show that our momentum map does not suffer from the restriction mentioned in the
above remark.

Proposition 2.2. Under the identification (su(2) x C?)" = su(2) x C2, the image of L contains
su(2) x (C*\{0}), i.e., su(2) x (C*\{0}) C L(T*C?).

Remark 2.3. As we shall see later in Section 3, we will construct a map @: (su(2) x (CZ)* —
s¢(3)*, and consider the composition M := w o L: T*C? — s¢(3)*. It then turns out that the
origin 1) = 0 in C? corresponds to the origin I' = 0 in R? (see (4.1) below) and hence has no
practical importance in the heavy top dynamics because I' is a unit vector. This proposition
makes sure that the image of M contains any possible values of IT € R? and T' € R\ {0}, and so
setting (IT,T') = M(x, ) does not impose any practical restriction in the collective heavy top
dynamics.

Proof. Let ¢ € C?\{0} be arbitrary and consider the map

1
C* =2, x> (W7 —ux —ilm@T)).

Then it suffices to show that this map is surjective. In fact, one may rewrite the map with the
identification C2 =2 R* defined by (x,) ~ (g, p) as shown above as well as the identification
su(2)* =2 R3 (see Appendix A below) to obtain the following linear map

. 1 pbs —p3 P2 —P1
R HR?’, qg+— Agq with A::§ —p3 —ps  P1 Do

b2 —p1 —P4a D3

2
Then AAT = %I , whereas p # 0 because ¥ # 0. Hence this linear map is surjective. |
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2.4 Lie-Poisson bracket on (su(2) x C2)”

Let us equip (su(2) x C2)” with the (—)-Lie-Poisson bracket. For any smooth f,h: (su(2) x
(CQ)* — R, we define

5f oh 0f 6h  Shdf
) — o] oh _ a2 0r 0RO 2.4
UM e (1:0) <M’ [5/L’5M}>su(2) <a’ Opdor Sy 5a>c2’ 20

where (6f/0p,8f/da) € su(2) x C? (evaluated at (u,)) is defined so that, for any (§u,da) €
(su(2) x C2)",

<5,u,6f> +<6a,5f> = if(ujtséu,a%—séa)
op u(2) da )2 ds

Then the equivariance of L implies that it is Poisson with respect to the canonical Poisson
bracket (2.2) and the above Lie—Poisson bracket (2.4) (see, e.g., [4], [5, Section 28|, and [11,
Theorem 12.4.1)):

{f [¢] L, h (¢} L}T*(C2 = {f, h}(su(Q)MCQ)* [e) L

(2.5)

s=0

3 Poisson map w: (su(2) x C2)" — se(3)*

3.1 From (su(2) x C?)" to se(3)*

Just like we identified (su(2) x C2)" with su(2) x C2, we also identify se(3)* with so(3) x R? via
the inner product (A.2) on s0(3) and the dot product on R3.
Under this identification, let us define

w: (su(2) x C?)" — se(3)", (1, @) = (1, wa(a)) (3.1a)
with
wy: C? = R3, o+ (2Re(aaz), 2Im(aiaz), lon |2 — |a2|2). (3.1b)

The first part of the map is the well-known identification of su(2) with so0(3) summarized in
Appendix A below. The second part of the map is also well known in the context of the Hopf
fibration. Particularly, cs maps the three-sphere with radius v/R centered at the origin in C2,
ie.,

%= {a € C*||lal| = VR},

to the two-sphere with radius R centered at the origin in R3.
Now let us define

M: T*C?* = s5e(3), M:=wol, (3.2)
i.e., so that the diagram
T*C?2 —L 5 (su(2) x C2)*
M lw
se(3)*

commutes.
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3.2 w is a Poisson map

Let us equip se(3)* with the (—)-Lie—Poisson bracket as well. For any smooth f,h: se(3)* — R,
we define

i - _(f [ ok _r.(%fon _ohof
{f7 h}52(3)* (H7 F) E <H7 |:51:I7 51:[:| >50(3) r <51:[ or (51:[ 8F) ) (33)

where 6 f /011 € s0(3) (evaluated at (I, T)) is defined in a similar manner as in (2.5). With the
identification so(3) = R3, this Poisson bracket is nothing but the heavy top bracket (1.2). Then
we have the following:

Proposition 3.1. The map w: (su(2) x Cz)* — s¢(3)* is Poisson with respect to the (—)-Lie—
Poisson brackets (2.4) and (3.3), i.e., for any smooth f,h: se(3)* — R,

{fowho w}(su(Q)x(CQ)* ={/, h}se(S)* cw.
Proof. See Appendix B. |

Corollary 3.2. The map M := w o L: T*C? — s¢(3)* is Poisson with respect to the Poisson
brackets (2.2) and (3.3), i.e., for any smooth f,h: se(3)* — R,

{f oM,ho M}T*(C2 = {f’ h}se(3)* oM.

