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Introduction

Motivation

The existence of symmetries is a fundamental assumption of theoretical me-
chanics.

In the classical Newton model, the laws of motion do not depend on a par-
ticular choice of a linear coordinate system. Therefore, they are unchanged by
translations, rotations, and reflections. These transformations generate the Eu-
clidean group E(3), the group of isometries of 3-dimensional Euclidean space
R3. The motion of n particles within R? is described by a dynamical system
given by a vector field X on the tangent space TR3*" = R3" x R3". The diago-
nal E(3)-action on R? induces an action of E(3) on the tangent space, and the
invariance of the laws of motion is reflected by the fact that the flow ¢ x of the
vector field X is E(3)-equivariant, that is ¢x(gz) = gex (z) for any g € E(3).

More generally, it is often assumed in classical mechanics that unknown
external forces constrain the motion to a submanifold Q Cc R3". In that case,
the symmetries of the system are given by a Lie group G that acts on Q.

For example, the motion of a rigid body may be described by a curve in
the Euclidean group. If (R(¢),b(t)) is such a curve, where R(t) is an element
of the orthogonal group and b(t) is a translation, the motion of any particle
of the rigid body is given by the curve z;(t) = R(t)X; + b(t), where X; is the
position of the particle in a fixed reference body. The Euclidean group acts
by left multiplication on the configuration space. If the rigid body has some
rotational symmetry that is given by a subgroup K C SO(3) and preserves the
reference body, there is an additional K-action by right multiplication.

The equations of motion for the dynamical system on the manifold have a
particularly simple form in the Hamiltonian formalism. A curve ¢ : R D I — Q
corresponds to a curve (¢(t), p(t)) in the cotangent bundle, where p(t) € T, )@
is an expression of ¢(t) and ¢(t). The equations of motion are determined by
the Hamiltonian function h € C®°(T*Q,R).

The Hamiltonian function h defines the Hamiltonian vector field X, by

dh(p) = wp(Xn(p),-)

for any p € T*@Q, where w denotes the canonical symplectic form of 7T%Q. A
G-action on @ induces a G-action on T*(Q, which lifts the G-action on @ and
leaves w invariant. The Hamiltonian system on 7*Q has G-symmetry if the
Hamiltonian function h is G-invariant. Then, the Hamiltonian vector field is
G-equivariant and hence the G-action commutes with the flow of Xj,.
Theoretical mechanics is the original motivation for studying Hamiltonian
dynamical systems, which is nowadays a research field in its own right. A
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Hamiltonian system with symmetry consists of a symplectic manifold P with a
Lie group G acting by symplectomorphisms on P and a G-invariant Hamiltonian
function.

One of the main objects of interest in the study of Hamiltonian systems with
symmetry are trajectories that are contained in a single group orbit. A point
of P whose trajectory has this property is a relative equilibrium. The G-action
on P defines a map £ — £p from the Lie algebra g of G into the space of vector
fields on P such that Ugecy&p(p) coincides with the tangent space T,,Gp. If p € P
is a relative equilibrium, there is an element £ € gp such that Xj(p) = £p(p).
& is a generator of the relative equilibrium p. For free actions, the generator is
uniquely defined, but in general, it is only unique modulo the Lie algebra g, of
the isotropy subgroup G,,.

The question of determining the relative equilibria of a given system has a
long tradition in the study of mechanical systems. The relative equilibria of a
mechanical system are often configurations of constant shape that rotate about
a fixed principal axis. In particular, this holds for the n-body problem, which
was described in the beginning.

The investigation of relative equilibria goes back to Riemann and even fur-
ther. In [Rie61], Riemann finds all solutions of constant shape for a model of
ellipsoidal liquid drops, which was proposed by Dirichlet ([Dir60]). Moreover,
he shows that all of these motions of constant shape consist of a rotation about
one of the principal axis of the ellipsoid and an oval motion of the fluid particles
within the ellipsoid, which corresponds to a rotation of a spherical reference
body.

A modern treatment of the same problem may be found in [RdS99]. Here,
the problem is described as a Hamiltonian dynamical system on T*GL,, the
cotangent space of the group of 3 x 3-matrices with positive determinant.

Outline

In chapter we introduce the basic concepts and notions of the theory of
Hamiltonian systems with symmetry. In particular, we define the momentum
map, which is a basic tool for the most modern approaches to determine the
relative equilibria of a Hamiltonian system:

Noether’s famous theorem of classical mechanics states that symmetries cor-
respond to conserved quantities. For general Hamiltonian systems with symme-
try, this is true at least locally. In this thesis, we will always suppose that these
conserved quantities are given by globally defined functions on the symplectic
space P. Putting these conserved quantities together in an appropriate way
yields the momentum map J : P — g*. The map J¢ := (J(-),£) is a Hamilto-
nian function of the vector field £p. Thus, the relative equilibria with generator
¢ coincide with the critical points of the augmented Hamiltonian he = (h —Jé).

In many relevant cases, the momentum map is equivariant with respect to the
coadjoint action on g*. For example if G is compact, an equivariant momentum
map may be obtained from any given momentum map by averaging over G.

For simplicity, this thesis focuses on actions of compact groups. The more
general case is only formulated if the statement does not become more compli-
cated. Otherwise, we refer to the literature.

In particular, we will assume the equivariance of the momentum map with
respect to the coadjoint action.
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The equivariance of the momentum map implies in general that J(p) = J(gp)
holds if and only if g € G, for p = J(p). Hence if p is a relative equilibrium, p
is also a relative equilibrium with respect to the G,-action. If £ is a generator
of p, we obtain £ € g, or equivalently coade pt = 0.

This commutation relation occurs in different forms in most of the ap-
proaches to analyse the structure of Hamiltonian relative equilibria presented
in this thesis. For instance, it is equivalent to the first of two equations that
occur in [MR-O13] and [MR-O15] and characterize relative equilibria. These
equations are derived in chapter [2 in which the theory of the local structure
of the system near a given G-orbit is treated. They are stated in the coordi-
nates of the Marle-Guillemin-Sternberg normal form, which is a local model of
the symplectic space P near a given G-orbit. The Marle-Guillemin-Sternberg
normal form is often considered as the symplectic version of the Slice Theorem.
For simplicity, let us assume that G is compact. Then the normal form the-
orem states that for p € P, there is a tubular neighbourhood U of Gp and a
G-equivariant symplectomorphism to a G-invariant neighbourhood of [e, 0, 0] in
the space

Y =G xg, (m" x N),

where N is a symplectic G,-representation and m is a Gp-invariant complement
of g, within g, for ¢ = J(p). The symplectic form on Y is determined by
the symplectic form on N and the group G. The momentum map on Y is of
particularly simple form: Jy ([g, p, v]) = Coady(p+ p+JIn(v)), where Jy is the
momentum map of V.

With respect to this normal form, Montaldi and Rodriguez-Olmos charac-
terize relative equilibria as follows: Let h denote the induced function of h on
the slice m* x N. The point [e, p, v] corresponds to a relative equilibrium p’ near
p with momentum ' = Jy ([e, p,v]) = p+ p + In(v) if and only if there is an
n € g, such that & = dy-h(p,v) + 1 satisfies

coadg p' =0

and B B
Fu(p,v) i= (h = 3%)(p.v) = 0.

