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Abstract

The main goal of this paper is to prove that if the energy-momentum (or
energy-Casimir) method predicts formal instability of a relative equilibrium in
a Hamiltonian system with symmetry, then with the addition of dissipation,
the relative equilibrium becomes spectrally and hence linearly and nonlinearly
unstable. The energy-momentum method assumes that one is in the context
of a mechanical system with a given symmetry group. Our result assumes that
the dissipation chosen does not destroy the conservation law associated with
the given symmetry group—thus, we consider internal dissipation. This also
includes the special case of systems with no symmetry and ordinary equilibria.
The theorem is proved by combining the techniques of Chetaev, who proved
instability theorems using a special Chetaev-Lyapunov function, with those of
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Hahn, which enable one to strengthen the Chetaev results from Lyapunov insta-
bility to spectral instability. The main achievement is to strengthen Chetaev’s
methods to the context of the block diagonalization version of the energy mo-
mentum method given by Lewis, Marsden, Posbergh, and Simo. However, we
also give the eigenvalue movement formulae of Krein, MacKay and others both
in general and adapted to the context of the normal form of the linearized equa-
tions given by the block diagoanl form, as provided by the energy-momentum
method. A number of specific examples, such as the rigid body with internal
rotors, are provided to illustrate the results.
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1 Introduction

A central and time honored problem in mechanics is the determination of the sta-
bility of equilibria and relative equilibria of Hamiltonian systems. Of particular
interest are the relative equilibria of simple mechanical systems with symmetry,
that is, Lagrangian or Hamiltonian systems with energy of the form kinetic plus po-
tential energy, and that are invariant under the canonical action of a group. Relative
equilibria of such systems are solutions whose dynamic orbit coincides with a one
parameter group orbit. When there is no group present, we have an equilibrium in
the usual sense with zero velocity; a relative equilibrium, however can have nonzero
velocity. When the group is the rotation group, a relative equilibrium is a uniformly
rotating state.

The analysis of the stability of relative equilibria has a distinguished history
and includes the stability of a rigid body rotating about one of its principal axes,
the stability of rotating gravitating fluid masses and other rotating systems. (See
for example, Riemann [1860], Routh [1877], Poincaré [1885, 1892, 1901], and Chan-
drasekhar [1977]).

Recently, two distinct but related systematic methods have been developed to
analyze the stability of the relative equilibria of Hamiltonian systems. The first, the
energy-Casimir method, goes back to Arnold [1966] and was developed and formal-
ized in Holm, Marsden, Ratiu, and Weinstein [1985], Krishnaprasad and Marsden
[1987] and related papers. While the analysis in this method often takes place in a



linear Poisson reduced space, often the “body frame”, and this is sometimes conve-
nient, the method has a serious defect in that a lack of sufficient Casimir functions
makes it inapplicable to examples such as geometrically exact rods, three dimen-
sional ideal fluid mechanics, and some plasma systems.

This deficiency was overcome in a series of papers developing and applying the
energy-momentum method; see Marsden, Simo, Lewis and Posbergh [1989], Simo,
Posbergh and Marsden [1990, 1991], Lewis and Simo [1990], Simo, Lewis, and Mars-
den [1991], Lewis [1992], and Wang and Krishnaprasad [1992]. These techniques
are based on the use of the Hamiltonian plus a conserved quantity. In the energy-
momentum method, the relevant combination is the augmented Hamiltonian. One
can think of the energy momentum method as a synthesis of the ideas of Arnold
for the group variables, and those of Routh and Smale for the internal variables. In
fact, one of the bonuses of the method is the appearance of normal forms for the
energy and the symplectic structure, which makes the method particularly powerful
in applications.

The above techniques are designed for conservative systems. For these systems,
but especially for dissipative systems, spectral methods pioneered by Lyapunov have
also been powerful. In what follows, we shall elaborate on the relation with the
above energy methods.

The key question that we address in this paper is: if the energy momentum
method predicts formal instability, i.e., if the augmented energy has a critical point
at which the second variation is not positive definite, is the system in some sense
unstable? Such a result would demonstrate that the energy-momentum method
gives sharp results. The main result of this paper is that this is indeed true if small
dissipation, arising from a Rayleigh dissipation function, is added to the internal
variables of a system. (Dissipation in the rotational variables will be considered in
another publication.) In other words, we prove that

If a relative equilibrium of a Hamiltonian system with symmetry is for-
mally unstable by the energy-momentum method, then it is linearly and
nonlinearly unstable when a small amount of damping (dissipation) is
added to the system.

Some special cases of, and commentaries about, the topics of the present paper
were previously known. As we shall discuss below, one of the main early references
for this topic is Chetaev [1961] and some results were already known to Thomson
and Tait [1912]. See also Ziegler [1956], Haller [1992], and Sri Namachchivaya and
Ariaratnam [1985]. The latter paper shows the effect of dissipation induced insta-
bilities for rotating shafts, and contains a number of other interesting references.

Next, we outline how the program of the present paper is carried out. To do so,
we first look at the case of ordinary equilibria. Specifically, consider an equilibrium
point z. of a Hamiltonian vector field Xy on a symplectic manifold P, so that
Xn(ze) =0 and H has a critical point at z.. Then the two standard methodologies
for studying stability mentioned above are as follows:



1. Energetics — determine if
62H(z) =: Q
is a definite quadratic form (the Lagrange-Dirichlet criterion).

2. Spectral methods — determine if the spectrum of the linearized operator
DXp(ze) =: L
is on the imaginary axis.

The energetics method can, via ideas from reduction, be applied to relative
equilibria too and this is the basis of the energy-momentum method alluded to above
and which we shall detail in §3. The spectral method can also be applied to relative
equilibria since under reduction, a relative equilibrium becomes an equilibrium.

For general (not necessarily Hamiltonian) vector fields, the classical Lyapunov
theorem states that if the spectrum of the linearized equations lies strictly in the left
half plane, then the equilibrium is stable and even asymptotically stable (trajectories
starting close to the equilibrium converge to it exponentially as t — 00). Also, if
any eigenvalue is in the strict right half plane, the equilibrium is unstable. This
result, however, cannot apply to the purely Hamiltonian case since the spectrum of
L is invariant under reflection in the real and imaginary coordinate axes. Thus, the
only possible spectral configuration for a stable point of a Hamiltonian system is if
the spectrum is on the imaginary axis.

The relation between (a) and (b) is, in general, complicated, but one can make
some useful elementary observations.

Remarks

1 Definiteness of Q implies spectral stability (i.e., the spectrum of L is on the
imaginary axis). This is because spectral instability implies (linear and nonlinear)
instability (Lyapunov’s Theorem), while definiteness of Q implies stability (the La-
grange Dirichlet criterion).

2  Spectral stability need not imply stability, even linear stability. This is shown
by the unstable linear system ¢ = p, p = 0 with a pair of eigenvalues at zero. Other
resonant examples exhibit similar phenomena with nonzero eigenvalues.

3 If Q has odd index (an odd number of negative eigenvalues), then L has a real
positive eigenvalue. This is a special case of theorems of Chetaev [1961] and Oh
[1987]. Indeed, in canonical coordinates, and identifying Q with its corresponding
matrix, we have

L=]Q.

Thus, det . = det Q is negative. Since det L is the product of the eigenvalues of L
and they come in conjugate pairs, there must be at least one pair of real eigenvalues,
and since the set of eigenvalues is invariant under reflection in the imaginary axis,
there must be an odd number of positive real eigenvalues.



4 If P = T*Q with the standard cotangent symplectic structure and if H is of
the form kinetic plus potential so that an equilibrium has the form (g.,0), and if
52V (qe) has nonzero (even or odd) index, then again L must have real eigenvalues.
This is because one can diagonalize 62V (g.) with respect to the kinetic energy inner
product, in which case the eigenvalues are evident. In this context, note that there
are no gyroscopic forces. ¢

To get more interesting effects than covered by the above examples, we consider
gyroscopic systems; i.e., linear systems of the form

Mg+ Sq+Ag=0 (1)

where g € R™, M is a positive definite symmetric n x n matrix, S is skew, and A is
symmetric. This system is verified to be Hamiltonian with p = M¢, energy function

1 _ 1
H(g,p) = 5pM '+ XAy (2)
and the bracket
OF 0K 0K OF oF 0K
FEy=220% OROT g OF R
(K} dq' Op;  Oq* Op; 5 Op; Op; 3)

Systems of this form arise from simple mechanical systems via reduction; this form
is in fact the normal form of the linearized equations when one has an abelian group.
Of course, one can also consider linear systems of this type when gyroscopic forces
are added ab initio, rather than being derived by reduction. Such systems arise in
control theory, for example; see Bloch, Krishnaprasad, Marsden, and Sanchez [1991]
and Wang and Krishnaprasad [1992].

If the index of V is even (see Remark 3) one can get situations where 62H is
indefinite and yet spectrally stable. Roughly, this is a situation that is capable of
undergoing a Hamiltonian Hopf bifurcation. One of the simplest systems in which
this occurs is in the linearized equations about a special relative equilibrium, called
the “cowboy” solution, of the double spherical pendulum; see Marsden and Scheurle
[1993] and §6 below. Another example arises from certain solutions of the heavy top
equations as studied in Lewis, Ratiu, Simo and Marsden [1992]. Other examples are
given in §6. One of our first main results is the following:

Theorem 1.1 Dissipation induced instabilities—abelian case Under the above
conditions, if we modify (1) to

Mi+ (S+eR)Gg+Ag=0 (4)

for small € > 0, where R is symmetric and positive definite, then the perturbed
linearized equations

z = Lez,

where z = (q,p) are spectrally unstable, i.e., at least one pair of eigenvalues of Le is
in the right half plane.



This result builds on basic work of Thomson and Tait [1912], Chetaev [1961],
and Hahn [1967]. The argument proceeds in two steps.

Step 1 Construct the Chetaev function

W (g, p) = H(q,p) + BM 'p- (Aq) (5)

for small 8 and use this to prove Lyapunov instability.

This function has the key property that for 5 small enough, W has the same
index as H, yet W is negative definite, where the overdot is taken in the dynamics
of (4). This is enough to prove Lyapunov instability, as is seen by studying the
equation

T
W ((T), p(T)) = W (qo,p0) + / Wq(t), p(t))dt (6)

and choosing (qo, po) in the sector where W is negative, but arbitrarily close to the
origin.

Step 2 Employ an argument of Hahn [1967] to show spectral instability.

The sketch of the proof of step 2 is as follows. Since € is small and the original
system is Hamiltonian, the only nontrivial possibility to exclude is the case in which
the unperturbed eigenvalues lie on the imaginary axis at nonzero values and that,
after perturbation, they remain on the imaginary axis. Indeed, they cannot all move
left by Step 1 and L. cannot have zero eigenvalues since L.z = 0 implies W(z, z) =0.
However, in this case, Hahn [1967] shows the existence of at least one periodic orbit,
which cannot exist in view of (6) and the fact that W is negative definite. The
details of these two steps are carried out in §3 and §4.

This theorem generalizes in two significant ways. First, it is valid for infinite
dimensional systems, where M, S, R and A are replaced by linear operators. One of
course needs some technical conditions to ensure that W has the requisite properties
and that the evolution equations generate a semi-group on an appropriate Banach
space. For Step 2 one requires, for example, that the spectrum at ¢ = 0 be discrete
with all eigenvalues having finite multiplicity. To apply this to nonlinear systems
under linearization, one also needs to know that the nonlinear system satisfies some
“principle of linearized stability”; for example, it has a good invariant manifold
theory associated with it.

