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Abstract

This paper studies the destabilizing effects of dissipation on families of
relative equilibria in Hamiltonian systems which are non-extremal constraint
critical points in the energy—Casimir or the energy—momentum methods. The
dissipation is allowed to destroy the conservation law associated with the
symmetry group or Casimirs, as long as the family of relative equilibria stays on
aninvariant manifold. This approach complements earlier work in the literature,
in which the dissipation did not affect the conservation law.

First, Chetaev’s instability theorem is extended to invariant manifolds and
this extended theorem is used to prove instability of families of relative equi-
libria for several examples. Second, it is shown that families of non-extremal
stationary solutions of the two-dimensional incompressible homogeneous Euler
equations are unstable for the corresponding viscous perturbations of this sys-
tem, i.e. for the two-dimensional Navier—Stokes equations. Also, the instability
of the sleeping top relative equilibria under friction can easily be proved in
this way, even before the Hamiltonian sleeping top becomes linearly unstable.
Finally, sufficient conditions are given for which friction destabilizes families
of non-extremal relative equilibria in simple mechanical systems with abelian
symmetry.

Mathematics Subject Classification: 58F30, 76D05, 70E50

1. Introduction
This paper considers destabilizing effects of dissipation on families of relative equilibria in
Hamiltonian systems, so-called dissipation-induced instability. Relative equilibria can be
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found in Hamiltonian systems which are invariant under the action of a continuous symmetry
group. In such systems, relative equilibria are solutions which move with constant speed
along the flow of the symmetry group. For example, in a system with rotational symmetry, the
relative equilibria are uniformly rotating states.

Noether’s theorem implies that continuous symmetries in Hamiltonian systems are related
to functionals which are constants of motion in a Hamiltonian system (e.g. the angular
momentum in case of arotational symmetry). This observation leads to a variational description
for the relative equilibria. Relative equilibria can be described as constrained critical points
of the Hamiltonian on level sets of the constants of motion. Some Hamiltonian systems have
constants of motion which are not related to continuous symmetries, but which are due to
a degeneracy in the Poisson bracket. These constants of motion which generate the centre
of the Poisson algebra are called Casimirs and equilibrium solutions of Hamiltonian systems
which are constrained critical points of the Hamiltonian on level sets of the Casimirs are also
called relative equilibria. Usually, relative equilibria appear in families and the individual
relative equilibria in such a family can be parametrized by the value of the constants of the
motion.

The variational characterization of the relative equilibria can be used to get sufficient
criteria for non-linear (orbital) stability. This has been formalized in two related methods. The
first one is the energy—Casimir method (see Holm et al [13] for details and more references).
The second method is the energy—momentum method, which does not rely on the existence
of Casimir functions. For details and more references, see Simo et al [18, 19]. These
methods imply that if the relative equilibrium is a constrained extremum, then the relative
equilibrium will be non-linearly (orbitally) stable. However, no conclusions can be drawn if
the relative equilibrium is a non-extremal constrained critical point. With spectral methods
one can try to obtain some information about linear instability. However, it is hard to get
any information about the non-linear stability in case of a linearly stable (i.e. neutrally stable)
relative equilibrium, which is a non-extremal constrained critical point.

If dissipation is added to a Hamiltonian system, in general it cannot be expected that the
functionals related to the symmetry group or Casimirs (constants of motion for the Hamiltonian
case) remain invariant under the new dynamics. The dissipation will induce an evolution along
the level sets. In addition, it is very unlikely that the orbits of individual relative equilibria are
invariant under the dynamics of the dissipative system. However, since the manifold formed
by the orbits of the family of relative equilibria includes various level sets of these functionals,
it is possible that the full family of relative equilibria forms an invariant manifold under the
dynamics of the system defined by the sum of the original Hamiltonian system and a dissipative
vector field.

If the family of relative equilibria consists of extremal constrained equilibria, then
dissipation will induce attractor-like properties for the family and a rate of attraction can
be found. Under appropriate conditions, it can be shown that solutions starting near the family
of relative equilibria will continue to stay near this family and will be asymptotically attracted
to it. In Derks er al [6], the variational description of the relative equilibria and ideas from
the energy—momentum method are used to develop a general theory in the case of simple
mechanical systems with dissipation. An illustration is given for a rigid body with friction. In
Derks and van Groesen [7], a rate of attraction is found for the family of KdV cnoidal waves
when uniform damping is added to the KdV equation. Attractors and an attraction rate are
found for the two-dimensional Navier—Stokes and reduced magnetohydrodynamics in Derks
and Ratiu [8]. To derive the above mentioned stability results, it is not necessary that the
manifold of relative equilibria of the underlying Hamiltonian system is invariant under the
dissipative vector field.
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This paper focuses on families of relative equilibria which are non-extremal constrained
critical points and shows how dissipation can destabilize such families. Although the extremal
families did not have to be invariant to have attractive properties under the influence of
dissipation, the non-extremal cases turn out to be more delicate. It is often assumed that these
families remain invariant after the addition of dissipation. In Bloch et al [3,4], dissipation-
induced instability is shown for relative equilibria in Hamiltonian systems with a dissipation
which does not destroy the conservation law associated with the symmetry group. In [3], the
influence of so-called internal dissipation on a relative equilibrium in a simple mechanical
system with symmetry is considered. The block-diagonalization version of the energy—
momentum method is used to strengthen results of Chetaev [5] and Hahn [12] and to prove both
Lyapunov and spectral instability for those relative equilibria. In [4], the influence of group (or
rotational) dissipation is studied in Euler—Poincaré equations with double bracket dissipation.
In both papers [3,4] it is essential that the conservation law associated with the symmetry
group is not destroyed after the addition of dissipation. In this paper this assumption will be
relaxed to the hypothesis that the dissipation leaves the family invariant, but that the orbits of
the individual relative equilibria do not have to be themselves invariant. Thus, instability will
be shown for the invariant manifolds of relative equilibria, as opposed to that for individual
relative equilibria as in [3,4].

The paper is structured in the following way. In section 2, Chetaev’s instability theorem
for equilibrium points is extended to invariant manifolds. For the relative equilibria, a
natural Lyapunov function is given by combining the Hamiltonian and Casimirs and/or other
functionals related to the symmetry group. With the extended version of Chetaev’s theorem,
the analysis of the influence of dissipation on this Lyapunov function gives sufficient conditions
for instability. These ideas are applied to various examples in the following sections.