In this case, £ is a generator of p’. Montaldi and Rodriguez-Olmos deduce these
equations from the bundle equations, which lift the Hamiltonian vector field on
Y to the space G x (m* x N). The bundle equations have been discovered by
Roberts and de Sousa Dias ([RASD97]) for actions of compact groups and have
been generalized by Roberts, Wulff, and Lamb ([RWL02]) and others. In these
publications, a particular lift to G x (m* x N) is chosen. In contrast, Montaldi
and Rodriguez-Olmos consider all possible lifts and obtain the bundle equations
with isotropy, which imply the above equations for relative equilibria.

To understand the local dynamics near an equilibrium or a relative equi-
librium, it is also often useful to consider the linearization of the Hamiltonian
vector field. The theory of linear Hamiltonian systems with symmetry will be
presented in chapter In particular, we investigate the possible forms of the
centre space of the linearization d X} (0) and the generic eigenvalue structure of
dX(0).

Subsequently in chapter [d] we consider free actions of compact connected
groups. For free actions, the level sets J~1(u) of the momentum map form
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manifolds. Moreover, the G-action induces a G,-action on J~*(u), and we
obtain a flow on the reduced space P, := J_l(ﬂ)/(;u. P, is a symplectic

manifold and the flow coincides with the flow of the Hamiltonian vector field
for the function h, induced of h. Consequently, relative equilibria correspond
to critical points of h, in this case. Thus, an investigation of the topology
of the reduced spaces leads to an estimation of the number of G-orbits of
relative equilibria with momentum . This is the approach in [Mon97]. In that
article, Montaldi considers the local picture near a relative equilibrium p with
momentum value « such that d?h,(p) # 0. For u near «, he relates the number
of critical points of h, to the cardinality of the Weyl group orbits of ;1 and «.

Patrick and Roberts ([PR00]) analyse the generic structure of the set of rela-
tive equilibria for free actions in a different way: They formulate a transversality
condition, which is generic within the set of G-invariant Hamiltonian functions
with respect to the Whitney C'*°-topology. If h satisfies this condition, the
relative equilibria form a Whitney stratified set: The adjoint and the coadjoint
action together give a G-action on g* @ g. The strata are given by the sets of rel-
ative equilibria whose momentum generator pairs (£, 1) have the same isotropy
type.

The main idea of the proof is as follows: Patrick and Roberts consider vector
subbundles 7 and C of the tangent bundle T'P given by 7, = g-p and K, =
ker dJ(p). They observe that p is a relative equilibrium if and only if X}, (p) €
Tp N ICp. Moreover, they consider the set of pairs (&, 1) with coade p = 0 and
show that the stratification by isotropy type of this set induces a stratification
of TpNICp. A relative equilibrium p is called transverse if the Hamiltonian vector
field is transverse to this stratification at p.

From a generalization of Patrick’s and Roberts’ approach, we also obtain
an alternative deduction of the above two equations, which characterize relative
equilibria: The vector bundles K£° and 7T° that occur in the formulation of the
transversality condition in [PR0O0] on the cotangent space are still semi-analytic
sets if the action is not necessarily free. Moreover, it is true in general that
p is a relative equilibrium if and only if dh(p) € K° N T°. An evaluation of
this condition on the Marle-Guillemin-Sternberg normal form gives the above
equations of relative equilibria.

We will come to these ideas in chapter [0}

Prior to that, we discuss some results for the case of non-trivial isotropy
subgroups in chapter 5} In particular, we permit isotropy subgroups of positive
dimension. Most of the results that we discuss here adapt ideas from bifurcation
theory. Indeed, the augmented Hamiltonians he = h—J € can be considered as a
family parameterized by £ € g. Similarly, the left hand side of the second one of
the above equations, that is di(p,v) —J7(v), can be considered as a family with
parameters 1 and p. This point of view is explicitly formulated in [CLORO03].
There, Chossat, Lewis, Ortega, and Ratiu consider equivalent formulations of
the above two equation. Similar methods are used in [MR-O15]. Most of these
results require conditions that assure that the commutation relation coad¢ 1 = 0
is automatically satisfied, such that only the second equation has to be consid-
ered. Its solutions for a fixed p € (m*)%», correspond to relative equilibria of
the Hamiltonian h(p, -) on the symplectic slice N.

The special case of Hamiltonian systems on a representation with an equilib-
rium at 0 is treated in [OR04(a)]. In that context, to find the relative equilibria
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near 0 € V, we have to solve dhe(v) = 0. If we consider { € g as a parameter,
in contrast to ordinary bifurcation theory, we have a non-trivial action on the
parameter space. It is given by the adjoint action. To circumvent this prob-
lem, we will fix a maximal torus T C G and search for relative equilibria with
generators in its Lie algebra t. If £ is a generator of the relative equilibrium p,
then Adg € is generator of gp for g € G. Since all adjoint orbits intersect t, the
G-orbits of relative equilibria with generators in t contain all relative equilibria.

This approach combined with the main theorem in |[OR04(a)] yields the
generic structure of Hamiltonian relative equilibria near 0 for representations
of connected compact groups of rank 1, i.e. for the groups SO(3) and SU(2).
For groups of rank 1, all relative equilibria are contained in a periodic orbit.
Therefore, these conclusions alternatively follow from a simple application of
the equivariant Weinstein-Moser theorem of [MRS88|. These consideration will
also be discussed in chapter

Nevertheless, the idea may be generalized to groups of higher rank using
equivariant transversality theory. In mechanics, symmetry groups of higher
rank often occur for approximations of the Hamiltonians. An example will be
discussed in section[6.6]of chapter[6] There might also be applications to modern
physics since there occur symmetry groups of rank greater than 1.

In chapter [ we introduce equivariant transversality and applications to the
theory of Hamiltonian relative equilibria:

One of my own results in this thesis is the observation that the transver-
sality condition from [PR0O0] may be extended to the case of non-free actions
using equivariant transversality. Indeed, Field has developed a genericity the-
ory for relative equilibria in 1-parameter families of equivariant vector fields
(see [Fie96]). An adaption of Fields approach to Hamiltonian systems leads to
a transversality condition, which can be formulated in terms of G-equivariant
transversality to the semi-analytic set K° N7 °. For free actions, the definition
coincides with the Patrick’s and Roberts’ definition.

The main implication of this observation is that Patrick’s and Roberts’ the-
ory generically holds for the fixed point subspace PH of an isotropy subgroup

H C G and the free action of the identity component of N (H) / H - The density

of this property within the space C*°(P) of G-invariant smooth functions on P
with the Whitney C*°-topology follows directly from the results in [PR0O0]. The
equivariant transversality theory approach shows that this condition is open and
that the entire set of relative equilibria is Whitney stratified.

For the second application, we consider representations and generalize the
ideas indicated in chapter [}] We first investigate torus representations. Again,
we adapt Fields method for equivariant bifurcation problems, but this time the
space t is considered as a parameter space. This way, we obtain that generically
the topological structure of the relative equilibria coincides with that of the
linearized vector field. In the generic situation, the set of relative equilibria
near 0 is a union of manifolds that are tangent to sums of weight spaces with
linearly independent weights of the centre space of dX},(0). Conversely, there is
such a manifold for any set of linearly independent weights.