The second generalization is to systems in block diagonal form but with a non-
abelian group. The system (4) is the form that block diagonalization gives with an
abelian symmetry group. For a non-abelian group, one gets, roughly speaking, a
system consisting of (4) coupled with a Lie-Poisson (generalized rigid body) system.
The main step needed in this case is a significant generalization of the Chetaev
function. This is carried out in §3.



A nonabelian example (with the group SO(3)) that we consider in §6 is the rigid
body with internal momentum wheels.

The formulation of Theorem 1.1 and its generalizations is attractive because of
the interesting conclusions that can be obtained essentially from energetics alone.
If one is willing to make additional assumptions, then there is a formula giving the
amount by which simple eigenvalues move off the imaginary axis. One version of
this formula, due to MacKay [1991], states that!

é(JB)antig

Re )\ = o Jantis
¢ €T J¢

e+ O(e?) (7)

where we write the linearized equations in the form
2=Lez=(JQ+€B)z. (8)

Here, A is the perturbed eigenvalue associated with a simple eigenvalue Ay = iwp
on the imaginary axis at € = 0, £ is a (complex) eigenvector for Ly with eigenvalue
Ao, and (JB)anti is the antisymmetric part of JB.

In fact, the ratio of quadratic functions in (7) can be replaced by a ratio in-
volving energy-like functions and their time derivatives including the energy itself
or the Chetaev function. To actually work out (7) for examples like (1) can involve
considerable calculation. See §5 for details.

What follows is a simple example in which one can carry out the analysis to
a large extent directly. We hasten to add that problems like the double spherical
pendulum are considerably more complex algebraically and a direct analysis of the
eigenvalue movement would not be so simple.

Consider the following gyroscopic system (cf. Chetaev [1961] and Baillieul and
Levi [1991])

T—gy+yr+ar=20
(9)
J+gt+dy+pPy=0

which is a special case of (4). Assume v > 0 and § > 0. For v = ¢ = 0 this system
is Hamiltonian with symplectic form

Q=dxNdi+dy Ndy — gdx A\ dy (10)
and the bracket (1.3) where S = { 2 _Og ] and Hamiltonian
1 1
H = §(¢2+Z)2)+§(a$2+ﬁy2)~ (11)

! As Mark Levi has pointed out to us, formulae like (1.7) go back to Krein [1950] and Krein also
obtained such formulae for periodic orbits (see Levi [1977], formula (18), p. 33).



Note that for @« = (3, angular momentum is conserved corresponding to the S!
symmetry of H. The characteristic polynomial is computed to be

PN =AM+ (Y +ON + (6" +a+ B+ 780\ + (B + A +ap. (12)
Let the characteristic polynomial for the undamped system be denoted pq:
po(A) =X+ (8° + a+ BN + af. (13)
Since pg is quadratic in A?, its roots are easily found. One gets:

i Ifa>0,8>0, then H is positive definite and the eigenvalues are on the
imaginary axis; they are coincident in a 1 : 1 resonance for a = .

ii  If a and 3 have opposite signs, then H has index 1 and there is one eigenvalue
pair on the real axis and one pair on the imaginary axis.

iii Ifa<0andf <0 then H has index 2. Here the eigenvalues may or may not
be on the imaginary axis.

To determine what happens in the last case, let
D= (g"+a+p) —4af =g +2¢%(a + B) + (a — B)°

be the discriminant, so that the roots of (13) are given by

1
2= §[—(g2 +a+p8)+ VD).
Thus we arrive at the following conclusions:

a If D <0, then there are two roots in the right half plane and two in the left.

b If D =0and g>+a+ 3 > 0, there are coincident roots on the imaginary axis,
and if g2 + a + B < 0, there are coincident roots on the real axis.

c If D> 0and g>+ a+ B > 0, the roots are on the imaginary axis and if
g> + o+ 3 <0, they are on the real axis.

Thus the case in which D > 0 and ¢?> + a + 8 > 0 (i.e., if ¢> + a + 8 > 2\/aB), is
one to which the dissipation induced instabilities theorem (Theorem 1.1) applies.
Note that for g2 + « + 8 > 0, if D decreases through zero, a Hamiltonian Hopf
bifurcation occurs. For example, as g increases and the eigenvalues move onto the
imaginary axis, one speaks of the process as gyroscopic stabilization.
Now we add damping and get

Proposition 1.2 If a < 0,8 < 0,D > 0,¢> + a + 8 > 0 and least one of 7, is
strictly positive, then for (9), there is exactly one pair of eigenvalues in the strict
right half plane.



Proof We use the Routh-Hurwitz criterion (see Gantmacher [1959, vol. 2]), which
states that the number of strict right half plane roots of the polynomial

A pIN + 2+ psA + s

equals the number of sign changes in the sequence

1P2 — P3 3\P1P2 — P3) — P1P4
{1’p17pp p ’p(pp p3) — pip ’p4}. (14)
P1 pP1pP2 — P3

For our case, py = v +0 > 0,po = g> +a+ B+~ > 0,p3 = v8+ad < 0 and
ps = aff > 0, so the sign sequence (14) is

{+++, - +}

Thus, there are two roots in the right half plane. H

This proof confirms the result of Theorem 1.1. It gives more information, but
for complex systems, this method, while instructive, may be difficult or impossible
to implement, while the method of Theorem 1.1 is easy to implement. One can also
use methods of Krein and MacKay to get the result of the above proposition and
get, in fact, additional information about how far the eigenvalues move to the right
as a function of the size of the dissipation. We shall present this technique in §5.
Again, this technique gives more specific information, but is harder to implement, as
it requires more hypotheses (simplicity of eigenvalues) and requires one to compute
the corresponding eigenvector of the unperturbed system, which may not be a simple
task.

Example An instructive special case of the system (1.9) is the system of equations
describing a bead in equilibrium at the center of a rotating circular plate driven
with angular velocity w and subject to a central restoring force. (These equations
may also be regarded as the linearized equations of motion for a rotating spherical
pendulum in a gravitational field—see Baillieul and Levi [1991].) Let z and y denote
the position of the bead in a rotating coordinate system fixed in the plate. The
Lagrangian is then

1

01— o) + (o + w0 = Sh(a® +47) (15)

and the equations of motion without damping are

Ty — 2wy + (k —wHz =0

Yt + 2wy + (k — w?)z = 0. (16)

Thus for w? > k the system is gyroscopically stable and the addition of Rayleigh
damping induces spectral instability. ¢

It is interesting to speculate on the effect of damping on the Hamiltonian Hopf
bifurcation in view of these general results and in particular, this example.



For instance, suppose g>+a+3 > 0 and we allow D to increase so a Hamiltonian
Hopf bifurcation occurs in the undamped system. Then the above sign sequence does
not change, so no bifurcation occurs in the damped system; the system is unstable
and the Hamiltonian Hopf bifurcation just enhances this instability. However, if we
simulate forcing or control by allowing one of v or § to be negative, but still small,
then the sign sequence is more complex and one can get, for example, the Hamil-
tonian Hopf bifurcation breaking up into two nearly coincident Hopf bifurcations.
These remarks are consistent with van Gils, Krupa, and Langford [1990].

The preceding discussion assumes that the equilibrium of the original nonlinear
equation being linearized is independent of €. In general of course this is not true,
but it can be dealt with as follows. Consider the nonlinear equation

&= f(z,€) (17)

on a Banach space, say. Assume f(0,0) = 0 and x(e€) is a curve of equilibria with
x(0) = 0. By implicitly differentiating f(x(e),e) = 0 we find that the linearized
equations at x(e) are given by

(62) = Dyf(z(e),e)dx
= D, f(0,0)éz + € [D2.f(0,0)5z + D2 f(0,0)(2(0), 5z)]
+0(€?) (18)

where 2/(0) = =D, f(0,0)~! £.(0,0), assuming that D, f(0,0) is invertible; i.e., we
are not at a bifurcation point. In principle then, (1.17) is computable in terms of
data at (0,0) and our general theory applies.

A situation of interest for KAM theory is the study of the dynamics near an ellip-
tic fixed point of a Hamiltonian system with several degrees of freedom. The usual
hypothesis is that the equations linearized about this fixed point have a spectrum
that lies on the imaginary axis and that the second variation of the Hamiltonian at
this fixed point is indefinite. Our result says that these elliptic fixed points become
spectrally unstable with the addition of (small) damping. It would be of interest to
investigate the role of our result, and associated system symmetry breaking results
(see, for example, Guckenheimer and Mahalov [1992]), for these systems and in the
context of Hamiltonian normal forms, more thoroughly (see, for example, Haller
[1992]). In particular, the relation between the results here and the phenomenon of
capture into resonance would be of considerable interest.

There are a number of other topics that should be investigated in the future. For
example, the present results would be interesting to apply to some fluid systems.
The cases of interest here, in which eigenvalues lie on the imaginary axis, but the
second variation of the relevant energy quantity is indefinite, occur for circular
rotating liquid drops (Lewis, Marsden, and Ratiu [1987] and Lewis [1989)]), for shear
flow in a stratified fluid with Richardson number between 1/4 and 1 (Abarbanel et
al. [1986]), in plasma dynamics (Morrison and Kotschenreuther [1989], Kandrup
[1991], and Kandrup and Morrison [1992]), and for rotating strings. In each of these
examples, there are essential pde difficulties that need to be overcome, and we have
written the present paper to adapt to that situation as far as possible. One infinite

10



dimensional example that we consider is the case of a rotating rod in §6, but it
can be treated by essentially finite dimensional methods, and the pde difficulties we
were alluding to do not occur. We also point out that some of the same effects as
seen here are also found in reversible (but non-Hamiltonian) systems; see O’Reilly
et. al. [1993].
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2 The Energy-Momentum Method

Our framework for the energy-momentum method will be that of simple mechanical
systems with symmetry. We choose as the phase space P = T'Q or P = T*Q, a
tangent or cotangent bundle of a configuration space (). Assume there is a Rie-
mannian metric ((,)) on @, that a Lie group G acts on @ by isometries (and so G
acts symplectically on T'Q) by tangent lifts and on 7*@Q by cotangent lifts). The
Lagrangian is taken to be of the form

Ligv) = 5ol ~ V(@) (19)

or equivalently, the Hamiltonian is

Hgp) = ol + V(@) (20)

where || - [[; is the norm on T;Q or the one induced on 7;Q, and where V is a
G-invariant potential.

With a slight abuse of notation, we write either (g, v) or v, for a vector based at
q € Q and z = (q,p) or z = p, for a covector based at ¢ € ). The pairing between
T,;Q and T,Q is written

(Pg;vq)s  (p;v) or ((g,p),(q,v)). (21)

Other natural pairings between spaces and their duals are also denoted ().
The standard momentum map for simple mechanical G-systems is

J:TQ — g%, where (J(q,v),&) = «Uan(Q)»
or J:T°Q —g", where (J(¢;p). &) = (p,&e(0)) (22)

where £ denotes the infinitesimal generator of £ € g on ). We use the same notation
for J regarded as a map on either the cotangent or the tangent space; which is meant
will be clear from the context. For future use, we set g-q = {{o(q) | £ € 9} C T,Q.
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Assume that G acts freely on @ so we can regard @ — Q/G as a principal G-
bundle. A refinement shows that one really only needs the action of G, on @) to be
free and all the constructions can be done in terms of the bundle @ — Q/G; here,
G, is the isotropy subgroup for p € g* for the coadjoint action of G on g*. Recall
that for abelian groups, G = G/,. However, we do the constructions for the action
of the full group G for simplicity of exposition.