4 Collective heavy top dynamics

4.1 Collective dynamics

Concrete expressions of the map M defined above in (3.2) are the following

. [—Im (X1_1Z_12 + Xz_i/_h) 2 Re(ﬂzﬂﬁz)
M(x,v¢) = 3 Re (x2¥1 — x1%2) |, | 2Im(¢1eb2)
| Im (x2t2 — x1¢1) [1]% — |¢ha?
1 [q1pa — qup1 — q2p3 + q3p2 2(p1p3 — p2pa)
= | 5 |9sP1 — @1Ps — @2pa + Gap2| —22(1?1%94 +§92p3)2 - (4.1)
| q1P2 — q2p1 — 3P4 + qap3 p1 + Py —p3—Di

Now define a Hamiltonian H: T*C2 =~ T*R* » R as
H :=hoM,

where h: se(3)* — R is the heavy top Hamiltonian defined in (1.3). Then we have

1 ((Im (x12 + X21/;1))2 N (Re (x2¢1 — X1¢2))2 n (Im (x2tp2 — X1¢1))2>

H i

+mgl (2Re(Pryp2)er + 2Tm(hrgpa)es + (|91 ]* — [1ha]*)es) - (4.2)
Define a Hamiltonian vector Xy € X(T*C?) by setting
iy, Q= dH, (4.3)
or equivalently, using the Poisson bracket (2.2),

X = {X7 H}T*(CQ ’ 1/1 = {% -E[}T*(C2 )
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which yield

OH : OH

X = 2871/_1’ Y= _2872' (4.4a)

In terms of the real coordinate (g, p) for T*R*, the symplectic form ) is canonical, and so we
have the canonical Hamiltonian system

. 0H .  0H

= =_—_ 4.4

We are now ready to state our main result:
Theorem 4.1 (collective heavy top dynamics).
(i) For any (IL,T) € R® x (R*\{0}), there exists a corresponding element (x, ) € T*C? such
that M(X? w) = (H7 F)

(ii) Let I C R be a time interval, and let ®: I x T*C? — T*C? and ¢: I x s5¢(3)* — s¢(3)* be
the flows of the canonical Hamiltonian system (4.4) and of the heavy top equations (1.1),
respectively. Then, for any t € I,

proM = Mo ®,.

Proof. (i) From Proposition 2.2, we have su(2) x (C*\{0}) c L(T*C?), and so

@ (su(2) x (C*\{0})) c M(T*C?).
However, from the definition of w in (3.1), we have

@ (su(2) x (C*\{0})) = s0(3) x (R*\{0}),
because the second part wo maps S%/E c C? to S%% C R3 for any R > 0; note also that
we identified so(3)* with so(3) here. Therefore, the assertion follows upon the identification
of 50(3) with R3.

(ii) It follows easily from Corollary 3.2: The fact that M is Poisson implies that the map M

pushes the flow ® to ¢ (see, e.g., [11, Proposition 10.3.2]). |

Remark 4.2. The first assertion is the result alluded in Remark 2.3. It shows that any solution
of the heavy top equations (1.1) can be realized as the image by M of a corresponding solution
of the canonical Hamiltonian system (4.4).

4.2 Symmetry and conserved quantities of general heavy top

Suppose that F': T*C? — R is a conserved quantity of the (canonical) Hamiltonian system (4.3)
or (4.4), and that F is collective, i.e., there exists f: s¢e(3)* — R such that f o M = F. Then
one easily sees that f is a conserved quantity of the heavy top dynamics.

There are two conserved quantities of the Hamiltonian system (4.3) associated with its sym-
metries. For the first one, consider the following R-action on T*C?:

Rx T*C? = T°C2, (b, (x, %)) = (x + b, ¥).