These results may be applied to representations of a general connected com-
pact group G with maximal torus 1" by restricting the action to 7. This way,
we do not obtain the whole generic structure of the relative equilibria, but we
still predict branches that generically exist: Generically, the real parts of the
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sums of the eigenspaces of dX},(0) for each pair of purely imaginary eigenvalues
are irreducible G-symplectic spaces. They may be regarded as irreducible com-
plex G-representations. Consider the set of weights of one of these irreducible
representations. For each affine subset of t* that contains only a linearly inde-
pendent subset of these weights (counted with multiplicity), there is a manifold
of relative equilibria tangent to the sum of the corresponding weight spaces.
Moreover, if we join subsets of weights of these kind of different eigenspaces and
the union is linearly independent, we generically obtain a manifold tangent to
the sum of the corresponding weight spaces, too.

In particular, this result implies that there generically are non-trivial rela-
tive equilibria in any neighbourhood of the origin if the G-action on the centre
space of dX},(0) is non-trivial. This seems to contradict a result of Birtea et
al ([BPRT06]) at first glance: These authors also use equivariant transversality
theory to investigate relative equilibria in Hamiltonian systems with symmetry,
but they consider 1-parameter families of Hamiltonian functions. They claim
that under some — quite hard to check — assumption on the G-symplectic rep-
resentation, the Hamiltonian relative equilibria form curves in the orbit space
that only approach the origin at parameter values with a degenerate lineariza-
tion of the Hamiltonian vector field at the origin. However, it is not clear if
their condition holds in relevant cases and moreover, the proof has an essential
flaw. Anyhow, other results in the literature, which we discuss in this thesis,
also indicate that this is not the typical situation.

Since the theory of Hamiltonian dynamical systems is a wide field, the pre-
sentation in this thesis is restricted to a small aspect: The structure of the set
of relative equilibria. In general, these sets may be of arbitrarily complicated
form. Therefore, the emphasis is placed on the generic case within the set of
invariant Hamiltonian functions.

Since the new results of this thesis only consider the structure of the set
of relative equilibria, we usually omit stability results. For these, we refer to
[PRW04] and [MR-O15]. Montaldi ([Mon00]) also contains an introduction to
the topic. Moreover, it is a good overview of the research field of Hamiltonian
relative equilibria in general and influenced the selection of results presented
in this thesis. An introduction to related themes including relative periodic
equilibria can be found in [MBLP05].
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Chapter 1

Relative equilibria in
symmetric Hamiltonian
systems

1.1 Hamiltonian dynamics

Hamiltonian vector fields are defined on symplectic manifolds. The basic defi-
nitions and results are given in the following. Proofs can be found for example
in [McDSO98§].

A local model of symplectic manifolds is given by symplectic vector spaces:

Definition 1.1. A symplectic vector space is a vector space V together with
a symplectic bilinear form w that is a non-degenerate skew-symmetric bilinear
form.

A linear map A : (V,w) — (V’,w’) between symplectic vector spaces with
A*w' = W'(A- A) = w is a linear symplectomorphism.

A vector subspace U of V is isotropic iff w vanishes on U. A Lagrangian
subspace is a maximal isotropic subspace.

Example 1.2. R?" is a symplectic vector space with the symplectic form wq :=
(-, Jo-), where (-,-) denotes the standard inner product and

0 -1
0= (0 )
This example even gives all isomorphism classes of symplectic vector spaces:

Theorem 1.3. Every finite dimensional symplectic vector space is isomorphic
to (R*", (-, Jo-)) for some n € N.

Symplectic manifolds are endowed with a smooth 2-form that defines a sym-
plectic bilinear form on each tangent space and is in addition closed:

Definition 1.4. Let P be a smooth manifold. A non-degenerate closed smooth
2-form w on P is called symplectic form. The pair (P,w) forms a symplectic
manifold.

13
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A smooth diffeomorphism ® : (P,w) — (P',w’) is called a symplectomor-
phism iff ©*w’ = w, where ®*wj, (-, ") = wg,, (d®(p)-,d®(p)-) for p € P.

In classical mechanics, the phase spaces are given by cotangent bundles:

Example 1.5. Let Q be a smooth manifold. Then the cotangent bundle T*(Q) is
a symplectic manifold in a natural way: In coordinates (¢1,. .., Gn, D1, .., Pn) in-
duced by a chart (g1, ...,q,) : U = R" defined on U C @ such that (p1,...,pn)
denotes the element ), p;dg; of the fibre T, 5 @, the canonical symplectic form
is given by w = >, dg; Adp;. w is exact: Let 7 : T*Q — @ be the projection.
Then for (¢, oq) € T*Q, the canonical 1-form 0 is defined by

O(q.ay) = Qg © dr (g, ay) : T(q’aq)T*Q — R.
With respect to the above coordinates, 6 = >, p;dg;. Thus w = —df.

Darboux’s theorem states that symplectic manifolds are indeed locally sym-
plectomorphic to symplectic representations:

Theorem 1.6 (Darboux’s theorem). Let (P,w) be a symplectic manifold of
dimension 2n and p € P. Then there is an open neighbourhood U of p which is
symplectomorphic to an open subset U’ of R?™ together with the form wy.

Coordinates corresponding to a symplectomorphism U — U’ C R?" are
called canonical coordinates.

If (P,w) is a symplectic manifold, every smooth function h : P — R defines
a vector field on P: The Hamiltonian vector field X}, is given by

dh(p) = wp(Xn(p),-) = (ix,w)(p)-

Since w is non-degenerate, X}, is unique. The function h is called the Hamilto-
nian function and the triple (P,w, h) defines a Hamiltonian system.
The flow Lp? of the Hamiltonian vector field has some remarkable properties:
For any smooth function f : P — R, the time-derivative of f(¢}(p)) at t =0
is given by

%f(wi’(p)) = df (et (P) Xn (0t (P) = wep () (X5 (1 (P)), Xn (7 (D))).

Thus the function f is constant along the trajectories of Xj, iff the Poisson
bracket {f,h} := w(Xy, X}) vanishes on P. The Poisson bracket defines a Lie
algebra structure on C*°(P) := C*°(P,R). In particular, the level sets of the
Hamiltonian function h itself are flow invariant.

Moreover, the flow ¢! consists of symplectomorphisms, since by Cartan’s
formula

d * * * (- .

(1) w = (@) (Lx,w) = ()" (i, dw + dix, w) = 0.

If dim P = 2n, the symplectic form yields the volume form A" w, with respect
to which the flow of the of the Hamiltonian vector field is volume preserving.
Thus in Hamiltonian dynamics, there are for instance no asymptotically stable
equilibria.
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1.2 Group actions

This section contains basic notions and facts on group actions that will be used
in the next chapters. If no other reference is given, proofs may be found in
[DKO00].

Definition 1.7. Let G be a Lie group and M be a smooth manifold. An action
of G on M is a smooth map ® : G x M — M, such that

1. ®(e,m) = m, where e denotes the neutral element, and

2. ®(g,®(h,m)) = ®(gh,m).
The manifold M together with the G-action is called a G-manifold or G-space.
Remark 1.8. In the literature, this is often called a left action.