In section 3, invariant manifolds in the two-dimensional Navier—Stokes equations with
small viscosity and no forcing are considered. Without viscosity, the Navier—Stokes equations
turn into the two-dimensional Euler equations. The two-dimensional Euler equations are
Hamiltonian and have a large family of Casimirs, the enstrophy being one of them. The
relative equilibria generated by combining the enstrophy and the Hamiltonian form manifolds
of stationary solutions. Although the solutions are not stationary anymore if viscosity is
turned on, the manifolds are still invariant. In section 3 it will be shown that the non-extremal
manifolds are unstable under the dynamics of the Navier equations. These observations
complement the work of Foias and Saut [10] where it is shown that every solution of the
Navier—Stokes equations will asymptotically converge to one of the manifolds of relative
equilibria; in addition, the first terms of the asymptotic expansion are derived. It is an open
question which manifold of relative equilibria will be selected and this paper shows that not
all solutions nearby a specific manifold will converge to it. Our work also refines observations
in van Groesen [11], where the instability of larger manifolds, which include the families of
relative equilibria, is shown.

In section 4, the influence of friction on the sleeping top is considered. A full analysis
of the existence and stability of frictionless sleeping top relative equilibria can be found in
Lewis et al [15]. It turns out that the sleeping top has several families of relative equilibria,
which are non-extremal in the energy—momentum characterization but whose linearization is
neutrally stable. As is known from experiments, these relative equilibria become unstable if
friction acts on them. The analysis in this paper will show that the instability starts at values
of the angular velocity for which the Hamiltonian sleeping top is linearly stable.

In the last section of examples, a complement to the dissipation-induced instability of [3]
is given for simple mechanical systems with symmetry. We will give sufficient conditions
under which a dissipative perturbation leads to instability for families of non-extremal relative
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equilibria if the dissipation does not respect the conservation laws induced by the symmetries,
but leaves the families invariant. The paper finishes with some concluding remarks and further
problems.

2. Instability criteria for invariant manifolds

Consider the dynamical system
u, = fu), t >0, 1)

with u in some manifold . Let M be an invariant manifold of (1). If H is a subset of a metric
space (X, d), then define the d distance between u € H and M as
d(u,M) = inf d(u, v).
veM

We will prove two lemmas which give sufficient conditions for the instability of the
manifold M. The lemmas are based on Chetaev’s theorems for instability of equilibria (see e.g.
Hahn [12, theorems 42.6, 42.7], Malkin [16, sections 13 and 15], and Zubov [21, section 1.13].
An overview can be found in Merkin [17].

For the first lemma we assume that (X}, dy) and (X3, d») are two metric spaces, both of
which contain H (X = X, and d| = d, is possible), i.e. d; and d, give two distances on H.

Lemma 1. Let L : H — R be a differentiable functional, which satisfies:

1. There is some 8 such that for all 0 < § < 8 and for all it € M, there is some u € H such
that dy(u, 1) < & and L(u) < 0.

2. There is some gy > 0 and some C > 0 such that L(u) > —C, if dy(u, M) < &y.

3. There is some &1 > 0 and some a > 0 such that

(DL(u), f(w) < aL(u),
ifdy(u,M) < &y and L(u) < O.

Then M is an unstable manifold. To be explicit, there is some ¢ > 0 such that for all § > 0
and for all u € M there is some ug € H with di(ugy, i) < § and some ty > 0 such that the
solution u(t) of (1) with initial condition u(0) = uy satisfies d,(u(ty), M) > ¢.

Remark 1. We can replace condition 2 by the following (similar) condition: (2a). There is
some &y > 0 such that for any solution u(#) with d; (u(0), M) < &y or d>(u(0), M) < &g, there
is some C > 0 such that L(u(¢)) > —C fort > 0.

Proof. We will prove this lemma by a contradiction argument. Assume that the manifold M
is locally stable. Hence for all ¢ > 0 there is some §(¢) > 0 and some & € M such that for
all ug € H with d; (ug, 1) < 8(¢), the solution u(¢) of (1) with initial condition u(0) = ug
satisfies dr (u(t), M) < ¢, forall t > 0.

Take some ¢ such that 0 < & < min(gg, &1). Take some ug € H such thatd; (ug, 1) < 8(¢)
and L(ug) < 0. (We can do this because of condition 1.) Let u(¢) be the solution of (1) with
initial condition u(. Because M is locally stable, we have d, (u(t), M) < ¢ < & forallt > 0.

Assume that there is some 7 > O such that L(u(¢)) < 0,forO0 <t < T and L(u(T)) = 0.
Then we have

T

T
0= Lwu(T)) = / %L(u(t))dt + L(u(0)) < a/ L(u(t))dt +0 < 0.
0 0

However this is a contradiction, hence for all t > 0, L(u(¢)) < 0.
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With condition 3 this implies for all # > 0
d (L(u(r)e™) <0
—(L(u(t))e <0.
dt

Therefore, L(u(t)) < e* L(ug) for all t > 0. Since L(ug) < 0, there is some T > 0 such
that L(u(T)) < —C. But this contradicts condition 2 since d,(u(t), M) < ¢ < &y. Hence the
manifold M is not locally stable. ]

Condition 3 of lemma 1 implies that L(#) = 0 if u € M. In the next lemma we will show
that this condition can be relaxed to (DL(u), f (1)) < 0 if some extra conditions regarding
completeness are satisfied. So we will restrict to finite-dimensional manifolds H.

Lemma 2. Let H be a manifold in a finite-dimensional vector space and d be a distance on
H. Let L : H — R be a differentiable function which satisfies:

1. Forallu € M one has L(u) = 0.

2. There is some 8y > 0 such that for all 0 < § < 8y and for all ii € M, there is some u € ‘H
such that d(u, 1) < & and L(u) < 0.

3. There is some gy > 0 and some C > 0 such that d(u, M) < &y implies L(u) > —C.

4. For all u € H with L(u) < 0, we have

(DL(u), f(u)) <0,
if0 <du,M) < ¢.