We easily see that the alternative one-form O9 defined in (2.3) is invariant under this action,
and hence so is 2, i.e., this action is symplectic. It is also easy to see that the Hamiltonian (4.2)
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is invariant under this action as well, i.e., H(x + b, v) = H(x, ) for any b € R. Let v € R be
an the element of the Lie algebra TyR = R of R. Its infinitesimal generator is then

0 -0 0
'UT*(CQ(wa) = (%ax + wzax) = Upjafq_-
i j

i

Let J;: T*C? = R be the associated momentum map. Then, it satisfies

1 1
S0 Y) v =01069) -vpec2 (X, ¥) = 5 Re (wllv)?) = §||¢||2 0.
Hence we obtain J1(x, ) = ||¢)||*/2. Therefore,
Fi: T°C* =R, Fi(x9) =40069) = 4]

is a conserved quantity of the Hamiltonian system (4.3) by Noether’s theorem; see, e.g., [11,
Theorem 11.4.1, p. 372]. One easily sees that f; o M = F} with

fii se(3)* =R,  A(ILT) = ||

In fact, this is a well-known Casimir of the heavy top bracket (1.2) or (3.3).
For the second one, consider the following SO(2) = S'-action on C:

St x €% — C?, (eie,x) — ey,
Its cotangent lift is
Sl > T*(CQ N T*(C2, (6197 (X7 w)) — (ei61X7e191/})7

and the Hamiltonian (4.2) is invariant under this action, i.e., H(eiex,eigw) = H(x,v) for any
el € S'. Tts associated momentum map is

Jo: T*C* = 50(2)* 2R,  Jo(x, ) := —Im(¥*x),

and again by Noether’s theorem this is a conserved quantity of the Hamiltonian system (4.3).
However, because [|1]|? is conserved, we may define an alternative conserved quantity

Fy: T*C? = s0(2)* =R, Fy(x,¢) = —Hqglglm(w*x)
Then we see that fo o M = F» with
fo: se(3)* 5 R,  fo(ILT):=II-T.
This is the other well-known Casimir of the heavy top bracket (1.2) or (3.3).

4.3 Symmetry and conserved quantity of the Lagrange top

Now consider the Lagrange top, i.e., Iy = I; and ¢ = (0,0, 1). Note that we have

(Im (x192 + Xﬂz)l))Q + (Re (x2th1 — X11/;2))2
= xate|” + [x2t1|” — 2 (Re (x1¢2) Re (xot1) — Im (x1452) Tm (x241))
= ’XNZ’Q}Q + ‘X27/7’1|2 —2Re (xav2x2?1)
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and so the Hamiltonian (4.2) becomes

HL(Xa w) =

1 (‘X1”¢2|2 + ‘X2@1|2 —2Re (X11/;2X21;1) (Im (X21/;2 - X1¢1))2>
= -
8 I I3

+mgl(Jvn]” — [¢2/?). (4.5)

Consider the following SO(2) = S-action on C2:

i0 i0
- 0
S x C? - C?, <e19, {MD - ["*_.Xl} - {e | ] ‘
X2 e 19X2 0 e—19 X

Its cotangent lift is
Sl *(CQ *(C2 0 ei9 0 ei9 0
x T —T ) (e 7(X7 1/1)) = 0 e—i@ X 0 e—i@ ¢ )

and we see that the Hamiltonian (4.5) is invariant under this action.
What is the associated momentum map J3: T*C? — 50(2)* 2 R? Let any w € s50(2) 2 R be
arbitrary. Its infinitesimal generator is then

wez (x) d [elsw ! }x iw [1 O}X
c2 = 7. —isw = .
ds| O «—0 0 -1

e

Then we have

B w) - = 610 ) -wea() = Re (i [ g O] ==t (w5 |x) o
=Im (x2¢2 — x1¢1) - w.
Therefore, we obtain
J3(x;¥) = Im (xatb2 — xa¢1) ,

and hence
* 2 1 1 — _
F3: T°C* = R, F3(x,v) = §J3(X>¢) =3 Im (x2tb2 — x1¢1)
is a conserved quantity of (4.3). Then we see that f3 oM = F3 with
f32 52(3)* — R, fg(H, F) = H3.
Again, f3 is a well-known conserved quantity of the Lagrange top.