A G-action on a manifold M induces actions on its tangent and cotangent
bundle:

Example 1.9. Set @, := &(g,-). If ® defines a G-action on M, the map
(9, (m,vm)) = (gm, d®g(m)vm)

defines an action on T'M.

Example 1.10. In the above setting,
(9. (m, am)) = (gm, (dPg(m)) ™) am) = (gm, am((dPg(m) ™))

defines an action on T*M.

Definition 1.11. Let M be a G-manifold. A function f : M — R is G-invariant
iff f(gm) = f(m) for every g € G and m € M. The set of smooth G-invariant
functions on M is denoted by C>°(M)%.

Definition 1.12. Let M, N be G-manifolds. A map f: M — N is G-equiv-
ariant iff f(gm) = gf(m) for every ¢ € G and m € M. The set of smooth
G-equivariant maps from M to N is denoted by CZF(M,N). M and N are
isomorphic G-manifolds iff there is an equivariant diffeomorphism from M to
N.

In particular vector fields on G-manifolds are called G-equivariant iff they
are equivariant with respect to the induced G-action on the tangent space.
G-equivariance of 1-forms is defined similarly. A short calculation shows that
the derivative df of a G-invariant function f defined on a G-manifold is a
G-equivariant 1-form.

A special case of a G-manifold is a representation:

Definition 1.13. Let V be K-vector space, where K =R or K = C. A G-rep-
resentation on V is a Lie group homomorphism

p:G— GL(V).

A morphism between G-representations V and W is an equivariant linear map
V — W. The vector space of morphisms is denoted by Homeg(V, W). Accord-
ingly, Endg (V) := Homg(V, V). An invertible morphism is an isomorphism of
representations.

A G-invariant subspace of V is called a subrepresentation. V is irreducible
iff V and {0} are the only subrepresentations of V.
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Obviously, the only morphism between non-isomorphic irreducible represen-
tations is the zero morphism. The endomorphisms of irreducible representations
are characterized as follows:

Lemma 1.14 (Schur’s Lemma, [BtD85, Chapter I, Theorem 1.10]). Let V be
an irreducible complex representations of a group G. Then every f € Endg(V)
is of the form A1 for some )\ € C.

Lemma 1.15 (Schur’s Lemma for real representations, [Fie07, Theorem 2.7.2]).
Let V' be an irreducible real representations of a group G. Then Endg(V) is
isomorphic as an R-algebra to one of the algebras R, C or H.

Depending on which case occurs, V' is of type R, C of H. An irreducible real
representation of type R is also called absolutely irreducible.

Remark 1.16. If the representation admits a G-invariant inner product (K =
R) or Hermitian product (K = C), the orthogonal complement of any G-invari-
ant subspace is G-invariant, too. Thus the representation V is isomorphic to a
direct sum @, U/ of irreducible representations U; in this case. The spaces U!*
correspond to unique subrepresentation of V' called the isotypic components.

If the group G is compact, one obtains an invariant inner product or Her-
mitian product from an arbitrary one denoted by (-,-) by averaging over G:
fg c:{9- 9°) is invariant. Thus for a representation of a compact group, we as-
sume w.l.o.g. in the following that the action is given by orthogonal or unitary
transformations.

For the isotypic composition V' = @, U}*, we have

Endg(V) = @EndG(Uip").

If V is real representation and Uj is irreducible of type K € {R, C, H}, then the
R-algebra End¢(UF") is isomorphic to the R-algebra of p; X p;-matrices with
entries in K (see [Fie07, Proposition 2.7.3]).

We will abbreviate ®(g, m) by gm in the following.

Definition 1.17. For m € M, the isotropy subgroup or stabilizer of m is given
by
Gm ={9g€G|gm=m}.

The isotropy type of m is the conjugacy class (G,).
It is easy to see that points of the same G-orbit have the same isotropy type.

Definition 1.18. A G-action on a manifold M is transitive iff M = Gm for
some m € M.

Definition 1.19. A G-action on a manifold M is free iff G,, = {e} for every
m € M.

Definition 1.20. A continuous map f : X — Y between locally compact
Hausdorff spaces is proper iff the preimage of every compact set is compact.
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Definition 1.21. An action ® : G x M — M is proper iff the map

d:GxM—MxM

(g,m) = (gm,m)
is proper.

Example 1.22. If G is a compact Lie group, any G-action is proper: Let K C
M x M be compact. Then K is closed and thus ®!(K) is closed. Moreover,
the projection py(K) of K onto the second copy of M is compact and &~ (K)
is contained in G x py(K). Thus @' (K) is a closed subset of a compact subset
and thus compact.

Example 1.23. For any closed subgroup H of a Lie group G, the action of
H on G given by ®7(h,g) = gh™! is proper: If H = G, the map ®F is a
homeomorphism and thus proper. Thus for a general closed subgroup H C G
and a compact subset K C G x G, the set

(@)"H(K) = ()" HK)NH x G

is the intersection of a compact subset and a closed subset. Hence (®)~1(K)
is compact.

If the action is proper, obviously all isotropy subgroups are compact. In this
thesis, we will consider proper group actions with the emphasis on actions of
compact groups. The following results characterize the G-manifold structure
for proper actions:

Theorem 1.24 (Bochner’s linearization theorem). Let M be a G-manifold and
suppose that G, is compact for some m € M. Then there is a G, -invariant
neighbourhood U and a G, -invariant open subset O of 0 € T, M (with respect
to the linear G,,-representation on T,,M ) such that U and O are isomorphic
G -manifolds.

Theorem 1.25 (Free proper actions). Let G act freely and properly on the
smooth manifold M. Then the orbit space M/G = M/N, where m ~ n iff
m = gn for some g € G, has a unique structure of a smooth manifold of
dimension dim M — dim G such that the projection M — M/G is a submersion

and M is a fibre bundle over M/g.

In particular for a closed subgroup H C G, the space of left cosets G/ H is
smooth, since it is the quotient space with respect to the free, proper H-action
on G given by (h,g) — gh~*.

If G acts properly on M, it can be shown that for m € M with G,, = H
the orbit Gm is a smooth submanifold of M diffeomorphic to G/ 'H - Moreover,
there is a G-invariant neighbourhood of m that is isomorphic to a fibre bundle
over G/ H:

Definition 1.26. Let H C G be a compact subgroup and S be an H-manifold.
Then H acts freely on the product space G x S by h(g,s) = (gh™!, hs). The
orbit space with respect to this action forms the twisted product G x g S.
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G xg S is a smooth manifold. The G-action from the left on G yields a
G-action on G x S, which induces a G-action on G xg S. Thus G xg S is a
G-manifold. The projection G x S — G induces a map G Xy S — G/H, which
defines a fibre bundle over G/ H.

Definition 1.27. Let M be a G-manifold and m € M. A slice S,, for the
G-action at m is a G,,-invariant smooth submanifold of M transverse to the
G-orbit Gm such that

1. S, NGm =m,
2. GS,, = UgEG gSm, is an open neighbourhood of Gm, and
3. 9SNNS, £0iff g € Gp.

Theorem 1.28 (Slice Theorem/ Tube theorem). Let G act properly on the
manifold M. Then for m € M with H := G,,, there is a G-invariant open
neighbourhood U and a slice S,, at m such that U ~ G Xy Sy, as G-manifolds.