For each q € Q, let the locked inertia tensor be the map I(q) : g — g* defined
by

(I{g)n, ¢) = (na(9), Ce(a))- (23)

Since the action is free, I(q) is indeed an inner product. The terminology comes
from the fact that for coupled rigid or elastic systems, I(q) is the classical moment
of inertia tensor of the corresponding rigid system. Most of the results of this
paper hold in the infinite as well as the finite dimensional case. To expedite the
exposition, we give many of the formulae in coordinates for the finite dimensional
case. For instance,

Ty = gij AL A7, (24)
where we write
Eo (@) = A'y(g)€” (25)
relative to coordinates ¢*,i = 1,2,... ,n on Q and a basis eq,a = 1,2,... ,m of g.

Define the map a : TQ — g which assigns to each (q,v) the corresponding
angular velocity of the locked system:

a(g,v) =1(g) "' (I(g,v)). (26)
In coordinates,
a® =T%g,; Al (27)

The map (26) is a connection on the principal G-bundle @ — Q/G. In other
words, o is G-equivariant and satisfies a({g(q)) = &, both of which are readily
verified. In checking equivariance one uses invariance of the metric, equivariance of
J:TQ — g*, and equivariance of I in the sense of a map I: Q — L(g, g*) (i.e., the
space of linear maps of g to g*), namely I(g - q) - Ady¢ = Ad;_l]l(q) -

We call a the mechanical connection, as in Simo, Lewis and Marsden [1991].
The horizontal space of the connection « is given by

horg = {(q,v) [ J(g,v) = 0}; (28)

i.e., the space orthogonal to the G-orbits. The vertical space consists of vectors that
are mapped to zero under the projection Q@ — S = Q/G; i.e.,

verg = {§o(9) [ €9} =9-¢. (29)

12



For each p € g*, define the 1-form oy, on @ by
(u(q),v) = (1, alg; v)) (30)
1.€.,
()i = i A%pal™. (31)

One sees from a(€g(g)) = € that «,, takes values in J7! (). The horizontal-vertical
decomposition of a vector (¢,v) € T,Q is given by

v = horyv + verqv (32)
where
verqv = [a(q,v)]o(g) and horyv = v — vergv.

Notice that hor : TQ — J~1(0) and as such, it may be regarded as a velocity shift.
The amended potential V), is defined by

Vala) = V(@) + 5, a) ™' 0 (33)
In coordinates,
Vi) =V(g) + %Hab(Q)Na,U«b- (34)

We recall from Abraham and Marsden [1978] or Simo, Lewis, and Marsden [1991]
that in a symplectic manifold (P, 2), a point z, € P is called a relative equilibrium
if

XH(ZG) € Tze(G . Ze)

i.e., if the Hamiltonian vector field at z. points in the direction of the group orbit
through z.. The Relative Equilibrium Theorem states that if z. € P and z¢(t) is the
dynamic orbit of Xp with 2z.(0) = z. and u = J(z), then the following conditions
are equivalent

1. z. is a relative equilibrium
2. 2(t) €EGu- 2. CG - 2
3. there is a & € g such that z.(t) = exp(t¢) - ze

4. thereis a ¢ € gsuch that z. is a critical point of the augmented Hamiltonian
He(z) := H(z) = (J(2) =, §) (35)
5. z. is a critical point of H x J : P — R x g*, the energy-momentum map

6. z. is a critical point of H|J™1(p)

13



7. z is a critical point of H|J71(0), where O = G - u € g*
8. [z¢] € P, is a critical point of the reduced Hamiltonian H,,.

Straightforward algebraic manipulation shows that H¢ can be rewritten as fol-
lows

He(g,v) = Ke(a,v) + Ve(a) + (1.€) (36)
where
Ke(g.0) = 5l ~ &) (31)
and where
Vela) = Vi) ~ 5 (€ 1(0)6). (39)

These identities show the following.

Proposition 2.1 A point ze = (ge, ve) is a relative equilibrium if and only if there
15 a & € g such that

1. ve =&0g(qe) and
2. qe 18 a critical point of V.

The functions K¢ and V; are called the augmented kinetic and potential en-
ergies respectively. The main point of this proposition is that it reduces the job of
finding relative equilibria to finding critical points of Vg.

Relative equilibria may also be characterized by the amended potential. One
has the following identity:

H(q,p) = Ku(¢,p) + Vu(q)

where
1 2
Ku(a,p) = 5lp — au(a)l,
for (¢,p) € J~!(u). This leads to the following:

Proposition 2.2 A point (ge,ve) with J(ge,ve) = i is a relative equilibrium if and
only if

1. ve = €g(qe) where € =171 (q)p and

2. qe 18 a critical point of V).
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Next, we summarize the energy-momentum method of Simo, Posbergh and Mars-
den [1990, 1991], Simo, Lewis and Marsden [1991], on the purely Lagrangian side,
Lewis [1992], and in a control theoretic context, Wang and Krishnaprasad [1992].
This is a technique for determining the stability of relative equilibria and for putting
the equations of motion linearized at a relative equilibrium, into normal form. This
normal form is based on a special decomposition into rigid and internal variables.

We confine ourselves to the regular case; that is, we assume z. is a relative
equilibrium that is also a regular point (i.e., g,, = {0}, or z. has a discrete isotropy
group) and p = J(z¢) is a generic point in g* (i.e., its orbit is of maximal dimension).
We are seeking conditions for stability of z, modulo G/,.

The energy-momentum method is as follows: Choose a subspace S C kerDJ (g, v)
that is also transverse to the G, orbit of (ge, ve)

a find ¢ € g such that 0H¢(z.) =0
b test 62Hg(z.) for definiteness on S.

Theorem 2.3 The Energy-Momentum Theorem. If §2He(z.) is definite, then
ze 18 Gy -orbitally stable in I~ () and G-orbitally stable in P.

For simple mechanical systems, one way to choose S is as follows. Let

V=1{0q € T,.Q [ (04,xQ(ge)) =0 forall x € gu},

the metric orthogonal complement of the tangent space to the G -orbit in Q). Let
S={6ze€kerDJ(z.) | Tmg -6z € V}

where mg : T*Q = P — () is the projection.

If the energy-momentum method is applied to mechanical systems with Hamil-
tonian H of the form kinetic energy (K') plus potential (V'), under hypotheses given
below, it is possible to choose variables in a way that makes the determination of
stability conditions sharper and more computable. In this set of variables (with the
conservation of momentum constraint and a gauge symmetry constraint imposed on
S), the second variation of 52H5 block diagonalizes; schematically

[ coadjoint ] 0
S2H. — orbit block
¢ 0 Internal vibration
[ block ]

Furthermore, the internal vibrational block takes the form

Internal vibration | 62VM 0
block o 0 &K,

where V, is the amended potential defined earlier, and K, is a momentum shifted
kinetic energy. Thus, formal stability is equivalent to 62V, > 0 and that the overall
structure is stable when viewed as a rigid structure, which, as far as stability is
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concerned, separates out the overall rigid body motions from the internal motions
of the system under consideration.

To define the rigid-internal splitting, we begin with a splitting in configuration
space. Consider (at a relative equilibrium) the space V defined above as the metric
orthogonal complement to g, - ¢ in T;Q. Here we drop the subscript e for notational
convenience. Then we split

Y = Vrig ® VINT (39)

as follows. Define

Vric = {no(q) € T,Q | n € g;;} (40)

where gﬁ is the orthogonal complement to g, in g with respect to the locked inertia
metric. (This choice of orthogonal complement depends on ¢, but we do not include
this in the notation.) From (39) it is clear that Vrig C V and that Vrig has the
dimension of the coadjoint orbit through p. Next, define

Vint = {6g € V | (n,[DI(q) - dq] - £) =0 for all 5 e g;} (41)

where & = I(¢)~'p. An equivalent definition is Vit = {dg € V | [DI(¢)~! - 6q] - pn €
gu}. The definition of Vint has an interesting mechanical interpretation in terms
of the objectivity of the centrifugal force in case G = SO(3); see Simo, Lewis and
Marsden [1991].

Define the Arnold form A, : gﬁ X gt — R by

AM(”?) <) = <ad;;,u, X(q,u)(<)> = <:uv CLdT]X(q,;L) (C»v (42)

where x4, g/f — g is defined by x(q,.)(¢) = ]I(q)_ladz,u—kadcﬂ(q)_l,u. The Arnold
form appears in Arnold’s [1966] stability analysis of relative equilibria in the special
case () = G. At a relative equilibrium, the form A, is symmetric, as is verified
either directly or by recognizing it as the second variation of V,, on Vrig X Vria.

At a relative equilibrium, the form A, is degenerate as a symmetric bilinear
form on gt when there is a non-zero ¢ € gt such that

I(q) " adfp + adcd(q) ™ p € gu;

in other words, when I(q)~! : g* — g has a nontrivial symmetry relative to the
(coadjoint, adjoint) action of g (restricted to gﬁ) on the space of linear maps from
g" to g. (When one is not at a relative equilibrium, we say the Arnold form is
non-degenerate when A, (n,() = 0 for all n € gﬁ implies ¢ = 0.) This means, for
G = SO(3) that A, is non-degenerate if 1 is not in a multidimensional eigenspace
of 171, Thus, if the locked body is not symmetric (i.e., a Lagrange top), then the
Arnold form is non-degenerate.

Proposition 2.4 If the Arnold form is non-degenerate, then

Y = VRric ® VINT- (43)
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Indeed, non-degeneracy of the Arnold form implies VrRigNVinT = {0} and, at least in
the finite dimensional case, a dimension count gives (43). In the infinite dimensional
case, the relevant ellipticity conditions are needed.

The split (43) can now be used to induce a split of the phase space

S = Srig @ SInT- (44)

Using a more mechanical viewpoint, Simo, Lewis and Marsden [1991] show how
Srig can be defined by extending Vrig from positions to momenta using superposed
rigid motions. For our purposes, the important characterization of Srig is via the
mechanical connection:

Sric = Tya, - Vric (45)

so Srig is isomorphic to Vrig. Since oy, maps @ to J “1(u) and Vrig C V, we get
Sric C S. Define

Sint = {0z € S| dq € VinT}; (46)
then (44) holds if the Arnold form is non-degenerate. Next, we write
SINT = WINT @ WITNT7 (47)
where WinT and WITNT are defined as follows:

Wint = Tyap - Vinr - and Wip = {ver(y) | v € [g- ¢°} (48)

where g-qg = {¢o(q) | ¢ € g}, [g:9]°C T;Q is its annihilator, and ver(y) € T,(T*Q)
is the vertical lift of v € T;Q); in coordinates, ver(¢',7;) = (¢, p;,0,7;). The vertical
lift is given intrinsically by taking the tangent to the curve o(s) = z + sy at s = 0.