If M is bounded or any solution near M is bounded (i.e. if u is an arbitrary element of M, then
for every uy € H with d(ug, M) < &g there is some Cy(ug) such that d(u(t), 1) < Cy(up), for
allt > 0), then M is an unstable manifold. To be explicit, there is some ¢ > 0 such that for
all § > 0 and for all i € M there is some ug € H with d(ug, 1) < 8 and some ty > 0 such
that the solution u(t) of (1) with initial condition u(0) = ug satisfies d(u(ty), M) > e.

Remark 2. We can replace condition 3 by the following (similar) condition:

(3a) For any solution u(t) of (1), there is some C > 0 such that L(u(¢)) > —C ift > 0.

Proof. We will prove this lemma by a contradiction argument. Assume that the manifold M is
locally stable. Hence for all € > 0 there is some §(¢) > 0 and iz € M such that for all uy € H
with d(ug, u) < & and for all ¢+ > 0, the solution u(¢) of (1) with initial condition u(0) = u,
satisfies d(u(t), M) < ¢.

Take some ¢ such that 0 < ¢ < gy. Take some uy € H such that d(ug, u) < §(¢) and
L(ug) < 0. (We can do this because of condition 2.) Let u(¢) be the solution of (1) with
initial condition uy. Because M is locally stable, we have d(u(t), M) < ¢ < gy forall t > 0.
Assume that there is some 7 > 0 such that L(u(¢)) < 0, for0 <t < T and L(u(T) = 0.
With condition 4 it follows that

T
0=Lu((T)) = / %L(u(t)) dr+ L(u(0)) <0+0.
0

However this is a contradiction, hence for all # > 0, L(u(¢)) < 0. Again with condition 2 this
implies that for all # > 0,

td
L(u(r)) = L(uo) +/0 d—rL(u(f))dT < L(up). @

Define the set S; by
St ={ueH| L) < L(uy)}.
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This means that there is some C; > 0 such that d(u, M) > Cy, for u € S;. Indeed, assume
that there is a sequence {«,} C S; such that d(u,, M) — 0. Since L is continuous, this means
that L(u,) — L(M) = 0. But this contradicts the fact that L(u,) < L(ug) < 0.

Define —I = inf{{DLu(t)), f(u())) | t > 0}. We will show that —/ < 0. Let #, be
a sequence such that (DL(u(t,)), f(u(t,))) — —I. If M is bounded, then d(u(t,), M) < &
implies that {u(#,)} is a bounded sequence. If M is not bounded, then by the assumption of the
lemma, we have that u(t,) is a bounded sequence.

Since u(t,) is a bounded sequence, there is some convergent subsequence u(t,, ), such
that u(t,,) — i. Since u(t) € S, forall t > 0, we know that C; < d(u(t), M) < ¢. Hence,
0 < C,<d@,M) < ¢ < g. Using condition 2, we see that —] = (DL (&), f(#)) < 0.

This means that (d/df)L(u(¢)) < —I < O for all + > 0. Hence we can improve the
estimate (2):

Lu(t)) = L(uo) +/ 4wy dr < L) —/ ldt = Lug) — It.
o dt 0

But this means that L («(¢)) is unbounded from below, which contradicts condition 3. Therefore
M is unstable. O

In the following sections these lemmas will be used to show that dissipation induces
instability in non-extremal manifolds of relative equilibria.

3. Unstable manifolds in two-dimensional Navier-Stokes equations

Consider the two-dimensional Navier—Stokes equations without forcing
w=-v-Vo+vAw = {{, v} + vAw in D;

3
Yv=0 and w =0, on 0D, 3

where D is any compact, simply connected domain in the xy plane with smooth boundary 0D,
and v is the stream function, i.e. —AY = w.

If viscosity is absent, that is v = 0 hence an ideal fluid is considered, then the Navier—
Stokes equations become the Euler equations. The Euler equations form a Hamiltonian system
relative to the total energy

L[, 1
H(w):§/|v| dx:z/a)tpdx.
D D

The Poisson structure for these equations is highly degenerate and, as a consequence, the two-
dimensional Euler equations have many Casimirs. For example, each functional depending
on w only is a Casimir. In particular, the enstrophy

W(a))—lfaﬂdx
=5/,

is a Casimir for the Euler equations. Itis easily verified that the critical points of the enstrophy W
on level sets of the Hamiltonian H are stationary solutions of the Euler equations which satisfy

—Aw = \o, implying w = A,

where A is a positive eigenvalue of (—A) with zero boundary conditions. These solutions are
a two—dimensional version of the Arnold-Beltrami—Childress (ABC) flows (cf Dombre et al
[9]). In particular, if D is a disc, then these solutions are necessarily axi-symmetric. In the
literature, sometimes the ABC flows are also called Stokes flows, since they are solutions of
the Stokes operator.
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LetO < Ao < A < - - - be the eigenvalues of (—A) with zero boundary conditions. Let &
be the eigenspace with the eigenvalue A, let IT; be the L?-orthogonal projection onto &, and
let IT f; be the projection on the orthogonal complement &, kl of &. Then for each eigenvalue A,
the Euler equations have a family of relative equilibria &. Each relative equilibrium in & is
a critical point of the functional Ly (w) = W(w) — A H (w) and for each relative equilibrium
@ € &, Ly(w) = 0. The functional Ly is positive definite and vanishes on & only. Indeed,
for each vorticity @ with stream function ¥, one has

A=Ay, |
Lo(@) = | ol =ky)dx > —— |y ol..
D 1

The energy—Casimir method shows that the manifold & is stable under the evolution of the
Euler equations. On the other hand, the functionals L, are indefinite for k > 1, since if o € &,
then Li(®) = (Ag — M) H(®w) < 0 and if @ € Eyq, then Ly (@) = (Agy1 — M) H(w) > 0. So
the families & are non-extremal if & > 1 and nothing can be said about the stability of these
manifolds with methods like the energy—Casimir method.