Remark 1.29. 1. Such a neighbourhood of U is called a tubular neighbour-
hood of the orbit Gm.

2. By Bochner’s linearization theorem, the G,,-manifold S,, is locally iso-
morphic to the G,,-representation on V = T,,S,,. Thus the vector bun-
dle G xgy V is a local model for the G-manifold structure near Gm, in
the sense that U is isomorphic to a neighbourhood of the zero section of
GxuyV— G/g.

3. If N is a G-manifold and f : S,, — NN is a smooth H-equivariant map,
f may be extended to a smooth G-equivariant map from U to N. (See
[Fie07, Theorem 3.5.1 and Exercise 3.5.1])

We define isotropy subspaces of the G-manifold M as follows:

Definition 1.30. For a closed subgroup H C G, the fized point space is given
by
M ={meM|hn=m VheH}.

M, for 7 = (H) is the set of points of M of isotropy type 7. My denotes the
set of points with isotropy subgroup H. If H is compact

My =M, NnM"
(see |OR04(b)l, Proposition 2.4.4]).

If V is a representation, the fixed point subspaces of V' are obviously sub-
spaces. If G acts properly on the smooth manifold M, Bochner’s linearization
theorem yields that the connected components of M are smooth manifolds.
The Slice Theorem implies the same for connected components of M, and Mpg.
Moreover, an equivariant map f : M — N between G-manifolds obviously maps
the fixed point space M into N¥. In particular, equivariant vector fields are
tangent to the fixed point spaces, which thus form invariant submanifolds.

Theorem 1.31. If G acts properly on M, the partition of M into connected
components of the spaces M, corresponding to the isotropy types of the action
is a Whitney stratification.
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(For the definition of a Whitney stratification, see appendix )
For a closed subgroup H C G, the normalizer is given by

N(H)=Ng(H)={9€G|gHg " =H}.

The submanifolds M ¥ and My are obviously N (H)-invariant.
The main objects of interest of this thesis are relative equilibria:

Definition 1.32. Let X be a G-equivariant smooth vector field defined on a
G-manifold M. A point m € M is a G-relative equilibrium (or simply relative
equilibrium) of X iff the G-orbit Gm is invariant with respect to the flow of the
vector field X.

Suppose that H = G, for the relative equilibrium m € M. Then (Gm)¥ =
N(H)m. Since fixed point spaces are invariant subspaces, the trajectory of m
is even contained in the orbit N(H)m.

Alternatively, relative equilibria can be characterized with respect to the
action of the Lie algebra g on M:

Definition 1.33. An element £ € g defines a vector field £j; on a G-manifold
M by
d
Em(m) = — exp(t§)m

dt =0

We also write £ - m for {ar(m) and g-m := g, € m = Trn(Gm).

Remark 1.34. The map £ — &)y is a Lie algebra anti-homomorphism from g
to the Lie algebra of vector fields on M, i.e. it is linear and [€,n]ar = —[Enr, ]
In addition, the map (£, m) — &pr(m) is a smooth map from g x M to TM. A
map with these properties is called a (left) Lie algebra action. See [OR04(b),
Definition 2.2.6].

A point m € M is a relative equilibrium of X iff there is a £ € g such that
m is a zero of the vector field X — &;. In this case, ¢ is called a generator or
velocity of the relative equilibrium m. The generator £ is not unique in general.
It is only unique modulo the Lie algebra b of the group H := G,,. Since the
generator is contained in the Lie algebra of the group N(H), it may be regarded

as an element of the Lie algebra of the group N(H)/H

If m is a relative equilibrium, this holds also for any other element gm of the
G-orbit of m. If £ € g is a generator of m, Ady & is a generator of gm, where
Adg, M is defined as follows:

Definition 1.35. A Lie group G acts on itself by conjugation: ® : G x G — G
is given by
@(g,h) = c(g)h = ghg™".

The neutral element e € G is a fixed point of this action. Thus the action
induces a representation of G at the tangent space T.G = g. This representation
is called the adjoint representation of G and the corresponding map is denoted
by Ad : G — GL(g). The dual representation of G on g* is called coadjoint
representation and denoted by Coad : G — GL(g*). Explicitly, Coad, p =
Adji pp = p(Adg-r -) for p € g* and g € G.
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The adjoint and the coadjoint representation induce corresponding represen-
tations of the Lie algebra, that is Lie algebra homomorphisms ad and coad to
the Lie algebras gl(g) and gl(g*) of GL(g) and GL(g*) respectively. The homo-
morphism ad coincides with the homomorphism g — gl(g), i.e. ade = [€,-].

Let us assume in the following that G is compact and connected. We will
need some facts about maximal tori, that are stated in the following. Proofs
can be found in for instance in [BtDS85H].

Lemma 1.36. Any compact connected Abelian Lie group is isomorphic to a
torus T =T" = Rn/zn for some n € N.

In the following, an Abelian connected closed subgroup of G will be called
a torus of G.

Definition 1.37. A torus T of G is mazimal iff T C T” for any torus 7" C G
implies that T'=T".

Theorem 1.38. FEach element g € G is contained in a maximal torus.
Theorem 1.39. All maximal tori of G are conjugate.

Fix a maximal torus 7' C G. The action by conjugation of G on itself
restricts to an action of the normalizer N(T) on T, which again induces an

action of N<T)/T onT.

Definition 1.40. W =W(G) = N(T)/T is called the Weyl group of G.

(Since all maximal tori are conjugate, the isomorphism class of W is inde-
pendent of the choice of T'.)

Theorem 1.41. The Weyl group W is finite.

Lemma 1.42. For anyt € T and g € G with gtg=* € T, there is an element
w € W such that gtg~' = wtw™?.

Definition 1.43. A maximal Abelian Lie subalgebra of g is called a Cartan
subalgebra of g.

By [Hal03| Proposition 11.7], every Cartan subalgebra is the Lie algebra t
of a maximal torus T'.

The adjoint representation induces a representation of W on t. Similarly,
the coadjoint representation induces a representation of W on t*. Choosing a
G-invariant inner product on g yields an isomorphism of the adjoint represen-
tation and its dual, the coadjoint representation. The W representations on t
and t* are isomorphic as well.

The infinitesimal version of Lemma is as follows:

Lemma 1.44. For £ € t (u € t*), the intersection of the adjoint orbit G¢ (Gu)
with t (t*) coincides with the Weyl group orbit W& (Wp).

Since the representation of W on t is faithful, W can be identified with a
subgroup of GL(t).

Theorem 1.45. The Weyl group W is generated by reflections of t.
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The fixed point spaces of the reflections in t and t* are called Weyl walls.
The isotropy subgroup G¢ of an element £ € t is determined by the Weyl walls
that contain . G¢ = 1" iff £ is not contained in a Weyl wall. The same is true
for the coadjoint representation.

Lemma 1.46. Let G be a compact Lie group, M be a smooth G-manifold, X be
a smooth G-equivariant vector field on M, and p € M be a relative equilibrium.
Then there is a torus T C G such that the X -orbit O, is contained in Tp.