Theorem 2.5 Block Diagonalization Theorem Assume that the Arnold form
1s nondegenerate. Then in the splittings introduced above at a relative equilibrium,
62H§(ze) and the symplectic form €, have the following form:

[ Arnold ] 0 0

form

2

d H&(ze) - 0 52‘/“ 0
0 0 &K,

and

I [ coadjoint orbit ] [internal rigid] 0 i

symplectic form coupling
Q.. = | | internalrigid g 7
coupling
0 —z" 0
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where the columns represent elements of Srig, WINT and WITNT, respectively, and
T WITNT — Wikt is the isomorphism given as follows: Let vert(y) € WITNT where
v €[g-q° and let 5q € VinT; then

(Z(vert(v)), Tyoyu - 6q) = (7,6q) -

As far as stability is concerned, we have the following consequence of block
diagonalization.

Theorem 2.6 Reduced Energy-Momentum Method Let z. = (ge,pe) be a
(cotangent) relative equilibrium and assume that the internal variables are not triv-
ial; i.e., Vinr # {0}. If 6%He(z.) is definite, then it must be positive definite.
Necessary and sufficient conditions for (52H§(ze) to be positive definite are

1. the Arnold form is positive definite on Vyig and
2. 52Vﬂ(qe) is positive definite on VINT.

This follows since 62K, is positive definite and 62 H, ¢ has the above block diagonal
structure.

In examples, it is this form of the energy-momentum method that is normally
easiest to use.

A straightforward calculation establishes the useful relation

5*Vyu(qe) - (39,6q) = 6°Ve(ge) - (6¢,6q) + ((DI(qe) - 6q)€, (I(ge) ™" o DI(ge) - 5(1)? |
49

and the correction term is positive. Thus, if 62V (qe) is positive definite, then so is
6%V,,(qe), but not necessarily conversely. Thus, 62V, (qe) gives sharp conditions for
stability (in the sense of Theorem 2.3), while 6*V¢ gives only sufficient conditions.

Using the notation ¢ = [DI7!(q.) - 6g]u € g, (see the comments following (41)),
observe that the “correcting term” in (49) is given by (I(ge)¢, () = (Co(ge), Co(ge)))-

One of the most interesting aspects of block diagonalization is that the rigid-
internal splitting also brings the symplectic structure into normal form. We already
gave the general structure of this and here we provide a few more details. We
emphasise once more that this implies that the equations of motion are also put
into normal form and this is useful for studying eigenvalue movement for purposes
of bifurcation theory. For example, for abelian groups, the linearized equations of
motion take the gyroscopic form:

MG+ Sq¢+Ag=0

where M is a positive definite symmetric matrix (the mass matrix), A is symmetric
(the potential term) and S is skew (the gyroscopic, or magnetic term). This second
order form is particularly useful for finding eigenvalues of the linearized equations
(see, for example, Bloch, Krishnaprasad, Marsden and Ratiu [1991]).

To make the normal form of the symplectic structure explicit, we need some
preliminary results. See Simo, Lewis and Marsden [1991] for the proofs.
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Lemma 2.7 Let Aq =ng(qe) € Vrig and Az =Toy, - Aq € Srig. Then

Az = vert [FL(Co(qe))] — T*nolac) - pe (50)

where { = H(qe)_lad;“],u, vert denotes the vertical lift, and FL denotes the fiber deriva-
tive.

Lemma 2.8 For any 6z € T, P,
Q(ze)(Az,62) = (DI (2e) - 6z],m) = (CQ(ge) 6q)- (51)

If 6z € SinT, then it lies in ker DJ, so we get the internal-rigid interaction
terms:

Q(z)(Az,02) = ={(CQ(4e), 09) = — ke, [0, 2(8q)]) - (52)

Since these involve only d¢ and not dp, there is a zero in the last slot in the first row

of © and so we can define the operator C' by (2.34): (C(dq), Aq) := Q(z.)(Az,dz).
Lemma 2.9 The rigid-rigid terms in § are

Q(z€>(A127 AQZ) - —<,U,, [7717 772]>> (53)
which is the coadjoint orbit symplectic structure.

Next, we turn to the magnetic terms:

Lemma 2.10 Let 612z = Ty, - 019 and d2z = Ty, - d2q € WiNT, where d1q,02q €
Vint. Then

Q(2e) (012, 622) = —da,(d14, 029) (54)

If we define the one form ag by a¢(q) = FL(£o(q)), then the definition of Vit
shows that on this space day, = dag. This is a useful remark since dog is somewhat
easier to compute in examples. We also note, as in an earlier remark, that the
magnetic terms can be equivalently computed from the magnetic terms of the G,
connection rather that the G connection. For instance, for the water molecule, this
is easier since in that case, G = SO(3) while G,, = S.

Let us now introduce a change of variables r +— T'mg - r of Srig to Vric and
p+— Ip of WITNT to Wi\, so that the representations for 62 Hg(z.) and €., will be
relative to the space Vrig © WinT @ Winp- We note at this point that we could have
equally well used the representation relative to Vrig @ VinT ® V|1 and the results
below would not materially change (replace W by V where appropriate). Using
this representation, introduce the following notation for the block diagonal form of
52H5 :

(55)



where A, is the co-adjoint orbit block; i.e., the Arnold form, (2 x 2 in the case of
G = S0(3)), A corresponds to the second variation of the amended potential energy,
and M corresponds to the metric on the internal variables.

The corresponding symplectic form for the linearized dynamics is

L, C 0
Q=| -ct S 1|, (56)
0 -1 0

where S is skew-symmetric, 1 is the identity and where C' : WinT — Vi is defined
by (2.34). From the earlier remarks, note that in (2.37) and (2.38), the upper block
corresponds to the “rotational” dynamics (L, is in fact the co-adjoint orbit symplec-
tic form for GG) while the two lower blocks correspond to the “internal” dynamics.
In (2.38) C represents coupling between the internal and rotational dynamics, while
S gives the Coriolis or gyroscopic forces.

The corresponding linearized Hamiltonian vector field is then given by

Xp=(QH'vH = Q1% H,
which a computation given below reveals to be

-L;'A, 0 —L;'CM™! r

Xu(r.q,p) = 0 0 M~ q (57)

-CTL'A, —A  —SMT! p
where S = S + CTLJIC =57,
Thus our linearized equations have the form
i = Xg(z) (58)

where z = (1,¢,p) € Vric XWinTt X Wixt and X is given by (2.39). See Lewis [1993]
for the explicit expression (in terms of the basic data) of the linearized equations.
To prove (2.39) we use the first part of the following lemma. (The remainder of the
lemma will be used in our stability calculations.)

Lemma 2.11 Consider a vector space V.= V1 @® Vo and a linear operator M : V —
V* given by the partitioned matrix

Bi1 Bia ]
M =
[ By Bao

where By : Vi — V", B1a : Vo — V|, Boy : Vi — V5 and By : Vo — V5 are linear
maps. Assume Bi1 is an isomorphism and let

By 0 1 0 1 —BlBlg}
N = _ L= _ P = 1 :
0 By — Ba1By'Bia ] [ ~Byu B 1 } [ 0 1

sothat N:V - V* L:V* > V*and P:V — V. Then

20



(i) LMP=N
(ii) M is symmetric if and only if B11 and Bay are symmetric and Bf; = B9y
(iii) If M is symmetric so is N

(iv) If M is symmetric then it is positive definite iff N is positive definite; more
generally, the signatures of M and N coincide.

Proof (i) is a computation, while (ii) and (iii) are obvious. For (iv), note first
that LT = P. If {,) denotes the natural pairing, then

(LM Pzx,z) = (MPzx,L"2) = (M Pz, Px),
which shows that IV and M have the same signature since P is invertible. N

Lemma 2.12 The linearized Hamiltonian flow with Hamiltonian 52H§ s given by
(2.39).

Proof Wehave X52H§ (Q_I)T(SQHg. To invert €2, set By = Ly, Bia = [C 0], By =

S

AT
[ g ],and Boy = [ 1 é ] . From part (i) of Lemma 2.11, we have M ! =
VN~'L which gives
1 —L;'C 01[L, 0 017'[ 1 00
Q'=]0 1 0 0 S5 1 cTr' 10
0 0 1 0 -1 0 0 01

where S = S + CTLlle — —ST. Noting that

EH RN

we obtain
-1 -1
L;' 0 L;'C
0 l= 0 0 -1
T7r—1 Q
c'L;t 1 8
and
—1 —1
o L, 0 —-L,'C
Q' = 0 0 1
—CTLljl -1 =S

Hence we get result. W
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3 The Chetaev Function and Lyapunov Instability

In this section we add a (small) dissipation term to the linear Hamiltonian equation
(2.40) and show that this results in Lyapunov instability for the linear system. This
is insufficient to prove nonlinear instability of the original system about the given
relative equilibrium. For this we prove a result on spectral instability, which we do
in §4.

We add dissipation (damping) to the “internal” variables of the system only, in
accordance with the natural physical models. The dissipation is assumed to occur
due to the addition, to the Lagrangian, of a Rayleigh dissipation function (see e.g.
Whittaker [1959]):

1 1
R =54 Rg=(M~'p)" RM"p, (59)
where the Rayleigh dissipation matrix R : Wint — Wyt is symmetric and positive

definite: R = RT > 0.
The system of linearized equations (2.40) becomes

ro= —L;lAur — LlleM’lp
¢ = M'p (60)
b o= <_CTL;1AM —Ag—SM1p— RM—lp) .

We note that

do’H

—2R. 1
o R (61)

The presence of dissipation results in the addition of a term —RM ! to the (3, 3)
block of the matrix representation (2.39) of the linear system (2.40).

To prove Lyapunov instability, we will employ a generalization of the Chetaev
function (Chetaev [1961]; see also Arnold [1987]).

Before doing the general case, it is instructive to analyze the special case G = S*,
an abelian group, where our system reduces to the form of the system originally
analyzed by Chetaev and Thomson. This analysis is relevant, for example, for
examining planar rotating systems (see e.g. Oh et al. [1989]).

In this case the A, block in (2.37) vanishes and, the linearized flow Xs2p, with
the addition of (internal) damping becomes

g=M"1p

p=(-Ag—(S+R)M'p)
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where R = RT > 0 is the Rayleigh dissipation matrix as above and S = —S7T
represents the gyroscopic forces in the system.

We shall call (3.4) the Chetaev-Thomson normal form. The example (1.9)
analyzed in the introduction is the simplest case of this form.

The basic question addressed by Chetaev is the following. If A has some negative
eigenvalues, yet the spectrum of

g = M'p
p = —Ag—SM~1p

is on the imaginary axis, is the system (3.4) unstable? Chetaev showed that this
is indeed the case for strong damping; that is, when R is positive definite. Our
proof is a slight modification of his. Interestingly, no assumption on S or the the
size of R is explicitly needed.

Theorem 3.1 Suppose A is has one or more negative eigenvalues and R is positive
definite. Then the system (3.4) is (Lyapunov) unstable.

The proof is based on the following.

Lemma 3.2 (Lyapunov’s Instability Theorem) A linear system is Lyapunov unsta-
ble if there is a quadratic function W whose associated quadratic form has at least
one negative eigendirection and is such that W is negative definite.

See, for example, LaSalle and Lefschetz [1963] for the proof of this lemma.