Now we return to the full Navier—Stokes equations. The individual relative equilibria are
not invariant anymore. It is straightforward to verify that for any k € N and any w,, € &,

—VAgt

o) =e Wiy >0

determines a solution of the Navier—Stokes equations. By global existence and uniqueness of
the classical solutions for the two-dimensional Navier—Stokes equations (see [20, section 2.2]),
these are all the solutions of the Navier—Stokes equations which at some #, (and hence for all ¢)
lie in &. Thus if ®(0) = w;, is some ABC flow, at any other subsequent time according to
the dynamics of the Navier—Stokes equations, @(#) is proportional to w;,, the proportionality
constant e~"*/ depending on time. Thus the ABC flows in &, form invariant families under
the dynamics of the Navier—Stokes equations.

Note also that by uniqueness of classical solutions, if wy # 0, then the solution w(t) of
the Navier—Stokes equations with initial condition @ (0) = wy satisfies also w(¢) # 0 for all
t > 0 (as a map from [0, co) to the space of functions on the domain D, not as a function of
(t,x)). In particular, H(w(t)) # 0 and W (w(t)) # 0.

In Derks and Ratiu [8], it is shown that the manifold & is an attractor for the Navier—
Stokes equations: If w(#) is a solution of the Navier—Stokes equations with w(0) = @y and
ITgeoll* < A2(h1 = A0)/Ao(Ra — A1) I Tlgewo 1%, then

Mg @] < Cwp)e "7 [T )],
forall r > 0. In this section it will be shown that all the other manifolds &, k > 1, are unstable.

Theorem 3. For all k > 1, the manifolds & are unstable under the flow of the Navier—Stokes
equations. This means that there is some ¢ > 0 such that for all § > 0 and all ® € &, there
is some wy with ||wy — @|| < 8 ||Woll and some ty > 0 such that the solution w(t) with initial
condition w(0) = wy satisfies ||1'[,fa)(to)|| > ¢ [V (to)ll. Recall that  denotes the stream
function.

Note that the stability and instability criteria are expressed in relative terms
l Héa)(t) II/ITTpw (¢)]| and ||Hi-w(t0)||/||V1p(t0)||, respectively). This is due to the fact that
the zero state is in each manifold &, k > 0, and the zero state is a global attractor for the
Navier—Stokes equations. In figure 1, there is a sketch to visualize the basin of attraction and
the instability region.

In [10, 11] it is shown that for any solution w(#) of the Navier—Stokes equation, the limit
lim;—, oo W(w(t))/H (w(t)) exists and equals some eigenvalue of (—A). From [10] it follows
that the asymptotic expansion of w(#) will start with an element of the set & corresponding
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Figure 1. Sketch of the attracting manifold &, with its basin of attraction and an unstable manifold
&k, k > 1 with its region of instability.

to the asymptotic eigenvalue. Theorem 3 shows that this does not imply that the sets & are
stable. There exist states, arbitrarily close to &, which do not converge to &. Furthermore,
in [11] it is shown that the sets

i~ H(w(r)
are not attracting if & > 1. It is shown that for each w(0) € I, there are (arbitrary small)
perturbations & and some 7 > O such that w(T) + £ ¢ Z;. However, the sets Z; are much
larger and much more complicated than the manifolds &;. Also, no results about distances to
T are shown in [11].

Theorem 3 will be proved by using lemma 1. Define the scaled Lyapunov function

Li(w)  W(w)—MH ()
Hw) H(w)

Let w(¢) be a solution of the Navier—Stokes equation. Using the boundary condition w|3p = 0,
the time derivatives of the Hamiltonian and the enstrophy functional are given by

T = {a)(O)

hmm_kk}

Li(w) =

iH(w(r)) = —v/ w’dx —v a)% = —20W(w(1)),
dr D ap On 4)

d ) w )
— W) =—v [ wo(—Aw)dx = —v | |Vo|"dx — v wo— = —v | |Vo|“dx.
dt D D ap On D

From this, we get

iLk(a)(t)) = —v/ |Vw|2dx+,\ku/ w*dx = —v/a)(—A — M)wdx 3)
dt D D D

and

d . ) )

L) = wL}w) +20hli@) — ﬁ/pw(—A —awde = Gi(w): (6)

see also Derks and Ratiu [8] for these computations.
We can estimate the integral in both expressions by using L.
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Lemma 4. For any A with A_; < A < Ay, one has

/w(—A —M)wdx > 2AL; (w).
D

Proof. Let P; denote the L2-orthogonal projection onto the first k eigenspaces of (—A), i.e.
onto & @ - - - ® &—_1. Then we can write

/a)(—A — )wdx = /Pkw(—A — A Prowdx +/P,fw(—A — )P dx. (7)
ADPoincaré-like inequalits gives ’

/P,fa)(—A —)Prodx > ,\M/Pkiw(—A — M)PEY dx ®)
and i i

/ Peoo(hi — (—A)Prodr < gy / Peoo(hp — (— AP dx
D D

< )\/ Pro(hy — (—A)Pryr dx,
D

for any A > X;_1, since the integrals involved are non-negative. So for any A > A;_;, we can
conclude

/]P’ka)(—A — ) Prwdx > ,\/w(—A — AV dx — ,\/ Pro(—A — )Py dx.
D D D
Substitution of this inequality and (8) into (7) gives

fa)(—A — M)wdx > k/w(—A — A0V dx + (At — )\)f Pro(—A — A)Pry dx
D D D
2 2ALi(w),
if & < Agat, since [ Pro(—A — A)Piodx > 0, by definition of the operator P{. O

Remark 3. The estimate in this lemma is sharp. To see this, consider the solution
w(t) = e V™1g_, where @p_1€&—1. Then Li(w()) = e 2L (wi_,), hence
(d/dt)Li (o (t)) = —2vAt_1 Li(w(t)). Similarly, for @1 € Expq and o () = e M1 dy_y, it
follows that Ly (w (7)) = e 2"+" Ly (ws1), hence (d/df) Li(w (1)) = =201 Li (@ (2)).

Note that this also implies that the functional L; cannot be used to apply lemma 1. Indeed
since Li(wr—1) = (1 — Ag/Ak—1)W(@x—1) < 0, this implies that there is no & > 0 such that
(d/dt) Ly (w(t)) < aLi(w(t)). Moreover, (d/dt) Ly (w(t)) > 0!