Remark 4.3. Tt is well known that h (with I = I; and ¢ = (0,0,1)), f1, f2, and f3 are in
involution with respect to the heavy top bracket (1.2). Since M: T*C? — se(3)* is Poisson,
this implies that Hy,, F1, F>, and F3 are in involution with respect to the canonical Poisson
bracket (2.2) as well.

5 Collective Lie—Poisson integrator for heavy top dynamics

5.1 Collective Lie—Poisson integrator

The collective formulation suggests that any symplectic integrator for the canonical Hamiltonian
system (4.4) on T*C? = T*R* gives rise to a Lie-Poisson integrator for the heavy top dynamics
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via the map M. Specifically, let At be the time step, and @it: T*C? — T*C? be the discrete
flow defined by the symplectic integrator. Then, ¢}, := M o ®4,: se(3)* — s¢(3)* is clearly
Poisson. This is the basic idea of the collective Lie—Poisson integrator of [14]; it is implemented
for the free rigid body in [15].

In our case, the symplecticity of the integrator implies that the momentum maps J; and Jo
from Section 4.2 are conserved exactly along the flow @‘it. This implies that the corresponding
Casimirs f; and fy are exactly conserved along the flow qﬁ‘it of the collective integrator as
well. Furthermore, since the Hamiltonian H is nearly conserved without drifts with symplectic
integrators, the Hamiltonian h for the heavy top behaves in a similar manner as well.

We note in passing that [16] showed that the spherical midpoint method [17] on (S?)" is
a collective integrator corresponding to the midpoint rule applied to a canonical Hamiltonian
system on T*R?". That is, for this special case, the collective integrator gives rise to an integrator
intrinsically defined on the symplectic leaves of a Poisson manifold. It is an interesting future
work to look into an extension of this property to our setting. In our case, each non-trivial
coadjoint orbit (symplectic leaf) in se(3)* is known to be diffeomorphic to either S? or its
tangent bundle [11, Section 14.7].

5.2 Numerical results

As a test case, we consider the Kovalevskaya top [9] — the case with [; = Iy = 2I3 and
¢ = (1,0,0) — with the parameters m = g = [ = I3 = 1 and initial condition II(0) = (2,3,4)
and T'(0) = (1/2,0,v/3/2). By solving M(x(0),%(0)) = (II(0),T(0)) with the constraint
Re(x1(0)) = 1, we have

x(0) = (1 —i(V2 +3V6), _1+12‘f:\/?_i2\/6> . Y(0) = 2\1@(\/§+ 1,v3-1)

as a corresponding initial condition for (4.3) or (4.4).
The system has four conserved quantities: the Hamiltonian h, the Casimirs f; and fs, and
the Kovalevskaya invariant

2

)

K(ILT) := |(II; +illy)? — 4mgll3(T'y +ily)

and is known to be integrable [9]; see also [1]. Our focus here is to compare the behaviors of
these four conserved quantities for several heavy top integrators.

Fig. 1 shows the time evolutions of the four conserved quantities along the numerical solutions
obtained by applying the explicit and implicit midpoint rules to the canonical Hamiltonian
system (4.3) as well as that obtained by applying the explicit midpoint rule directly to the heavy
top equations (1.1). The time step At is 1/50 in all the cases. We note that the implicit midpoint
rule is a symplectic integrator for canonical Hamiltonian systems (see, e.g., [6, Theorem VI.3.5]
and [10, Section 4.1]). So the implicit midpoint rule applied to (4.3) gives a collective Lie—Poisson
integrator for the heavy top equations (1.1) via the map M, and is our main focus here.

The explicit midpoint rule applied to either (1.1) or (4.3) suffers from fairly significant drifts
and/or oscillations in all the four conserved quantities. On the other hand, the collective Lie—
Poisson integrator conserves the Casimirs fi; and fs exactly because it is a symplectic integrator
for canonical Hamiltonian systems; note that we identified these Casimirs as Noether conserved
quantities, i.e., the momentum maps associated with the symmetries of the canonical Hamil-
tonian system (4.3). One can observe this in Fig. 1(b) and (c) as well. Furthermore, as is
well known (see, e.g., [6, Section IX.8] and [10, Section 5.2.2]), symplectic integrators exhibit
near-conservation of the Hamiltonian, and one observes this in Fig. 1(a).