Proof. Let & € g be a generator of p. Then there is a maximal torus T C
G such that € is contained in its Lie algebra t. Thus p is also a T-relative
equilibrium. O

1.3 Momentum maps

Definition 1.47. Let & : G x P — P be an action of the Lie group G on the
symplectic manifold (P,w). The action ® is canonical iff ®jw = w for every
g € G. Then w is G-invariant and P is a G-symplectic manifold.

An equivariant symplectomorphism ® : P — P’ between G-symplectic
spaces P and P’ is an isomorphism.

Example 1.48. If @ is a G-manifold, the cotangent bundle T*Q is a G-sym-
plectic space.

Example 1.49. Let O, be the coadjoint orbit of 1 € g*. If the coadjoint action
is proper, O, is a smooth submanifold diffeomorphic to G/ G- (If not, O,, is
the image of an immersion G / G, = ¢" and we endow O,, with the differentiable

structure of G / G, .) The Kostant-Kirillov-Souriau symplectic form wo,, is given
by

wo,, (V)(&g= (V) ng=(¥)) = (v, [§, ).
Since 17,,0,, ~T,,0, ~ G/QU, wo, is a well-defined 2-form on O,,.

(Coady wo, ) (¥)(&g+ (v), 119+ (V) = wo, (Coady V) ((Ady §)g- (v), (Adg 1)g-) (¥))
= 60D,

implies that we, is G-invariant. Thus L¢ .wo, = 0 holds for every £ € g.
Inserting this into the contraction axiom for the Lie derivative yields

&g (wOu (Cg* (v), 779*)) = w(%([fg* , Cg* (l/)]v 77;3*) +wo, (Cg*v [fg* ) Tg* (V)])

for £,¢,n € g. If this again is inserted into the formula for dwo,, the Jacobi
identity for the Lie bracket on g yields that we, is closed. Since (v,[¢, ]) =
coade v = 0 iff £ € g,, the form we, is non-degenerate. Thus (O,,wo,) is a
G-symplectic space.

Similarly we define a G-symplectic representation, which is a special case of
a G-symplectic manifold:



22 CHAPTER 1. REL. EQUILIBRIA IN SYMM. HAMILT. SYSTEMS

Definition 1.50. Let G be a Lie group and V be G-representation together
with a G-invariant symplectic form w. Then we call V' a G-symplectic repre-
sentation (or just symplectic representation). A G-symplectic representation is
irreducible if it contains no proper non-trivial G-symplectic subrepresentations.
Two G-symplectic representations are isomorphic if there is a G-equivariant
symplectic linear isomorphism that maps one into the other.

A G-symplectic manifold P together with a G-invariant Hamiltonian func-
tion h : P — R form a Hamiltonian system with G-symmetry. The G-invari-
ant symplectic form w yields a G-equivariant isomorphism of vector bundles
w# : T*P — TP given by the inverse of the map (p, X,) — (p,wp(Xp,)).
Since the 1-form dh : P — T*P is a G-equivariant section of the bundle map
T*P — P, the Hamiltonian vector field

X, =w” odh

is G-equivariant as well.

A fundamental concept of classical mechanics is that symmetries of the sys-
tem give rise to conserved quantities:

For each £ € g, the form w({p,-) = i¢,w is closed by Cartan’s formula:

d

0= &(bzxp(tg)w = Lng = igpdw + digpw = digpw.
t=0

Vector fields with this property are called locally Hamiltonian, since they are
Hamiltonian on simply connected neighbourhoods. Let us assume that £p is
even globally Hamiltonian with Hamiltonian function J¢, that is

dJ = w(ép,). (1.1)

Theorem 1.51 (Noether’s theorem). Let (P,w,h) be a Hamiltonian system
with G-symmetry. Suppose that J¢ satisfies equation (L.1) for &€ € g. Then J¢
is constant along the trajectories of Xp .

Proof.
Xn(I%) = {h, 3¢} = —{I%,h} = &p(h) = 0. O

Definition 1.52. A canonical action of a Lie group G on a symplectic mani-
fold P is weakly Hamiltonian iff for each £ € g, the vector field {p is globally
Hamiltonian.

Let us suppose that G acts on P in a weakly Hamiltonian way. The functions
J¢ are defined by equation up to a constant on each connected component
of P. Choosing a basis £1,. .., &, of g and functions J&, ... Jé we may extend
the definition linearly to g and obtain a linear map g — C°°(P), where £ > J¢.
This yields a map J : P — g*, defined by

(J(p),€) = I*(p).

J is called a momentum map, since it can be considered as a generalization of
the linear and angular momentum (see examples below). The definition of the
momentum map goes back to Lie, see [MR99, section 11.2] for an overview of
the history of the momentum map.
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In this thesis, the existence of a momentum map will always be assumed. For
generalizations in the case that no momentum map as defined above is available,
consider [OR04(b)|.

Given a canonical action of a Lie group G on a symplectic manifold P, each
of the following conditions implies that the action is weakly Hamiltonian and
thus a momentum map can be constructed:

1. If HY(P) = 0, the closed vector fields i¢,w for £ € g are exact and thus
the action is weakly Hamiltonian.

2. Canonical actions of semi-simple Lie groups are always weakly Hamilto-
nian, see [GS84l chapter II, section 24]. A Lie group is semi-simple iff
its Lie algebra has no non-trivial Abelian ideals. A compact Lie group is
semi-simple iff its centre is finite (see [DK00, Corollary 3.6.3]).

3. If w =d# for a G-invariant 1-form 6, then by Cartan’s formula
0= Lgptg = digpe + Z'gPde
and thus i¢,w = di¢, 0 is exact and the momentum map is given by

(J(p), &) = ic,0(p) = Op (&P (p))-

In the following, we suppose that P is connected. The momentum map is
an equivariant map from the G-manifold P to g* with respect a G-action on g*,
which often coincides with the coadjoint action:

The map § — £p from g to the space of vector fields on P satisfies 7{p =
(Adgf1 g)p:

d
= &(q);l © (I)exp(tf)q)g)(p) —o = (Adgfl g)P(p)

@.¢p(p)
Since {p = Xje and @7 Xj5e = Xjeop, by the G-invariance of w, this yields
XJ§o¢g = AXJAdg,1 €.
Thus, for fixed g € G and £ € g, the function
o(g) =Jo¢p, —CoadyJ: P — g*
is constant.

Definition 1.53. If there is a choice of the momentum map such that o van-
ishes, we call the action Hamiltonian.

Remark 1.54. The definition of an Hamiltonian action is quite inconsistent
in the literature. Sometimes the term Hamiltonian action is used for weakly
Hamiltonian actions as defined above.

A weakly Hamiltonian G-action on the connected manifold P is Hamiltonian
if one of the following condition holds:

1. P is compact: w” defines a G-invariant volume form on P, where dim P =
2n. If we require fP J&(p)w™ = 0, we obtain a unique choice of J¢, which
is linear in £. Then for any g € G, the integral over P vanishes for the
two functions J¢ o ®,and J Adg—1 5, which have the same derivative. Thus
they coincide.
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2. G is compact, and J is a momentum map: Averaging over G yields an
equivariant momentum map J:

J(p) := /GG Coad J(g™'p).