Using lemma 4 with A = A;_ in the expression for (d/dt)l:k(a)) = Gy (w), equality (6)
gives
Gr(@) < 20Li(@) (Li(@) + Ak — A1) ©)

It will be shown that thisAimplies that if w is near & and L;(w) < 0, then there is some o > 0
such that Gy (w) < 2va Ly (w).
First define a ‘scaled distance’ to &, as

w _ _ 2
d(w, gk)Z — min M — min M,
s H@)  vea VY2
with || - || the L% norm and w = —A. Writing o = Iy + l'IkLa), we see that

H () d(w, &)* = min ; (IMw — v]* + T ol?) = 3llo - Mol
VEck
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and
lo — Mol = o) + Mo)* — 2((Tw + M), o) = |o]* — ol

So altogether we get

lo = ol* — W(w) = W(ILo)

2 _
A &) =g H(w)

Next we derive an upper and a lower bound on f,k (w) in terms of the distance d(w, &).
Write
Li(w) = W(w) — MH(0) = W(w) — MH(Tkw) + A H(Tkw) — A H ()
= W(w) — W) + A (H (Ikw) — H(w))
= d(, &)’ H () — M (H () — H(Tw)).
Clearly (H (w) — H(ITxw)) > 0, hence
Li@) <d@,&)’H@)  and L) <do, &)

Furthermore, since fD PkLw(—A — kk)Pklw dx > 0, and a Poincaré inequality gives that

1
/ (Proo) (o) dx < - / (Puw)? d,
D 0JD
we have

1
L) = 5 /Dw<—A —hvdx

1 1
= —/Pkw(—A—xk)Pkwdx+—/P,}w(—A—xk)P,}wdx
2 Jp 2 Jp

WV

1 Ak — Ao 2
- —/Pkw()»k —(=A)Ppdx > — /(Pkw) dx
2 Jp 20 Jp

a - 0 (W(w) = W) = 420

Summarizing, the following lemma is proved.

d(w, &)*H (w).

WV

Lemma 5. For all w one has
M — Ao

0

d(w, &)? < Li(w) < d(w, &) (10)

Now we are ready to prove an estimate on G. Define 8 = Ag(Ax — Ak—1)/(Ak — Xo)-
Lemma 6. Forall 0 < ¢ < 1, all w, such that d(w, &)* < B(1 — €) and ik(w) < 0, satisfy
Gr(@) < 2080 — A1) Li (o).

Proof. Let 0 < ¢ < 1. Let w be such that d(w, &)? < B(1 — ¢). From (10) it follows

~ )\‘k
Li(w) = —

— 20
T Bl —e)=—(h — A=) —&).
0

If Li(w) < 0, then we get by substitution of this equality into (9)
Gr(@) < 20Li(@) (k= M) = (1 =€) = 2ve(h = D Li(@). O

So now lemma 1 can be applied with L = Ly to prove theorem 3.
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Proof of theorem 3. It will be shown that I:k satisfies the conditions of lemma 1.

1. Let & € &, lléoll = 1. Forallnp € R and & € &, one has Ly(& + nao|dl) =
1% (o — M)/ (ko +1%hi) < 0. R

2. Since W(w) = Lo H (w), it follows that L (w) > (Lg — Ax) for all w.

3. Since Gi(w) = (d/dt)ik(a)(t)) = (Dﬁk(a)), f(w)), lemma 4 shows that for all
&1 < A(Ax — Ax—1)/(Ax — Ag) there is some « such that all w with ik(w) < 0 and
d(w, &) < & satisfy (DL (0), f(0)) < aLi(w).

Hence the conditions of lemma 1 are satisfied and we can conclude that the manifolds &
are unstable, i.e. there is some ¢ > 0 such that for all § > 0 and all ® € & there
is some wy with d(wg, ®) < 8 and some #y > 0 such that the solution w(¢) with initial
condition w(0) = wy satisfies d(w(fy), &) > €. By observing that 2H (w) = ||V ||, we
get d(wg, ®) = |lwy — &||/||Vol and d(w, &) = |l — [Tiw|/IIVY ||, which leads to the
formulation as presented in the theorem.

4. The sleeping top

In this section the influence of friction on the motion of a sleeping asymmetric top will
be investigated. A sleeping top is a rigid body with a fixed point in a gravitational field,
rotating about the axis through the centre of mass and the fixed point. An asymmetric top
is a top which is not axially symmetric (e.g. a Lagrange top is a rigid body which is axially
symmetric). A detailed geometric description of the stability of sleeping tops without friction
and bifurcations from sleeping tops can be found in Lewis et al [15].

First we derive a suitable phase space to describe the motion of the rigid body. Since
the rigid body has a fixed shape and a fixed point, the configuration space Q is the set of all
permissible orientations of the body. Choosing a reference orientation /3, the configuration 3(¢)
at time ¢ can be described as

B(t) = A@)B,

where A (¢) is auniquely determined element of the rotation group S O (3). Let " denote the map
from Ri to the space of skew-symmetric matrices such that forany & € R, the skew-symmetric
matrix £ is determined by

éx:éxx, for all x € R?.

The tangent space T Q can be identified with SO (3) x R3 in the following way. Let (A, §A)
be a pair in T Q, then there is a unique §® € R? such that

SA = ASO.

This is the so-called left trivialization of T Q and the variables (A, 8?9) are called body
variables. Similarly, the canonical phase space T*Q can be identified with SO(3) x R>.
If (A, 8T1,) is a pair in 7* Q, then there is a unique IT € R? such that

8T, = AIL
Furthermore, the covector—vector pairing in body coordinates becomes
(8T15, 8A) = Lr((ATD" (A5©)) =11 - 0.