Interestingly, the collective Lie—Poisson integrator exhibits a similar near-conservation of the
Kovalevskaya invariant as well, performing better than the non-symplectic ones; see Fig. 1(d).
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(h(t) = h(0))/h(0)

0.025
0.020
— Collective (Explicit Midpoint)
0.015 — Heavy Top Eq. (Explicit Midpoint)
0.010 — Collective (Implicit Midpoint)
0.005
30 40 60 S0 100

(a) Hamiltonian h

(f1() = £(0))/ f1(0) (f2(t) = £2(0))/ f2(0)
0.025¢
0.030F v
0.020} 0.025}¢
0.015}¢ 0.020f
0.010t 0.015¢
0.010f
0.005}¢ 0.005:
o 20 40 60 80 IOOt 20 40 60 80 100t
(b) Casimir f; (¢) Casimir f,

(K (1) = K(0))/K(0)

0.025}¢
0.020¢
0.015¢
0.010¢
0.005¢

—-0.005F
(d) Kovalevskaya invariant K

Figure 1. Behaviors of the Hamiltonian and the Casimirs of the Kovalevskaya top with m =g =1=1,
L =2, 1,=2I3=1,c=(1,0,0) for three integrators. Blue: explicit midpoint rule (non-symplectic)
applied to (4.4). Green: explicit midpoint rule (non-Poisson) applied to (1.1). Red: implicit midpoint
rule (symplectic) applied to (4.4). At =1/50, IL(0) = (2,3,4), T'(0) = (1/2,0,/3/2).

It is not clear if the Kovalevskaya invariant K corresponds to any symmetry of the canonical
Hamiltonian system (4.3), but the oscillation in K with amplitudes way beyond the machine
precision suggests that K is not a Noether conserved quantity of (4.3).

We also applied the implicit midpoint rule directly to the heavy top equations (1.1) and
compared the results with those of the collective Lie-Poisson integrator as well. The former
integrator is known to conserve the Hamiltonian A and the Casimirs f; and fo exactly but is not
Poisson; see [2]. Fig. 2 shows the behaviors of h and K for the implicit midpoint rule applied
to (1.1) or (4.3).

As mentioned above, the former conserves h exactly, whereas the collective Lie-Poisson in-
tegrator exhibits a near-conservation of it with oscillations of very small amplitudes. On the
other hand, one observes near-conservation of K in both integrators, but the non-Poisson inte-
grator exhibits an oscillation with a larger amplitude than the collective Lie—Poisson integrator
does.
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— Heavy Top Eq. (Implicit Midpoint)
— Collective (Implicit Midpoint)

(h(t) = 1(0))/h(0)

0.00008
(K(t) — K(0))/K(0)

0.00006
0.00004 0.0015
0.00002 H “ V t] ~ L P « 0.0010
v vlg 1 0 pf u Hoo! 0.0005
~0.00002 u W N

~0.00004

(a) Hamiltonian h (b) Kovalevskaya invariant K

Figure 2. Behaviors of the Hamiltonian i and the Kovalevskaya invariant K. Gray: implicit midpoint
rule (non-Poisson) applied to (1.1); see [2]. Red: implicit midpoint rule (symplectic) applied to (4.4).
The parameters and the time step are the same as in Fig. 1.

A Identification of su(2) with so(3) and R?

This section gives a brief description of the well-known identification of su(2) with so(3) and R3.
The purpose is to introduce the notation used throughout the paper.

A.1 TIsomorphisms between su(2), so(3), and R3

Let {e;}3_; be the standard basis for R?, and define a basis {e;}3_, for su(2) as

o _ifo1 oo Lo i L[ 0
=75 11 ol” 27790 o) 37 790 —1|”

as well as a basis {¢;}?_; for s0(3) as

00 0 0 0 1 0 -1 0
ér:=10 0 —1|, é:=]0 0 0|, é:=1{1 0 0
01 0 ~10 0 0 0 0

So we have the isomorphisms
su(2) «— s0(3) «— R?
defined by
e < é; < €.

It is well known that these are Lie algebra isomorphisms in the sense that [e;, e;], [é;,€;], and
e; x e; with 4,5 € {1,2,3} are all the same under the identification.
As a result, we may identify su(2) with R? via the map

3 .
3 _ ._ R N R S &1 —1i&e
R e, = (et 6= D6 - 2[&“& 2,

and also 50(3) with R3 via the following “hat map”

. R 0 —& &
(1) RP=503), €=(6,6,8)—E =) =& 0 —&
7=1 & &0
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A.2 Inner products

Let us define inner products on su(2) and so0(3) as follows. For any &,n € R3, using the notation
from above,

(€M auiey = 2t2(E") (A1)
as well as
~ 1 ~
(€M) gos) = St (€79). (A.2)

It is easy to check that these are compatible with the standard dot product in R? under the
above identification, i.e.,

(3 77)511(2) = <é7 ﬁ>50(3) =£-n.