To utilize this lemma to prove the theorem, we first assume that A is an isomor-
phism. Let

W(q,p) = Ho(q,p) + BBq- M 'p, (63)

where Hy is the Hamiltonian for the undamped system, Hy = %pTM “p+ %qTAq,
[ is a scalar, and B is a linear map, both of which are to be determined. Write

W= % " q"] BBj\ng_l 5(MZ)1B ] [z] . (64)
Calculating the time derivative, we find that
W =—(p" ¢")x (65)
| (MTYy"'RM~! g(MT)_l(R - S)M~'B ]
7?((MT)—IBM—1 +(MT)y1BT MY p
q

p
! 2

5(BTM—1A + AMT)™1B)

BT (M) N R+ S)M! 5 |
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Now choose any positive definite symmetric map K : Wint — Wjyp. Our choice
of B will depend on K, but K may be chosen arbitrarily, and this freedom will be
important below. We let

B=MTKA: WiNT — WI*NT~
From Lemma 2.11, we see that W is negative definite if and only if

(MTYIRM~ 4+ O(pB) 0
0 BAKIA 4+ O(5?)

is positive definite. This is clearly true for 3 > 0 sufficiently small since (M71)~tRM ~1
and AK~'A are symmetric and postive definite. On the other hand, by a similar
argument, W has at least one negative eigendirection for 3 sufficiently small. Hence
by lemma 3.2, we have instability.

To prove the general case, in which A is allowed to be degenerate, we proceed
as follows. Split the space

WInT = kerA @ (kerA)l

into the direct sum of the kernel of A and its orthogonal complement in the inner
product corresponding to M. This induces a similar decompostion of the dual spaces
using M as an isomorphism. Denote with a subscript 1 the first component in this
decomposition and with a subscript 2, the second component. In this decomposition,
we have the block structure

St
and
M= { ]‘gl ]\22 ] :
The equations (3.4) in this splitting become
G =M 'p
G2 = My 'ps

p=((0,—A2gz) — (S+ R)M'p).

Notice that the first equation for g; decouples from the next three equations. Now
we proceed as above, with the function W (g, p) replaced by the following function

of (g2, p):

1. 1 - ~
W(a2,p) = 5p" M™'p+ 53 Mgz + BM K5 Aags - (M5) ',

where Ks : (kerA)t — M(kerA)L) C Wiy is positive definite symmetric. Note
especially that here we are using our freedom to choose K; in Chetaev, the initial
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choice K = A was made, which required A to be invertible. We now compute W as
above, and obtain an expression similar to (3.7) but with the blocks done according
to the variables (p,¢2), and in which the top right and lower left expressions are
modified, but are still multiplied by §, and where the lower right hand block is
replaced by the expression A2 K5 'Ay. Now repeat the argument above. W

We now extend our analysis to the general equation (2.40) i.e., to an arbitrary
nonabelian symmetry group G. We show that indefiniteness of 52H§ at a given
relative equilibrium implies Lyapunov instability (again spectral instability follows
from the analysis in §4).

The main ingredient is a generalization of the Chetaev function (3.5). As above,
we establish definiteness of the time derivative of the function, but the analysis is
now more complex. Also we need an assumption on the coupling matrix C between
the internal and rotational modes.

Theorem 3.3 Suppose A, is nondegenerate and either A or A, has at least one
negative eigenvalue. Suppose that R > 0 and that CT is injective. Then the system
(3.2) is Lyapunov unstable.

Proof As in the abelian case, we start with the assumption that A is an isomor-
phism. In this case, let

11 1
W(gp,r) = 5p-M'p+5q-Ag+gr- Aur

+BBq-M'p+aDr- M 'p+~Er-Aq (66)

where «, 3, and «y are scalars and B, D, and E are linear operators, all to be chosen.
We write the matrix representation of W, in the ordering (p,q,r) as :

M—l g(MT)le %(MT)le
LB
W==2=| Ppry-1 2l . 67
3 | 3B'M A SAE (67)
Qo Tar—1 Y T
—D'M —FE°A A
L 2D 2E " i
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After a lengthy computation, we find that the matrix representation of —W is:
(MT)y"'RM

_g ((MT)—IBTM—I
+ (M) 'BM!

12
B —A,L;*C(MT)~1D)
+ JAEL,A)) a

(68)
We now show that —WW is positive definite for suitable choices of o, 8,7, B, D,
and E. To do this we block diagonalize —WW by repeated applications of lemma 2.11.
Write —W in its partitioned form as

A A Az

—W = | AL, Ay Ags (69)
Ay Al Ass
Then
1 0 O All A12 A13 1 —A1_11A12 0
—A{zAl_ll 1 0 A’{2 Aoy Aos 0 1 0
0 0 1 AL, Al Ass 0 0 1
A1q 0 Ais
= 0 A22 —A{gAl_llAlz _A{QAI11A13+A23 (70)
Aly —ATGAG Arp + A% Ass
Multiplying (3.11) by
1 0 —AlAps
0 1 0 (71)
0 0 1

26
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jorn =g ) BT SIAD
aj(MT)—lcTL—lETA +5M DL{L Ay
+5 (—M) et DTt 2 p (M7 AE
+(MT)"'DL;'CMT)
_ S AAMID
(SR -3 p g (BT(T)1A P - e
YT\ -1 T 71T AT +AM'B) +5BH(M7)CT L, Ay
F(MT)TICTLLTETA) +IAELA,
« T\—1 O —1 «@ -1
($(™) "1 (R = S)arD (5AM~'D o (DT Af-LOT [~
P DTM-1CTL 1A
+eMDL A, gyt 8 S
_ T
— 3(M")"'AE)




on the right and by the transpose of (3.12) on the left yields

Ay 0 0
0 A22 — A%;Ail/hg *A{QAilAlB + A23 . (72)

0 —ALAG A+ AL, —AT AT Ars + Ags

Then a final application of the lemma to (3.13) yields the block diagonal form

An 0 0
0 Aoy — A{QAilAlQ ~O (73)
0 0 As3

where

Agy = Agy— AlgAT Ars — (AJs — A1sA Arg) x
(Aoz — Al AY A12) ™ (Agz — AT AL Ary). (74)
Now Aj; in (3.10) is positive definite if o and ( are small, since R is positive
definite. Choose, as in Theorem 3.1, B = MK ~'A, and assume that v is small,
then Ago — AF{QAﬁlAlg = [AKIA - AITQAﬁlAlg. Since the second term is of higher

order in «, (3,7, this is positive definite. It remains to prove positive definiteness of
Ass. Firstly, choose

D=M"K'CTL;" A, : Spic — Wik (75)
Then we find:

Ay = MHTIRM+0(a) +0(p)

B - &N o — Y - _
A = 5(MT) "R-9)K 1A—§(MT) 'CTL ETA
(67 _ ~ _ _ « _ _ _ _
Ay = 5(MT) YR- 9K 1CTLM1AM+§M '"ME'CTL AL A,
- g(MT)*lAE
a f( _ _ ¥ _
Asy = <§+§> AKICTL Ay + S ABL, A,

Agy = [BAKTIA

Ass = o(CTL'A)TKHCTLAY).
To show that Ass is positive definite, we set o = 8 = ~ and write it as a term linear
in « plus higher order terms in «. Then we show the term linear in « is indeed

positive definite for CT' injective and a suitable choice of E.
We now isolate the terms in Ass that are linear in «. Since

Ay = (MT)TIRM ! 4+ O(w),
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we get A1_11 = MR 'M(1+O(a)). Also A3, Asg and Asz are all O(«). Hence
AT3AL Az = 0(a?)
and so does not affect definiteness, for small o. Next,

Agg — AL AT Ay = aAK A 4+ 0(a?) = aAK'A(1 + O(a))

and so
1
(Agg — AT AT A) ™! = aA*KA*(l + O(a)).
Also,
Agg — A AT Arz = Agz + O(a?)

and thus

1 2 T 2 1 -1 —1 2

Ay = Az +0(0%) = (Af;+0(a?) A KA (14 0(a))(Azs + O(a?))

1
= As3+0(a?) — E(A2T3A_1KA_1 +0(a®) + ABAT KA O(a)
+ 0(a?))(Ag3 + O(a?))
1
— Agy— aAggA—lKA‘lAgg + 0(a?).

Hence the term in Asg linear in « is given by
a(CTL T A)TKHCTL T AY)
1 R 1 _ R _ _ 1 _
—i—a(aAuLMlCK A+ §OCAHLM1ETA)A 'KAT (aAKICTL A, + EaAELulA#)
= (CTL'A)TK N CTL Ay + AL 'CKTICTL A,
1 17T ~T 71— 1 - -
+ §aAuL”1E C'L'A, + §ozAMLN10ELN1AM
1
+ oA L BT KEL A,
Since (AuLﬁl) = —(L;lAM)T, the first two terms cancel and we obtain
o, 1 _
—§(LM1AH)T[CE + (CE)T + EETKE](LulA#).
Now let E = —K~1CT. Then CE + (CE)T + ETKE = —3CK~'CT and hence
B1e!

(LY A)T(CKTICTY(L, T Ay) + O(a?)

Ass =
3=
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which is positive definite since C7 is injective and o > 0.

Since W is clearly indefinite and W is negative definite, we have Lyapunov
instability by Lyapunov’s instability theorem.

To prove the theorem in the case that A is degenerate, split the variable ¢
into (q1,¢2) as in the proof of the abelian case and note that the equations (3.2)
decouple into equations for ¢; and (r,p,q2). Now repeat the argument using the
same modifications as in the abelian case.

For completeness, we give the details in the extreme case A = 0. In this case,
the linearized dynamics with added dissipation in the block-diagonal normal form
takes the following “triangular” form:

Mg = p
p = —(S+RM 'p—CTL Ayr (76)
7 = —L'Atr—L;'CM™'p,

where S = S + CTLQIC, and R = RT > 0 is a matrix of damping coefficients.
Note that projecting out the shape variable ¢ leaves the reduced system from (3.18)
involving p and 7 only, which can be handled separately. Let

W(p,r) = %p~M‘lp+ %7‘ ~Aur+aDr-M'p
where « is a scalar and D is to be chosen. We will show that o and D can be so
chosen that W (p,r) is a Chetaev function for the reduced system—the second and
third equations of (3.18) i.e., W(p,r) is indefinite and its total derivative W along
trajectories of (3.18) is negative definite. This would then establish the Lyapunov
instability of the reduced system and consequently of the full system (3.18). As
above, choose

—1~T7r—-1
D=MK'C"L,"A,.

It is then easy to verify that

‘ Q1 Q2
W =—[p"r"] [ ’ }
1T2 Q22
where,
Qu = (M")"'RM~'+0O(a)
Qu = 3 (M) (R = HKICTL Ay + KT CTL AL A,)

Qzn = aCTLTA)TKN(CTL,A).
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By hypothesis Q22 > 0. As above, there is a range of « for which the matrix

Qll QIQ
Qa =
Q?Q Q22

is positive definite. Further, since the signature of a hyperbolic matrix is invariant
under small perturbations, one can further choose « in the range (0, ¢) such that,

M-t Symlp
: 2 : M~ 0
signature = signature 0 A .
%DTM_l A, 8
—1

The matrix 0 A is indefinite by hypothesis. Thus we have a range of «
m

for which W is a Chetaev function and we have proved Lyapunov instability. W

Remark We leave it to the reader to verify that standard eigenvalue inequalities
lead to the condition,

O<a<e,
where
¢ = minf{e, ey},
- Tr-1 ~1
- 00 N (M- RM) if Amin(CT L, AL, C) >0
= L if Amin(CTL;'A,LMC) <0,
[Amin(CT Ly Ay Ly C))
ca = |[(MT*RM™Y)TV2CTL AL (M RM Y|
+)\max(Q{2MR_1MQ12)/)\min(Q22)
and || - || denotes the Euclidean norm. ¢

An illustration of the instability result of Theorem 3.3 in the case of A = 0, and
of the effective use of the block diagonal normal form will be given in the examples
in §6.