As usual, the (reference/body) inertia tensor is defined by

H=/,0(X) (1XH1; - X ® X) d’X,
B
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where 13 denotes the identity 3 x 3 matrix and p is the mass density function of the rigid
body. It is always possible to choose body coordinates, centred at the fixed point, such that the
inertia tensor I = diag(/y, I, I3). The three-axis will be taken to be the line connecting the
fixed point and the centre of mass, and without loss of generality we can choose the one- and
two-axis such that I; > I,. Furthermore, if

m= f p(X)d*Xx
B
is the total mass and
M:/p(X)XdSX,
B

then M/m is the centre of mass. We will denote the length of the vector M/m by I.
The kinetic energy of the rigid body is K(II) = %H - I7'IT and the potential energy is
U(A) = gAM - e3, where ej3 is taken as the negative direction of the gravitational field and g
denotes the gravitational constant. So the Hamiltonian of the rigid body is

H(A,I) = 1T1-1T7'TT+ gAM - e3.
Writing U = (A, IT), the equations of motion of the rigid body with friction are
U=JVHU)-¢P(),

0; 13 (0
J = <_13 f[) and PWU) = <H>

Here 13 is the identity 3 x 3 matrix, 05 is the zero 3 x 3 matrix, and ¢ is the friction coefficient.

where

Note that we have identified I"'TI with AI-!TI. For a derivation of these equations, see, for
example, Arnold [1].

Next we consider the symmetries of the system. The Hamiltonian is invariant under
rotations about the vector ez acting on the left of A. (Compared to the free rigid body, the
gravity potential has broken the symmetry for the left rotations about the other axes.) Friction
acts on the body angular momenta IT only, so the system with dissipation is equivariant under
these left rotations too. Since the rigid body is asymmetric, the maximal symmetry group is
G = S'. (If the rigid body is a Lagrange top, then there is also the symmetry of a rotation of the
rigid body about its symmetry axis, hence in this case the symmetry group is G = S' x S'.)
The infinitesimal generator for a left rotation about the es-axis with angular velocity & is
X :T*Q — T(T*Q).

Xe(AID) = (A, IL; £63A,0) = (A, IT; EATes, 0).
So the momentum map (angular momentum) J : 7*Q — g* = R is given by
J(A,TD) = Ales - TIL

Ignoring friction (i.e. taking ¢ = 0), relative equilibria are the rigid body rotating with

constant angular velocity about the e3-axis. In a moving frame, these solutions can be described

as critical points of the Hamiltonian on level sets of the momentum map. The Euler-Lagrange
equation for these critical points is

DHU)—-&DJ(U) =0, (11a)
i.e.
(gM — ETD)A e = 0,

11b
[T — £ATe; = 0. (116)
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Figure 2. An example of an upright sleeping top is on the left and of and hanging sleeping top is
on the right.

The Lagrange multiplier is the angular velocity & of the rigid body. One solution of these
equations is the asymmetric rigid body spinning about the axis passing through both the fixed
point and M (the body three-axis), where this axis also coincides with the spatial e3 axis. This
is the so-called sleeping top motion (see figure 2 for an illustration of this motion). If we
denote the rotation by an angle 6 about the e3-axis by Rj3 g, then a relative equilibrium can be
written as

U = (A, TI) = (Rs 146, £ 1z€3). (12)

The value of the momentum map at a relative equilibrium is J(U) = & I5.

For the asymmetric top, the symmetry group consists of rotations about ez and this group
acts freely. A stability analysis for the sleeping top without friction can be found in [15]. The
non-linear stability analysis via the energy—momentum method gives that

o the upright sleeping top is non-linearly stable if /3 > I;(=1,) and its angular velocity &

satisfies £2 > mgl/(I; — I);

o the hanging sleeping top is always non-linearly stable if I3 > I;(>1,);
o the hanging sleeping top is non-linearly stable if /3 < I} and its angular velocity & satisfies

£ <mgl/(I = I).

These results are found by analysing the second variation D?H (U), where H:(U) =
H(U) — £J(U) is the so-called augmented Hamiltonian or energy—momentum function and U
is a solution of (11). If DZHE (D) is positive definite, then the relative equilibrium associated
with U is non-linearly stable.

A linear stability analysis of the sleeping top can be found in [15] too. This analysis gives
neutral stability for some sleeping tops which have an indefinite second variation D* H ).
The parameter values of these sleeping tops are listed in table 1.

We will show that for I3 > I} > I, friction destabilizes the sleeping top relative equilibria
which are linearly stable with an indefinite augmented Hamiltonian. First we analyse the effect
of the friction on the behaviour of the momentum map J. Differentiation of the momentum
map with respect to time gives

%J(U) =DJ(U)-U = DJW)-JDHU) —eDJWU) - P(U) = —eATes - TI = —eJ(U).

Hence for any solution U(t), the value of the momentum map is exponentially decaying:
J(U@)) = J(U(0)) e~*". The full family of sleeping top relative equilibria as described in (12)
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Table 1. Parameter values for /; and £ for which a sleeping top with an indefinite augmented
Hamiltonian is linearly stable.

Upright Hanging
2 + mgl 2
h=zh2>2Dh >t ¢ ]2_13<5
mgl 2 +
LI >51>1 [3_[2>§ > T g
mgl 2 +
L>h2>2Dh [3_[2>$ > T g

mgl(4l1 I — (I + ) + 2/ 11 L (21 — I3) 21 — I3))
L +1 - I)

: +
with T =

is invariant under fraction, although an individual sleeping top relative equilibrium is clearly not
invariant. To be explicit, if one starts on the family of sleeping tops at the state (R3¢, §0/3€3),
then the motion of the rigid body will be described by

(A(0), II(t)) = (R3 (), §oe™ " L3e3),
with

1 _ e*&f

F(@®) =

+90.
&

To analyse the stability of this type of motion on the family of sleeping tops, we define
the Lyapunov function

L) =HU) - H®D),
with U a sleeping top such that
IO = IU).

Note that the Lyapunov function and the augmented Hamiltonian are closely related. Indeed,
L(U) = H:(U) — H:(U), where § = J(U)/I5. If U(t) is a solution of the equation with
friction, then

%L(U(r)) DH.(U)-U — DH,(U) - U = DH:(U) - [JDHU) — e P(U)] — 0

= —¢DH;(U)- P(U) = —¢[I"'TT — £ATes] - TT
= — eIl - T'I+e6ATes - IT = —eII - 7' I + e£J(U)
J(W))?

— eIl I+ e, = —eIl - T ' +¢ )
3

Nearby a sleeping top we can write A = R3p + AA. There is some A© € R? and some
symmetric matrix AS, such that AA = R3»(A® + AS). The rotation angle 6 will be chosen
such that A® - ez = 0. Using that A = Rz 9 + AA and R3¢ are orthogonal matrices, we get
13 = (R3g+ AN (R3 o+ AA) =13+ (AM)TA + AT(AA) + (AAN)T(ANA)

=1+ (—AO+AS) + (AO + AS) + (—AO + AS)(AO + AS)

=1;+2AS — (A®)> — AOAS + ASAO + (AS)2.