This argument is taken from [Mon97].

3. G is semi-simple, as in condition [2] above. Again we refer to [GS84, chap-
ter II., section 24].

4. w = df for a G-invariant 1-form 6 (condition [3| above): Since J* = i¢,.0
and 6 is G-invariant

JE(gp) = 04p(Ep(9p)) = (€;0)(5Ep)(p) = O(Ady1 &) p(p) = I =2 & (p).

Since in this thesis the emphasis is placed on action of compact groups, the
momentum map will be assumed to be equivariant with respect to the coadjoint
action. Nevertheless in general, J is equivariant with respect to the action on
g given by

(9, 1) = coadg pu+ o (g).

This action has been introduced by Souriau, [Sou69]). A simple calculation
shows that this is indeed an action, see for example [MR99, Proposition 12.3.1].
If the coadjoint action is replaced by this modified action, many of the results
for Hamiltonian actions still hold for weakly Hamiltonian actions.

Now, we calculate the momentum map for some basic examples:

Example 1.55. Let P = T*@ be the cotangent bundle of the G-manifold Q.
Then w = df for the G-invariant canonical 1-form 6. Since for (¢,aq) € T*Q
we have

dmép(q, aq) = &o(a),
this yields
<J(Q7 Oéq), §> = o‘q(ﬁQ(‘]))

In particular, we obtain:

Example 1.56. Let G = R? act by translations on @ = R3. Then g* = g = R?,
£o(q) = &, and the momentum map for the action on 7*Q = R3 x R? is given
by

(J(g,p), &) = (p, ).

Thus J(gq,p) = p is just the linear momentum.

Example 1.57. Let Q@ = R3 be the standard representation of SO(3) = G.
Then g* = g = s0(3) consists of the Lie algebra of skew symmetric linear maps,
which may be identified with R® via the isomorphism & € R? + (£ x -), where
x denotes the cross product on R3. Then

(J(g,p), &) = (p,§ x q) = (&, 9 x ),

and thus J(g,p) = ¢ X p is the angular momentum.
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Given a momentum map for the G-action, relative equilibria of the Hamil-
tonian vector field are considered as critical points in different ways:

p is a relative equilibrium with generator ¢ € g iff X;, — £p(p) = 0. Since J¢
is a Hamiltonian function for the Hamiltonian vector field £p, this is equivalent
to d(h — J%)(p) = 0.

Definition 1.58. The functions
he :=h —J¢
are called augmented Hamiltonian functions.

Another approach is to fix the value of the momentum: By Noether’s the-
orem, the momentum level sets J~!(u) for p € g* are invariant subsets. Thus
each set J~!(u) may be considered as a dynamical system on its own. In general,
this is difficult, since the momentum level sets are not necessarily manifolds. For
free actions the momentum map is a submersion, as follows from the following
lemma:

Lemma 1.59. For any p € P, the kernel and image of dJ(p) are given by

kerdJ(p) = (g-p)™,
imdJ(p) = ann g,

where V1 denotes the wp-orthogonal complement of a vector subspace V' of
T,P and ann denotes the annihilator.

Proof. If v € T, P,
d(J(p), v =0 wp(v,§-p) VEEg.
Thus ker dJ(p) = (g - p)*=. Since im dJ(p) C ann g, holds obviously,
dimkerdJ(p) = dimT,P — dim(g - p) = dim 7, P — dim g + dim g,
yields the equality. O

Thus J~!(x) is a manifold if the action is free. Then p € P is a relative
equilibrium iff p is a critical point of the restriction h’ 310" This is equivalent

to the existence of a Lagrange multiplier £ € g such that dh(p) = (dJ(p),§).
Suppose in addition that the action is proper. Then the (Marsden- Weinstein)

reduced space
P, = Jil(#)/G

is a manifold, too. Let 7 : J71(u) — Jfl(#)/gu be the projection and

m

w, denote the restriction of w to the tangent space of J='(u). The form
wu(drX,dnY) = w(X,Y) is well-defined and symplectic on P,. (We postpone
the proof to the next chapter.) The restricted Hamiltonian function induces
a function h, on P, called the reduced Hamiltonian function. The associated
Hamiltonian vector field Xj, is called the reduced (Hamiltonian vector) field.
This way the equations of motion may be reduced to the ones of Hamiltonian
systems of smaller dimension which carry all information except from the mo-
tion along the group orbit. The formalization of this process first appeared



26 CHAPTER 1. REL. EQUILIBRIA IN SYMM. HAMILT. SYSTEMS

in [MWT74]. In particular, p € P with J(p) = p is a relative equilibrium iff
[p] := 7(p) is a critical point of h,, equivalently iff [p] is an equilibrium of the
reduced field.

Alternatively, the reduced spaces may be defined by

P, = J_l(ou)/G ;

where O,, denotes the coadjoint orbit of 4. The two definitions yield isomorphic
symplectic spaces, see [OR04(b), Theorem 6.4.1].

If the G-action is not free, the structures of the momentum level sets and the
reduced spaces are in general complicated. Nevertheless, the relative equilibria
may be considered as critical points if G is compact:

The following lemma yields that the fixed point submanifolds P# for an
isotropy subgroup H C G together with the restricted invariant Hamiltonian

function form a Hamiltonian system with L-symmetry, where L := N (H) / H
with Lie algebra [:

Lemma 1.60. Let G x P — P be a proper Hamiltonian action and H C G be
a closed subgroup with Lie algebra h. Then PH is an L-symplectic manifold. If
n(H) denotes the Lie algebra of N(H) and P : g* — n(H)* is the projection,

PoJ(PH) Cannh =1
Thus P o J is a momentum map for the L-action.

Proof. P is a manifold, since the action is proper. For p € P¥, we have
(T,P)" = T,(P") and (T; P)" = T;(P"). By equivariance of w#, we have
w# o T,(PH) — Ty(P¥) and (w#)~! : T3(P") — T,(P¥). Thus P¥ is a
symplectic submanifold. P o J(PH) C annb is obvious. O

As Sjamaar and Lerman have shown ([SL91]), if G is compact, the mo-
mentum level sets J~!(p) are stratified by the connected components J (1),
of the same isotropy type 7, and their images in P, form symplectic mani-
folds. If 7 = (H), the image of J™'(u), in P, may be identified with the
quotient of (P o J)™*(P(i)) C Py with respect to the Lp(,-action. We obtain

J_l(N)T/GH ~ (Pg)p(u), where the right hand side is a symplectic manifold,

since the L-action on Py is free. p € Py NJ~1(u) is a relative equilibrium for
X, iff it is a relative equilibrium for the Hamiltonian system on Pg. Moreover,
dh(p) = 0 iff this holds for the projection of dh(p) to T, (Py). Thus p is a
relative equilibrium iff it is a critical point of the restriction of h to the cor-
responding stratum in J~1(u),, or equivalently iff [p] is a critical point of the
restriction of h, to the corresponding stratum in P,.