4 Instability of Relative Equilibria

Our main result shows that if 52H5 is indefinite at a given relative equilibrium, the
system is dissipation unstable about that equilibrium. To do this, it is sufficient
to prove spectral instability of the linear system (3.2). In §3 we proved Lyapunov
instability of this system. As discussed in the introduction, this is not sufficient to
prove instability of the nonlinear system. Hence we need to show that we do in
fact have spectral instability. This will follow from the following proposition which
utilizes the eigenstructure of the linearized Hamiltonian system (i.e., with R = 0)
and a key observation of Hahn [1967].
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Figure 1: The case of an eigenvalue quadruplet.

Proposition 4.1 Let & = Xpg(x) be a linear Hamiltonian system. Suppose that
one adds a small linear perturbation to Xpg (in particular, a damping term) and
that for the augmented system there exists a quadratic form W which has at least
one negative eigendirection and which satisfies W <0 along the flow. Then the
augmented system is spectrally unstable.

Proof The properties of W imply that the augmented system is Lyapunov un-
stable, as we have seen. We now show that it is spectrally unstable. Henceforth, we
shall refer to the augmented system as the damped system and the perturbation as
damping.

We consider firstly the eigenvalue configurations of the undamped linear Hamil-
tonian system. From the general properties of Hamiltonian matrices (see e.g. Abra-
ham and Marsden [1978]) the possible configurations can be grouped into the fol-
lowing four categories:

1. There is at least one quadruplet, i.e., an eigenvalue configuration shown in
Figure 4.1:

2. There is at least one pair of real eigenvalues, as in Figure 4.2.

3. Neither 1. nor 2. holds but all the eigenvalues are on the imaginary axis and
are simple.

4. All the eigenvalues are on the imaginary axis and there is at least one multiple
eigenvalue.

Now add the damping terms. In cases 1. and 2., small damping leaves eigenvalues
in the right half plane. Hence we have spectral instability. Now consider case 3. All
eigenvalues cannot move to the left half plane since this implies Lyapunov stability
and we have instability. They cannot all remain on the imaginary axis since (for
small damping) they remain distinct and hence all solutions would be periodic and
hence stable. Similarly if some move into the left half plane and some remain
(distinct) on the imaginary axis, the system is still stable. The only remaining
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Figure 2: The case of eigenvalues on the real axis.

possibility is at least one moves to the right half plane and we thus have spectral
instability.

Finally consider case 4. If any eigenvalues move into the right half plane we have
spectral instability and are done. Now if all eigenvalues moved to the left half plane
the system would be stable and we know it is unstable. Similarly it is impossible
for some to move to the left and for those that remain on the imaginary axis to be
simple, for this again implies stability.

The only remaining possibilities are a multiple zero eigenvalue or a multiple pair
of conjugate purely imaginary eigenvalues remaining on the imaginary axis after
the addition of damping. We can show that both situations are impossible for they
contradict W < 0 :

Suppose firstly that there is a zero eigenvalue. Let W = 27Qz and Xy (2) = Az.
Then W = 2T(ATQ + QA)z. But there exists an # # 0 and that AZ = 0 and here
W (%) = 0, contradicting W < 0.

Now suppose there is a pair of conjugate purely imaginary multiple eigenvalues.
Then there exists an invariant subspace for the flow, which is a subspace of the
generalized eigenspace corresponding to the multiple eigenvalues, which is invariant
for the matrix

0 b 0 O
b 0 0 0
1 0 0 —=b (77)
0 1 b O

Now we can use the following argument of Hahn [1967]. There exists a solution
of the system corresponding to (4.1) of the form

z1=20=0 z3 = cos bt z4 = sin bt.
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However, W is a periodic function of ¢ when evaluated on the above solution. On
the other hand,

W(t) = Wy + tW(s)ds. (78)

to

Since W < 0, |[W]| is bounded away from zero on this curve. Hence the integral
would not be bounded as ¢ — oo and W cannot be periodic on this trajectory.
Hence we cannot have a pair of conjugate purely imaginary multiple eigenvalues
since this contradicts W < 0.

Thus we see that at least one eigenvalue must be in the right half plane and the
system is spectrally unstable. W

Combining our results and using the notation of §2, we get

Theorem 4.2 Assume (for non-abelian groups) CT is injective, and the second
variation of the Energy-Momentum function H¢ of the Hamiltonian system is in-
definite at a given relative equilibrium. Then the addition of small strong (internal)
Rayleigh dissipation gives spectral instability of the system about that relative equi-
librium.

The arguments we have given are designed especially to be applicable to infinite
dimensional systems, even though we have so far confined our attention to finite
dimensional ones. There need to be appropriate assumptions on the semigroups
involved, and assumptions on the spectra, but it seems that the main assumption
needed for the above analysis to be valid is that the spectrum of the unperturbed
problem be discrete, with eigenvalues having at most finite multiplicity.

Two interesting problems are the whirling string and the rotating circular liquid
drop. We hope to pursue the analysis of these problems using the present techniques
in another publication. We analyze a simple rotating beam, where the infinite-
dimensional calculation reduces to a finite-dimensional one, in §6.

We now make some remarks on the condition requiring C” to be injective.

Remarks
1 Since CT : Vrig — Wi, hote it can be injective only if dim Vgig = dim gﬁe <
dim @ — dim@G, i.e., dimO,, < dim(Q/G). For example, for SO(3), this says that
5 < dim Q. For a rigid body with rotors and G = SO(3), this says that there must
be at least two rotors.
2 We claim that C7 is injective, i.e., C is surjective, if
VIJI_\IT NG ge= {0}

Proof From (2.34),

(CT(Aq),8q) = —(Co(ge); 69)).
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Suppose this is zero for all 6¢ € Vint. Then (g(ge) € VIJI_\IT and so by hypothesis,
¢o(ge) = 0. By freeness, ( = 0, and so by Lemma 2.7, ( = H(qe)_lad;‘lu, where
1€ Gu., and so as n € glfe, by (2.22), n =0, and so by (2.32), A¢g=0. N

Notice that the above condition is a hypothesis on Vi being “genuinely differ-
ent” from the “naive” choice of internal space, namely [g - g]*.

Remark on Internal Symmetries: In some situations, we will have internal sym-
metries in the system. In the Hamiltonian case each such symmetry would enable
one to reduce the system by one degree of freedom. In the presence of damping
(dissipation) we cannot of course do this, but one can nonetheless eliminate the
corresponding configuration variables. This ensures that the matrix representation
of W will be negative semi-definite rather than definite (with zero eigenvalues due
to the symmetry). The same analysis as before then applies. This situation will be
illustrated in §6.

5 Dissipation-Induced Movement of Eigenvalues

In contrast with the method of Routh-Hurwitz that requires explicit calculations
with characteristic polynomials, the methods of the present paper allow one to
predict dissipation-induced instability of relative equilibria solely on the basis of
signature computations—indefiniteness of §H, and injectivity of CT. In this sense,
the present paper is closer in spirit to the work of Hermite on Hankel quadratic forms,
cf. the last chapter of vol 2. of Gantmacher [1959]. However, the classical work
of Routh, Hermite and Hurwitz was aimed at getting more refined information—
such as the number of right half plane eigenvalues—than just predicting instability.
In the present context, a closely related question is that of determining speeds of
crossing (into the right half plane) of pure imaginary eigenvalues due to dissipative
perturbations of an underlying Hamiltonian system. In this section we discuss some
formulae to compute such speeds and thereby track in detail the mechanism of
instability. Our formulae generalize the previous work of Krein [1950] and McKay
[1991], and when specialized to the block-diagonal normal form (abelian as well as
non-abelian cases) yield new and explicit formulae for crossing speeds.

Keeping in mind the well-known connections between the asymptotic stability
of a linear system and solutions to the matrix Lyapunov equation c¢f. Bellman
[1963], Brockett [1970], Taussky [1961], our proofs will have a definite Lyapunov
theory flavor. In particular, we will not need the Kato perturbation lemma cf.
McKay [1991]. We also refer to Kirk, Marsden and Silber [1996] for an alternative
argument.

We first prove a basic result.

Lemma 5.1 Consider a linear system & = Az and a quadratic form V(x) =
%xTQ:c. Let V(a:) denote the total derivative of V' along trajectories of the linear
system, evaluated at x. Let X = A\, +i)\; € spectrum(A). Let & = x, + ix; denote an
eigenvector of A corresponding to A. Then,
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V(a:T) + V(ac,)

Ar = .
2(V(xy) + V(i)
Proof
. 1 1
Viz) = §(a'cTQ:U +27Qi) = §xT(ATQ + QA)x, and thus
. 1 1
Ve) = ET(ATQ+ QA = J22¢TQE = 2V (€).
Thus
NAG)
V(¢)
Now
Viz,)  zl(ATQ+ QA)z,
V(z,) I Qz,
B Azl — NaD)Qx, + 2T QN — Niy)
- TQr,
I Qux,
= 2\, — 2\
A A O,
Similarly,
=2\ + 2\
Vie) T,
Adding suitable multiples of (5.2) and (5.3) we get,
V Iy V ZT;
2\ (xl Qy + 21 Q) = VEQ:T;x;‘,FQmT + Vgl‘zi TQu;
= 2(V(ay) + V(i)
Therefore,

L V) V@) Vi) + Vi)
"l Qu + 2l Qi 2(V(xy) + V()

Corollary 5.2 Consider the matriz Lyapunov equation

ATX + XA=-P

associated to the linear system @ = Ax, where P = PT > 0 is given.