Using these inner products we may identify the duals su(2)* and so(3)* with su(2) and so(3)
respectively, and in turn, with R? as well.

B Proof of Proposition 3.1

Let us first decompose the Poisson bracket (2.4) into two to define, for any smooth f, h: (su(2) x
C?)" > R,

- _ of oh
{f,h}su(Q)* (M,Oé) T _</J'7 [5’“]7 5#]> (2)7

. _ [ ai sl
{f’h}((cz)*(:uu @) = <a7 Suda o 5a>(c2

Likewise, we decompose (3.3) to define, for any smooth f,h: se(3)* — R,

[ [0f oh . 5f Oh  Sh Of
{/, h}so(?))* T _<H’ {m’ 51:[] >50(3)a {f h}(R3)* =-I. (512[(91—‘ — (51:[(91") .

Our goal is to show that

{f Ow7how}5u(2)* = {f7 h}go(S)* ow (Bl)
as well as
{fowm how} oy ={f, h}(gs)- 0@ (B.2)

Let us first show (B.1). Let (u,a) € (su(2) x C?)* and éu € su(2)* be arbitrary. Then,
setting a := wa(«), we have

<5u,5<fow)> = L om(ut s a)
5’“ su(2) ds

s=0

(5%)
= (01, <> :
5=0 Of 50(3)

(o
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This implies that we may identify 6(f o w)/dp € su(2)* and §f/d € so0(3)*; the same goes
with the derivatives of h. The compatibility of the inner products in su(2) and so(3) (see
Appendix A.2) then yields

O(fow) 6(how
{fom howmg - (“’O‘):_<“’[ (féu . (5u )]> 2)

[6f 6h}>
=\ | = = f7h « O T\, ).
< |:6,U, 6M 50(3) { }50(3) ( )

So it remains to show (B.2). Writing & := §(f o w)/dpu, n == d(how)/du, B :=0(f o w)/da,
and v := d(how)/da for short,

{fom, hom) ey (1,0) = ~Re(0*(Ey — 7)) = — (0"€7 +7°€a— o’ — Fn°0)

= S tr((a” — ")) + 3 tr((Ba” — af)

= —<i(av* - va*),€> + <i(aﬁ* - Ba*),n> :
su(2) su(2)

Let us find an expression for 3 = §(f o w)/da € C2. For any da € ((CQ)*,

= Lt (ot soa))

<5a75(fow)>62 = %fow(u,a—l—sda) P

oo

s=0 s=0

= vaf(ﬂ? a) : Taw2(5a)a

where V, stands for the gradient with respect to a. However, using the expression (3.1b) for wo,
we obtain the tangent map T,wo as follows

Re (@1&2) + Re (51(5&2) Re (agﬁl) + Re (041@2)
TQWQ((S(I> =2 |Im (%10&2) —Im (aléo@) =2 |—Re (ia2@1) + Re (ialmg)
Re (041@1) — Re (0425#«2) Re (041@1) — Re (042%2)

Therefore,

6(fom)\ _ — of . of of
e )

— of af of
—+ 2Re ((50[2 <O[1a + 80,2 28@3)) )

of . of of

and so we have

(5(fOW) -9 a207a17 6a2 ta 8a3
5a WO 0F L of
(91 182 8@3

Then a tedious but straightforward calculation yields

_ Yot oy = (a2 g0 00 o or JoF  OF
B N 4(a/8 ,304 ) a <a3 aag “ Bas 8&37 “ 8@3 “ Bay 8(11 8@1 16@2) B Vaf xa

under the identification su(2)* = R3. Similarly,

1
Z(a’y* —ya*) = Vah x a.
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Therefore, we obtain

{fowm how} ey (1, ) = =(Vah xa)- £+ (Vaf xa) -n=-a-({x Vah —n x Vaf)

—_a- (éVah —iVaf) = —a- <5f(5h — 5}“5f>

opda  dada
= {f7 h}(R3)* o w(u7 Ol)-
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