Hence AS = L(A©)2 + O(|A®*) and AA = R; 4(A® + 1(A©)%) + O(1AB*).
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Similarly, near a sleeping top we can write II = & Ize3 + 8TI, for some 6IT € R* and
£ = J(u)/I5. Using the definition J(u) = ATe; - II and U = (A®, 8II), this gives

1 .
£ = [—(Rg,g(l3 +AO +AS)) es - (ELze3 + SII)
3
1 — 1 —
= E + 1—03 - 611 — EA@@3 - e3 — I—A®e3 . (SH+%’AS€3 - e3 +O(|(SU|3)
3 3

1 1 — —
=&+ e STI — I—A®e3 - STI + %(A@)zeg -e3+O(8UP).
3 3

Hence

5
21

Altogether, near the family of sleeping top relative equilibria, the expression for
(d/dt) L(U(t)) can be written as

J(U))*
I3
= —g(Eles + 0II) - 7' (€ Izes + SII) + Ii((Rw +AA) s - (£ Les + SII))?
3

;- 8TI = A@e; - STI — —— (A®)2e; - e3 + O(ISUPP) = O(|sUP).

—eIl- T ' +¢

= —eE2 5 + €213 — 2ckes - STL + 2ckes - STI + 2e£° I5(AA) e3 - €5
—eSTI - T~ 8TT + Ii(e3 CSTI)? + 6821,(AN) €5 - €3)?
3

+265(AAN) €5 - STI + 2c&(e5 - SID((AA) 3 - €3) + O(|SU|Y).
Since AA = R3 4(AO® + L(A®)?) + O(|AB), it follows that

(AAN)e3-e3 = —AOe; - €3 — §|A®eg|2 +0(AOH =0 — 5|A®e3|2 +O(lAOY).
Thus, near the family of sleeping top relative equilibria, for I3 > I;(> I,) we have

d — —

aL(U(t)) = —e£215|AOe3|* — e8I - 17181 — 2¢£ A®es - STI+ O(|8U|?)

- —13|135AA@e3 + STI? — ¢STI - (]I‘l - }713) STL+ O(5U)
} ‘
<0, (13)

if |8U| is small, but unequal to zero, since A® - e3 = 0 by the choice of 8 in Rz and
e3 - 8II = O(|8U|*). By applying lemma 2, we can conclude that friction destabilizes the
neutrally stable upright sleeping tops with angular velocity mgl/(Is — I,) > £* > Ts+—f'

Theorem 7. Consider an asymmetric top with its moments of inertia Iy > I} > I,. The
upright sleeping top motion with angular velocity & < mgl/(I3 — 1) is unstable if friction
acts on the top.

Proof. Let M be the manifold of upright sleeping tops with angular velocity & < mgl/(I3 — I}).
It will be shown that L(U) satisfies the conditions of lemma 2.

1. By definition of L and M, L(U) =0ifU € M.

2. In [15] it is shown that L(U) is indefinite near the sleeping top relative equilibria if
§ <mgl/(Izs — I).

3. Since M is bounded, H (U) is bounded for U near M and we can conclude that L (u) is
bounded near M.
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4. From (13) it follows that (DL(U), f(U)) < 0 near the family of sleeping tops.

Since & < mgl/(Iz — I ), the manifold M is bounded, hence with lemma 2 it follows that M
is unstable if friction is added. |

Since (d/dt)L(U(t)) < O if U(z) is near the family of sleeping top relative equilibria,
also if £ > mgl/(I3 — I,), it is easy to show that friction stabilizes the motion of the
sleeping top if £2 > mgl /(I3 — I;). However, we have seen that friction causes the angular
momentum to decay, hence the angular velocity £ will decay. Therefore, at some moment,
£2 < mgl/(I3 — I;) and friction will start to destabilize the motion, causing the usually
observed collapse of the motion of an upright sleeping top.

5. Instability caused by friction

In this section we will give a first step towards a general approach to the stability and instability
of relative equilibria in a symmetric classical mechanical system with friction. An overview of
the stability analysis of an equilibrium in such system can be found in chapter 6 of Merkin [17].
The Thomson-Tait—Chetaev theorems are at the basis of this analysis. In Bloch et al [3,4],
a general approach to the stability of a relative equilibrium is given as long as the dissipation
respects the invariance of the extra constant of motion that gave rise to the relative equilibrium.
An important consequence of this assumption is that the relative equilibrium is a solution of
the dissipative system too. In this section a more general type of dissipation is considered,
which does not respect the invariance of the extra constant of motion that gave rise to the
relative equilibria. However, it will be assumed that the family of relative equilibria (as a
family, NOT as individual relative equilibria) is invariant. Then, with the use of lemma 2, a
dissipation-induced instability theorem can be proved.

Consider a simple mechanical system with symmetry (see Bloch et al [3], or Simo et al
[18], or references in these papers). The Hamiltonian of such a system is given by

H@G.p) =311+ V@,
where ¢ is in some configuration manifold Q and p € Té*Q is the conjugate momentum. It
is assumed that the Hamiltonian H is invariant under the action of a symmetry group G. For
simplicity, we will assume that G is abelian. Let J : 7*Q — g* be the momentum map.

Assume that there is a manifold of relative equilibria, which can be parametrized by the value
of the momentum map:

M ={@.(W).p.(W) | 1 € g*}.

As shown in [3, 18], the linearization around the manifold M, using coordinates based on
the energy—momentum method, leads to a gyroscopic system. Friction acts on the momenta
only, so adding friction to such a system gives

dr
= —ef(u), (14)
q=M"(wp.
p=—A(wq—SM~ (Wp — eRWM ™ (wp.
Here w is the value of the momentum map and (g, p) are the so-called internal variables, i.e.
they describe the non-group dynamics within the J~!(u) level set. Finally ¢ represent the

coordinates of the group action, their dynamics does not influence the analysis of the stability
of the manifold M.