Q = Q" is a solution to (5.4). Then,
card{\ | A € spectrum(A),Re(A) =\, > 0} < index(Q),

where index(Q) means the number of negative eigenvalues of Q.
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Proof In Lemma 5.1, choose @ to be a solution to the Lyapunov equation (5.4).
Then,

Viz) = %(a‘:TQx+xTth)

= %:cT(ATQ + QA)z

T
— - = P .
2£U €T

From Lemma 5.1, for any eigenvalue \ of A,

V(xr) 4+ V(x)
2(V(zy) + V(i)
—%(foxT + :L'ZTPJII)

(JCIQ?L‘T + LUZTQCL‘Z)

1£7Pe
267TQ¢
Since P = PT >0, A, > 0, this implies Q¢ <0. N

A =

Remark It is well-known that when spectrum(A) lies in the strict left half plane,
(5.4) has the unique positive definite solution

e T
/ e Qe do.
0

If in Corollary 5.2, we impose the additional condition that, for any A, 1 € spectrum(A), \+
w # 0, then, the inequality (5.5) becomes an equality. This is a theorem of Taussky
[1961]. ¢

Suppose the linear system of interest is

i =[Q7 ) Qx + eBx (84)

where Q = —Q7 is a nonsingular matrix (e.g. the symplectic structure) of size 2n x
2n, the matrix B is symmetric and determines a, possibly dissipative, perturbation,
€ > 0 is a small parameter, and Q = Q7 determines the energy quadratic form

E(z) = %xTQx (85)

for the underlying unperturbed system. Along trajectories of (5.6)

E(z) = ezT(QB + BQ)z. (86)
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Corollary 5.3 Suppose \ is a simple eigenvalue of A = Q~TQ with eigenvector & =
x, +iz;. Let X6 denote the real part of the eigenvalue branch A of Ac = Q~TQ +eB
emanating from X. Then

d

)\; D= =
de e=0
B EE,(%) + E'(x;)
2 E(x,) + E(x) (87)
where
E'(z) = 2" (QB + BQ)x. (88)

Proof Substitute E(z) for V(z) in Lemma 5.1 and observe that simplicity of A
ensures smoothness of F(2¢), E(2f) etc. with respect to e at e =0. M

If in Corollary 5.3, the eigenvalue branch A€ is emanating from a pure imaginary
eigenvalue A = iw, then the formula (5.9) becomes a formula for the crossing speed.
It is our aim to make this formula explicit for systems in block-diagonal normal
form. As a first step we note

Lemma 5.4 Under the hypotheses of Corollary 5.3, and if A\ = iw where w € R,
gT(QB)anti f

N = = 89
r §TQf ’ ( )
where (- )anti denotes the anti-symmetric part.
Proof Since A(z, + ix;) = iw(z, + ix;), we have
= = 28,
and
o=, = (e 4)
Then,
E(z,) = -2lQx, = -21Q" Az,
2 2
. §+ 5_ TW
- 5 (55) @ %9
1 -
= g Tae. (90)
By antisymmetry of Q, —£7Q¢ = ETQ§ and hence
1 1
E(x;) = Q.CvlTQLL’Z = §xiTQTAa:Z~
T
1(§—¢ TW A
= — Q —
2 ( 27 ) 2 (E+9)
1 -
= it Toe. (91)
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Further, since Q = —QA = ATQ, formula (88) implies
B+ B(e) = 5al(@B+ BQ)r, + 2T (QB + BQ)x
= %xZ’ATQBxT - %xZBQAxT + %x?ATQBxi — %x?BQAxi
= Me-8T0B(E+8) - Le+TBA(E-)
- S+ OB -9+ 5 (-9 B+

= % (€raBé - £haBe) + % (€7 BQE — £ BQg)

 w 0B (@B, iw 0B - (B)

SRV 2 Tt ¢

= Y (OB i€ + E (B o)

= —iwET(QB) . (92)

From (5.12), (5.13) and (5.14) we get,

EI(IIZT) + E/(l'z) gT(QB)antig

N = = — . n
" 2(BE(xr) + E(2:)) £TQE
. 0 I .
Remark The special case Q = J = [ I 0 ] of formula (5.11) appears in R.

McKay [1991] who also gives it an averaging interpretation. We note that our result
is a corollary of the more general formula (5.9) which applies to eigenvalues that are
not necessarily on the imaginary axis. The proof presented here does not use the
Kato perturbation lemma involving both right and left eigenvectors—the key tool
in McKay’s argument. ¢

Next we compute the average (E'(x,)) over a cycle of period 27 /w of the periodic
solution £e* for the unperturbed system. Recall that at ¢ = 0, the formula

(o) = 2 (e~ & B(E+)
holds. For any other t,
E'(z,(t) = Z.Zw(éem — G TQB(ge™! + Eemt)
— erapen  ¢TaBe + ToBE - EoBe ) (93)

Substituting from (5.15) into the average defined by

27 Jw
/0 B (2, (1)) dt (94)



we get,

(B (2) = “(€QBE ~ E0BE) = ~ (& (OB)ani). (95)

In evaluating (5.16) we used the fact that f027r/ “etkwldt = 0 for any nonzero integer
k. From (5.14) and (5.11), and (5.12), (5.13) we get,

i)

T 2E($r) : (96)

This is the averaging interpretation of the crossing speed given by McKay in the
case ) = J.

In the remainder of this section we show how to adapt the crossing-speed result
(5.11) to the block-diagonal normal form. Recall that the symplectic structure of
the block-diagonal normal form is not canonical. It is of the form “coadjoint orbit,
internal symplectic, magnetic and coupling terms”;

L, C 0]
Q=|-cT § 1]. (97)
0 -1 0|

The second variation 52H§ takes the form,

(A, 0 0
Q=10 A 0 |, (98)
0 0 M|

and the dissipatively perturbed linear system of interest is (cf. equation (3.2))
i=(A+eB)x=(QTQ+eB)x

where
0 0
B={(0 0 0 . (99)
0 0

Here z = (1,4, p), as in §3. A key stumbling block in using the crossing speed formula
(5.11) is the need to calculate the eigenvector £ corresponding to the eigenvalue iw.
The following result eases the way a little.

Lemma 5.5 Consider the quadratic pencil

M+ NS+ A -\CT
GO\ = . (100)
—AL;TC A1 — L;TC

Then Ao is a singular point of the pencil, i.e., det [G(N\g)] = 0, with correspond-
ing null-vector yg = (qg,rg)T iff Ao is an eigenvalue of A with eigenvector & =
(6595 - Ao(Mao) ™)™
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Proof Note the equivalence between the unperturbed system & = Az and the
coupled system consisting of the second-order internal dynamics together with the
first order coadjoint orbit dynamics, in normal form:

Mi+Si+Ag = CTr
Po= L;TAnr+LTCq. (101)

Interpret G(\) as the Laplace transform representation of (5.24). This immediately
identifies singular points of the pencil G(\) with the spectrum of A. The eigenvector-
null vector result is a direct calculation. M

Now, suppose A = iwp is a pure imaginary eigenvalue of A (singular point of
G(N)). Let

G (iwp) ( ?‘{8 > = 0.

By Lemma 5.5, and verifying that

o o 0
(QB)anti = 510 0 —~RM~' |,
0 RM~! 0
we get,
ET(QB)ani€ = —iwo Ge Rqo. (102)
Again by Lemma 5.5 and (5.19),
ETQ¢ = 7 Lyro + 2iwo @ Mo + @2 Sqo + 7t Cqo — @3 Cro. (103)
Setting,
qo =n+1ip5,

ro = u + v

and substituting in (5.25), (5.26) we get the following “block-diagonal” version of
the crossing speed formula,

N —wo(n” Ry + BT RP)

- . 104
T 2w Ly +uTCB —vTCn+ 0SB+ wo(n” Mn + BT MB)} 1oy

Remark The crossing speed formula (5.27) can lead to effective computation pro-
vided one has some insight into det(G (iwp)) and can compute a null vector of G (iwy).
This is still more manageable than directly computing eigenvectors of A due to the
smaller matrices involved.
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Remark In the abelian case, L, = 0 = C and the crossing speed formula (5.27)
specializes to

Vo —wo(n" R + " RY)
" 2{wo(nTMn+ BTMB) +nTSBY

For a similar formula for two degree of freedom systems, see Haller [1992]. Further,
if there is no gyroscopic/magnetic term, i.e., S = 0 then (5.28) predicts that every
pure imaginary eigenvalue of the unperturbed system is pushed into the left half
plane under a strong dissipation R > 0. Of course, this says nothing about any
eigenvalues of the unperturbed system that may be in the right half plane—such
eigenvalues are bound to be present if S = 0 and A is indefinite.

(105)

Example As we already saw in the introductory section, for the two degrees of
freedom Chetaev problem (cf. equation (1.9)),

T—gy +eyt+axr =
§+gt +edy+py = 0, (106)

if « and 3 are both negative, and if we set € = 0, then for g + a + 3 > 2\/af, all
eigenvalues are pure imaginary (the unperturbed system is gyroscopically stable).
But, for strong dissipation, v > 0,9 > 0 and € > 0, one pair of eigenvalues crosses
into the right half plane and another pair into the left half plane. This was shown by
a Routh-Hurwitz calculation which, being a counting device, is not capable of telling
us which eigenvalue crosses over to which half plane. Employing the crossing speed
formula (5.28) we are able to address precisely this problem of tracking eigenvalue
movement.
Note that the Chetaev problem is in the abelian case with

o= Lo S]s= [ (05

A = [g‘g] (107)

One checks that
det(G(iwp)) = (—w% + a)(—wg +0) — w§g2 =0, (108)

which determines two distinct pairs of pure imaginary eigenvalues if g% + o + 8 >
2y/af. Corresponding to A = iwp, a null-vector for G(iwg) is given by,

[(ﬂ ] = [ 1gwo ] =0 +if. (109)

D) —wi + a
Thus 7 = (0, —wg + )T, B = (gwo,0)T. Substituting in (5.28) we get,

—5{0(~wf + a)* +vg’wi}
{(—wg + @)% + g%wi + g*(—wi + @)}

N =

(110)
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Figure 3: The weaker get destabilized.

Using the relation (5.31) we can simplify further to obtain

v L(ws + o) +(—wp £ )}
T 2{(-wi o)+ (—wg +B)g?t

Suppose +iwy and +iw; are the distinct eigenvalues of the unperturbed system.
Then,

(111)

wi+wi=g>+a+p.
Therefore,
(B +a)+ (B + P+ =wi o —wE—wd =wi W
Thus,

v - —ald(=w + ) +y(—wi + B))

' {of —wi} '

By hypothesis, & < 0,3 < 0,0 > 0,7 > 0. It follows that

(112)

—%{5(—0)8 +a) +y(—wd +6)} > 0.

Hence the simple eigenvalue +iwy moves to the right (left) half plane according as
whether wy > wp(w1 < wp). See Figure 5.1. ¢

Example The simplest non-abelian case arises when G = SO(3) and the shape
space dimension is 1. A physical example of this is that of a rigid body with an
attached pointmass at the end of a spring, free to oscillate along a linear guideway.
First, note that we can do some basic calculations without reference to a particular
equilibrium about which block-diagonal normal form is used. Let,

10 =g . 4~ | Ci|., | an a2
LM_[Q 0},0_[02],14”_[%2 a22]>0.
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Note that C7T is not injective, a case not covered by Theorem 3.3. The magnetic
term S = —ST = 0, since the shape space dimension is 1 by hypothesis. Let A = a
and M = m be the scalar stiffness and mass respectively. The quadratic pencil of
Lemma 5.5 takes the form

[ Mm+a —AC1 —ACy |
a2 a2
—\C Ao 2 22
G(\) = 2/9 g g
)\Cl/g a1 A+ a2
L g g

It can be verified that

A A
p(A) = det G(\) = mAt 4+ A2 {a + %Al - —22} +a—y,
g g g
where
a11a2 — a3y

Ay =
92

>0

(because A, > 0) and

Cags + C3a11 — 201Caa19
7
1
— ?[02—01] [ @ dn } [ C ] >0

Ay =

a2 a2 -C

(again because A, > 0).
There are three cases to consider:

(a) If & > 0, then the second variation is postive definite and all the roots of p(}),
(i.e., eigenvalues of the unperturbed Hamiltonian system) are pure imaginary.

(b) If a = 0, then there is repeated root at the origin and a pure imaginary pair
:tin.

(c) If @ < 0, two of the roots of p(A) are real with one root lying in the right half
plane.

In case (a), a dissipative perturbation moves the eigenvalues into the left half
plane. This is already covered by the general theory, but can be recovered by the
crossing-speed formula (5.27) with S = 0, a calculation left to the reader. Case (c)
is the odd-index case and the Cartan-Chetaev-Oh lemma demonstrates instability
with or without added dissipation. In case (b) our crossing speed formula (5.27)
applies to the pair of pure imaginary roots (since they are simple). The details are
again left to the reader. ¢
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6 Examples

Example 1 (The Rigid Body with Internal Rotors) Consider a rigid body with two
symmetric rotors. It is assumed that the rotors are subject to a dissipative/frictional
torque and no other forcing. A steady spin about the minor axis of the locked inertia
tensor ellipsoid (i.e., the long axis of the body), is a relative equilibrium. Without
friction, this system can experience gyroscopic stabilization and the second variation
of the augmented Hamiltonian can be indefinite. We aim to show that this is an
unstable relative equilibrium with dissipation added.

The equations of motion are (see Krishnaprasad [1985] and Bloch, Krishnaprasad,
Marsden, and Sanchez de Alvarez [1992]):

(Hlock - Hrotor)Q = (]IlockQ + HrotorQr) x )

Qr = _(]Ilock - Hrotor)_l(ﬂlockg + HI‘OtOI‘QT) X Q- RQ?‘
(113)

In this example, Q = SO(3) x S* x S and G = SO(3). Also A € SO(3) denotes the
attitude/orientation of the carrier rigid body relative to an inertial frame, Q € R? is
the body angular velocity of the carrier, Q. € R? is the vector of angular velocities
of the rotors in the body frame (with third component set equal to zero) and 6, is
the ordered set of rotor angles in body frame (again, with third component set equal
to zero). Further, [ ¢ denotes the moment of inertia of the body and locked rotors
in the body frame and I, is the 3 x 3 diagonal matrix of rotor inertias. We let

Hlock = diag(BlaBQaB?))a
Liotor = diag(J117J2270)7 (114)

Hlock - Hrotor = diag(Ab A2> AB)

Assume that By > Bs > Bs. Finally, R = diag(R1, R2,0) is the matrix of rotor
dissipation coefficients, R; > 0.

Consider the relative equilibrium for (113) defined by, Q¢ = (0,0,w)”; Q¢ =
(0,0,0)T and 6, = #¢ an arbitrary constant. This corresponds to a steady minor
axis spin of the rigid body with the two rotors non-spinning. Linearization of the
SO(3)-reduction of (113) about this equilibrium yields,

(]Ilock - Hrotor)éf2 = (]Ilock(SQ + Hrotorégr) x Q¢ + (Hlocer) X 082

5Qr - _(]Ilock - ]Irotor)i1 [(]Ilock(SQ + ]Irotor(sQr) x Q¢
+ (Hlocer) X 59] — R,

56, = 59,..
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It is easy to verify that 6€23 = 0. This reflects the choice of relative equilibrium.
Similarly 6€2,, = 0. We will now apply Theorem 3.3 in the case of A = 0.

Dropping the kinematic equations for d6,. we have the “reduced” linearized equa-
tions

— . 2 B o B -
R, v 0 Bs— By
. Al Al

082y, Jlw R By —Bj 0 0Sdy,
Moy | _ | A A oA, (115)
50y 0 Jzw 0 By — Baw o
592 1 A1 A1 592

L A, 0 A, 7 0]

Assume that w # 0 (nondegeneracy of the relative equilibrium). Then the above
equations are easily verified to be in the normal form (3.18), upon making the
identifications, p = (62,,0Q,)7, ¢ = (6Q1,092)7, and,

R A O
/

[ Bs— DB 0 Ji 0
_ A a1 _ | A
Ay = 02 Bs — Bo y M= 02 J22 ’
i A, Ay
A
le—f 0
R — 1 Al
0 Ryt
i 23

Since By > By > B3, A, is negative definite. Also, M and R are positive definite,
and C7T is injective and thus all the hypotheses of Theorem 3.3 are satisfied. Thus
the linearized system (6) or (115) displays dissipation-induced instability. W

Remark In the body and rotors example, the linearized system was shown to be
in block-diagonal normal form by inspection. Our calculations also reveal that there
is some freedom in the choice of block-diagonal parameters-for instance the scalar
w could appear in various ways in L, C' etc.

Remark This example is also instructive in that we can verify the instability result
by a Routh-Hurwitz computation, as in Proposition 1.2. We sketch the computation
here and note that calculations like this can sometimes be tedious, indicating the
usefulness of the general result, even in this relatively low dimensional case.

A straightforward calculation yields the following characteristic polynomial of
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the linearized system (6.3) or (6.4), with no dissipation,

p(A) = X4 +w2)\2(=]22 — (By — B3))(J{ — (B1 — B3))

. (116)

A1 Ay
There are two eigenvalues at the origin, consistent with the rank deficit of 2 in
L;r Lrc
CT’i_T " 3 and, under the additional physical assumption that
o

(J5 — (B2 — Bs3))(J{ — (B1 — Bs)) >0, (117)

the other two eigenvalues are pure imaginary. In fact, we assume both factors in the
preceding equation (6.6) are negative, since the rotor inertias are small. Now con-
sider the case in which Ry, Ry > 0, and are small. The full characteristic polynomial
is

A+ X3 (R + Ry)
L2 {3132 N (J3 — (B2 — B3))(J] — (B1 — Bz))}

w? A As

— P {Ra(By — Bo)(B — (By = By)) + Ro(Ba — By)(J} — (B1 — Bo))}
(Bs — Bs)(By — B3)RiR

+ wQ { 2 3 A1142 3 1412 } )

(118)

Now, use the same notation for the characteristic polynomial (6.7) as in Proposition
1.2. We need to compute the sign changes in the sequence (1.14). Clearly p; and
p4 are positive since Ry and Ry are positive and By > By > Bs.

A computation shows that

w2

pip2 —p3 = (B1+ Ra)(RiRs) + J2J}
A Ay
2
w
T A A, {(B1 — B3)RaJ3 + (B — B3)J{ Ri } . (119)

The first two terms are small by assumption and hence pips — ps3 is negative. It
then follows that

p3(p1p2 — p3) — p1pa
pP1pP2 — P3

is positive.

Hence the Routh-Hurwitz sign sequence is {+, 4+, —, +, +} and thus the addition
of dissipation has indeed moved two eigenvalues into the right half plane, causing a
linear instability. 4

Example 2 (Double Spherical Pendulum) In Marsden and Scheurle [1993] the

double spherical pendulum is discussed. In particular, relative equilibria, called
“cowboy solutions” are found explicitly and have a shape in which the horizontal
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projections of the two rods point in opposite directions. The group in this case is
S1, corresponding to rotations about the vertical axis. It is verified that indeed the
linearized equations are in our standard form M G-+ Sq+ Aq = 0, but where the 3 x 3
matrices M, S and A have extra zeros due to discrete symmetries. It is found that in
large regions of parameter space (determined by the pendulum lengths, masses and
angular momentum), that A has signature (4, —, —), while the eigenvalues of the
linearized system lie on the imaginary axis. It follows from Theorem 1.1 or 4.2 that
if one adds joint friction (so that the total angular momentum is still conserved)
then the cowboy solutions become spectrally unstable. This example is a good one
in that direct analytical computation of eigenvalue movement to see this instability
would be quite complicated. We also point out that experiments of John Baillieul
(Boston University) confirm this instability. W

We also point out that similar eigenvalue and energetic situations arise in a
number of other examples; among them are:

1. The heavy top— see Lewis, Ratiu, Simo and Marsden [1992]
2. The rotating liquid drop— see Lewis [1989]

3. Shear flow in a stratified fluid with Richardson number between 1/4 and 1;
see Abarbanel et al. [1986]

4. Plasma dynamics; see Morrison and Kotschenreuther [1989], Kandrup [1991],
and Kandrup and Morrison [1992].

The last three examples mentioned are infinite dimensional, which provide moti-
vation for extending our methods to cover such cases. One infinite dimensional
example we can handle is the next one.

Example 3 We now consider a partial differential equation for which one can
analyze dissipation induced instability by finite-dimensional techniques. We consider
a Lagrangian for a model of a nonplanar rotating beam with “square” cross-section.
The beam is assumed to be of Euler-Bernoulli type. It is fixed to the center of a
circular plate rotating with constant angular velocity w, with undeflected position
perpendicular to the plate along the z-axis of a Cartesian coordinate system fixed
in the plate. The beam is inextensible and can deflect in the z- and y-directions.
(The planar version of this model is analyzed in Baillieul and Levi [1987].) The
Lagrangian is chosen to be

1 1
L(z,y,xe,y)) = 5/0 (e — yw)* + (ye + 2w)?) dz
1 1
-5 [ RGE e (120)
0

where k is an elastic constant.
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The equations of motion with Rayleigh damping and damping constant - are:

Ty — 2wy — wiz + kT, + 2 =0

121
Yut + 2wy — Wy + kyazzs + vy = 0. (121)
The natural boundary conditions are:
z(0) =2'(0) =2"(1) =2"(1) =0 (122)
y(0) =y'(0) =y"(1) =y"(1) =0
where / denotes the z-derivative.
The equilibrium states are given by x4 = yi = 0,2, = y; = 0 and hence
w2+ kxon,, =0 (123)

—U.)Qy + kyzzzz =0.

We set k = 1 for convenience.

The fourth order operator with the given boundary conditions has compact
inverse and hence (see e.g. Baillieul and Levi [1987]) the eigenvalues of equations
(6.9) are given by 0 < w? < w? < ... — 0o with corresponding eigenfunctions
x(z) = z;(z) and y(z) = y;(z) respectively. By our choice of the elastic constants,
zi(2) = ui(2).

Consider now the undamped case, v = 0, and write the equations in first order
form, letting 1 = =, g2 = y, p1 = ¢, p2 = y¢. We obtain:

qit = P1

q2t = P2
124
Pt = 2wp2 + w2(11 — Qlzzzz ( )

D2t = —2&1191 + w2(]2 — (2z22z2-

Let 2z = [q1 g2 p1 p2]T. The system is thus of the form z; = Az where

0 0 1 0
0 0 0 1

A= —0* 4 W2 0 0 2w (125)
0 —t+w? —2w 0

The stability of the equilibria are determined by the eigenvalues of A. In addi-
tion to the zero eigenvalue, one can check that A has eigenvalues +i(w + w;) with
corresponding eigenvectors

:L“j T [ l‘j 1

ixj —iafj

i(w + wj)z; —i(w + wj)z;

—i(w+ wj)z; | | — (w4 wj)z;

zj | Kz |

ij —Z:L’j 12
i(wj —w)x; —i(w; —w)x; (126)
—(wj —w)z; | | —(wj —w)z;
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Now project the system onto the invariant subspace spanned by the four eigen-
vectors corresponding to the eigenvalues +i(w 4 w;). We see that on this subspace
we have a gyroscopic system in Chetaev normal form (1.9). In fact, it is identical to

the system describing the rotating bead given in §1, with spring constant k = w]z.
Hence for w? > w? we can see that addition of dissipation causes the system to

become spectrally unstable. In fact, for w]z <w? < ,w]z + 1 there are j gyroscopically
stable Chetaev subsystems whose eigenvalues will be driven into the right-half-plane
on the addition of dissipation. M
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