1 d
¢ =—op(u) = 5 [(—uM%u)p,p) +(A'()g, q)] ,
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Also, M, A, and R are symmetric and S is skew-symmetric. Furthermore, M and R are
strictly positive definite and A is assumed to be invertible. (This last assumption is probably
not essential, but there is not straightforward extension of the ideas in [3], since we need a
n-dependent transformation to obtain the split of A in an invertible part and a part which is
zero.) For ¢ = 0, the system is Hamiltonian with Hamiltonian H and Poisson operator I"
given by

H(t,q,p) = wo(u) + 3 (M~ (w)p, p) + (A(w)q, @)]

and

-1 =S
In the new coordinates, the invariant manifold of relative equilibria is written as
M={(n,9,0,0) | neg’, ¢eCl
The system (16) is similar to a system analysed by Chetaev [5], but with the extra feature
of cyclic coordinates. A functional similar to the one in Chetaev’s analysis can be used to
prove stability or instability. Indeed, define
L(Mv qJ’) = H(I-’L’ q,P) - H(,bL, 0’ 0) + SS(A(IU«)%P),
for § > 0 small. Then for § small and (¢, p) # (0, 0),

2(%L(M(t),q(t),p(t))
= —e(2R —SQMA + S* — eR* — MDA - f(WM)IM~'p, M~'p)
—e8(1 — &)[|Aq|)* — e8| Ag+ SM~'p||* — £°8 | Aqg+ RM~'p|?
—e[(DuM ™' () - f(W)p.p) + (DuA(w) - f (1) (g +3p), (g +&dp)) ]
<0,

if D,A(u) - f(u) and DMM‘l () - f () are positive semi-definite.
By using lemma 2 we get the following theorem.

Theorem 8. Consider the system (16). The manifold of relative equilibria is given by
M = {(n,9,0,0)} and is invariant under the dynamics. Assume that the matrices
DMM‘I(M) < f(uw) =2 0, D,A() - f(u) = 0 and that there is some Ay > 0 such that
forallt > 0 the eigenvalues of A(uu(t)) are larger than or equal to —A.

o The manifold M is asymptotically stable if A > 0.
o The manifold M is unstable if A has negative eigenvalues.

Proof. The Lyapunov function can be written as
2L(n,q.p) = (M~ — &6 Alp, p) + (Alq +edp). [q + 5p]).

o The first observation in the theorem is an application of Lyapunov’s stability theorem.
Since A is strictly positive definite, L(u, ¢, p) measures the distance from (u, ¢, p) to M.
The estimate on the time derivative of L shows that this distance is decreasing.

e To verify the second observation, we check the conditions of lemma 2 for the functional
L(u, q,p) with § small.

* Clearly L(M) = 0.
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* Since A is indefinite, there is some v such that (Av,v) < 0. Hence L(u,v,0) =
(Av,v) < 0 and L has negative directions near M.

* Define —A((w) to be the smallest eigenvalue of A (). Since A is indefinite, —1y < 0.
Ifd((u, q.p), M) < /g0, then Ip)? + |q|> < &o. Hence for § > 0 small,

L. q.p) = A[(IM~" — &?8°Alp.p) + (Alg + £5p], [q + e5p])]

Ao(w) Ao
> - = lg +edpll* > —7||¢I+85P||2(1+85)280-

Hence L(u, q, p) is bounded below if (i, g, p) is close to M.
* We have seen that the conditions guarantee that (d/dz)L < O.
So we can conclude that the manifold M is unstable.
The conditions on the matrices D, M ) - f(u) and D, A(n) - f(u) are related to the
curvature of the manifold M. In theory, it would be possible for the curvature to counteract
the destabilizing effects of the friction and the conditions on the matrices D, M ) - f(w)
and D, A(n) - f (1) avoid this possibility.

O

6. Concluding remarks

In the examples in this paper, the dissipation is always such that the manifold of relative
equilibria is invariant. In [6-8], the influence of dissipation on stable manifolds of relative
equilibria is studied and in those papers there is no need for the manifolds to be invariant under
the dissipation. It would be nice if one could extend the instability results to non-invariant
manifolds too. The first issue is how to define instability of a non-invariant manifold. A natural
extension of the definition of instability of invariant manifolds is the following.

Definition 1. Consider the dynamical system it = f(u, €). Let My be an invariant manifold
of the system for ¢ = 0. We say that M is unstable for ¢ # 0 if for all K > 0 there is some
& > 0 such that for all § > 0 there is some uq in a 5 neighbourhood of M such that the solution
ofu = f(u, &) withu(0) = ug leaves a K ¢ neighbourhood of M.

This definition is the negation of the definition of stability of non-invariant manifolds. There
are two differences with the definition of instability of invariant manifolds: the parameter ¢
occurs both in the perturbation and the size of the ‘attracting neighbourhood’. This leads to
an extra factor K in the definition of the ‘attracting neighbourhood’.

The simplest example of an invariant manifold is a fixed point. A start in understanding
the instability of non-invariant manifolds is the understanding of the instability of a non-
invariant fixed point. If one has a fixed point of a non-degenerate Hamiltonian system and one
adds a perturbation, then the implicit function theorem can be used to find a new fixed point.
Furthermore, a modified Hamiltonian and a modified perturbation can be found, such that the
new fixed point is invariant under the new perturbation. Chetaev’s instability theorem will give
the instability of this new fixed point if the perturbation is dissipative and this will lead to the
instability of the original fixed point if the dissipation is sufficiently small.

However, it is not obvious how to extend this approach to manifolds of relative equilibria
if the dissipation destroys the conservation laws. If the conservation law is destroyed, it is not
possible to find families of relative equilibria in the dissipative system anymore. This makes it
hard to get an appropriate definition for a new invariant manifold. Any set of solution curves
will form an invariant manifold, but this does not seem to give a useful definition of the new
invariant manifold.

In [3] and MacKay [14], explicit expressions for the movement of the simple eigenvalues
of a Hamiltonian equilibrium under dissipation can be found. From these expressions, it can
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be seen that the negative energy modes, i.e. the modes with negative Krein signature, will give
rise to unstable eigenvalues. It is expected that a similar analysis can be done for the Lyapunov
exponents of the invariant manifolds.
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