For a Hamiltonian action, we obtain a further restriction on the generator
of a relative equilibrium from Noether’s theorem and the equivariance of the
momentum map: If p is a relative equilibrium with generator £ and momentum

Hs

d
0= —J(exp(t&)p) = coadg p.
dt =0



Chapter 2

Local theory

Here we consider the Hamiltonian analogues to some methods to investigate
the dynamics in equivariant dynamical systems near a given relative equilib-
rium. The G-action is always to assumed to be proper. We start with the
characterization of the G-symplectic structure near a G-orbit in the first two
sections:

In section 2.1} we cite an equivariant version of Darboux’s theorem.

A symplectic version of the Slice Theorem is presented in section This
yields a normal form for a tubular neighbourhood of the relative equilibrium.
As shown by Krupa ([Kru90]), a general vector field that is equivariant with
respect to the action of a compact group may be decomposed as the sum of
the tangential vector field, which is tangent to the orbit, and the normal vector
field. Similarly in section the Hamiltonian vector field is written in the
coordinates given by the symplectic normal form. Such a normal form exists in
general for a proper group action (see for instance [OR04(b)].) It has, however,
a simpler form if g has an inner product that is invariant with respect to the
isotropy subgroup G,, of the momentum g of some element p of the orbit. We
will impose this condition, which holds in particular for compact group actions.

The presentation in sections [2.2] and [2.3| follows |[OR04(b)].

From the normal form of the Hamiltonian vector field, we obtain two equa-
tions that characterize relative equilibria. Some solutions of the second equation
correspond to relative equilibria near an equilibrium in a Hamiltonian system
with Gp-symmetry. One of the aims of this thesis is to understand this special
case, in which the symmetry is given by the action of a compact group and we
are in a small neighbourhood of an equilibrium. Section [2.4] is devoted to this
aim. Here, a method to reduce the search of relative equilibria to the kernels of
the Hessians at the equilibrium of the augmented Hamiltonians is illustrated.
It can be seen as a special form of Lyapunov-Schmidt reduction, which is a
standard technique of (equivariant) bifurcation theory.

2.1 Equivariant Darboux theorem
The equivariant version of Darboux’s theorem states in particular, that G-sym-
plectic manifolds are locally isomorphic to G-symplectic representations near

fixed points of the G-action if the action is proper. It is a special case of the

27
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Darboux-Weinstein theorem, see [GS84] Theorem 22.2].

Theorem 2.1 (Equivariant Darboux theorem, [OR04(b), Theorem 7.3.1]). Let
G act properly on the smooth manifold P. Suppose that there are two G-invari-
ant symplectic forms wy and wy and a point p € P with wo‘Gp = wl‘G’p' Then
there are G-invariant neighbourhoods Uy and Uy of Gp and a G-equivariant
diffeomorphism ¢ : Uy — Uy such that (b’Gp = lgp and p* w1 = wy.

As Dellnitz and Melbourne point out in [DM93b], there are incorrect equiv-
ariant generalizations of the Darboux theorem stated in the literature, for ex-
ample in [GS84, Theorem 22.2]: In contrast to the non-symmetric case, it is not
true in general that all G-invariant symplectic forms on a given G-representation
can be transformed into each other by an equivariant linear coordinate change.
We will come back to this in chapter

In particular, two G-symplectic manifolds with a fixed point of the G-action
on each one such that the underlying G-manifolds are locally isomorphic near
the fixed points are not in general locally isomorphic as G-symplectic manifolds.

2.2 Marle-Guillemin-Sternberg normal form

Given a proper Hamiltonian action of a Lie group G on a symplectic manifold
P, Marle ([Mar85]) and Guillemin and Sternberg ([GS84]) classify the local
isomorphism classes of G-invariant neighbourhoods of G-orbits in P:

The local structure of the G-manifold P is characterized by the Slice The-
orem which states the existence of a tubular neighbourhood of p € P
isomorphic to the normal form G x¢, V. To describe the G-symplectic space P
locally, we have to include the symplectic form and the corresponding momen-
tum map.

We start with a splitting of the tangent space, which in this general formu-
lation first appeared in [MRSS88]. It is often called Witt-Artin decompositionﬂ

In the Slice Theorem, we use a splitting of the tangent space T, P into the
Gp-invariant spaces g - p and V. For the Hamiltonian version, we choose a
particular form of V:

Since level sets of the momentum map are invariant sets of the flow, the
Hamiltonian vector field is tangent to the level sets, hence X (p) € ker dJ(p).
We fix a Gp-invariant inner product and split the tangent space into ker dJ(p)
and its normal space (kerdJ(p))t. Then we consider the intersections Ty =
kerdJ(p) Ng-p and Ty = (kerdJ(p))t N g - p and their complements N; and
Ny within ker dJ(p) and (ker dJ(p))* respectively. We obtain the G ,-invariant
orthogonal splitting

T,P=Ty&T1 & Ny & Ny, (2.1)

where To © T = g - p, To ® Ny = kerdJ(p), and T1 @ Ny = (kerdJ(p))*. (The
notation is as in [PR00].) In the following, we often denote Ny & Ny by V since
this space is a G-invariant complement of g - p as in the Slice Theorem.

IThe name refers to the decomposition of a symplectic vector space (V,w) defined by
any subspace U C V into pairwise w-orthogonal symplectic subspaces: V can be written as
V = X®Y®Z, where X is a complement of UNU~+« within U, Y is a complement of UNU+w
within UL« and Z can be written as the sum of UNU-L« and a complement of U +U-1«. This
splitting in principle occurs in Artin’s theory of vector spaces with a non-degenerate symmetric
or skew-symmetric form ([Art57]), which is based on Witt’s investigation of symmetric forms
([Wit37]).
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It 3(p) = s,

To=g,-p~ 9p and

T]_ ~ g/gu .

For £ € g and p € g*, let O¢ and O, denote the G-orbits with respect to the
adjoint and coadjoint action respectively.

Lemma 2.2. 7,0, = anng,.

Proof. Obviously, these two spaces are of the same dimension. Moreover, for
1 € g, and £ € g, we obtain

(coade p,m) = — (1, [§;m]) = (1, [n,§]) = (— coad, p, &) = 0. O

Remark 2.3. If G is compact, we identify g and g* via a G-invariant inner
product. For any subspace £ C g, the dual space £* is identified with the image
of ¢ under this isomorphism g ~ g*. In this case, Lemma [2.2] can be formulated
as follows:

Lemma 2.4. Suppose that G is compact. With respect to any choice of a
G-invariant inner product on g,

ge = T);:Og' and g; = T#Oi‘

In general, there is no G-invariant inner product on g and g*. Anyhow,
since G, is compact, there is a Gp-invariant inner product. The equivariance
of J implies G}, C G, and thus g, C g,,. From the G)-invariant inner product,
we obtain a G-invariant splitting g, = m @ g,. This yields a corresponding
splitting g;, = m* @ g,,.

Lemma 2.5. 1. The restriction of dJ(p) composed with the projection to
the quotient by g, yields an isomorphism Ny ~ (8u gp)* ~ m* between
Gy -representations, where the Gp-action on (9u gp)* is given by the quo-
tient of the coadjoint action.

2. Ny and Ty are symplectic and w-orthogonal to each other. Ty is an isotropic
subspace of the w-orthogonal complement of N1 & 1.

3. (Q/QH s wy) with wy, = (u, [-,-]) is a symplectic space isomorphic to T} .

4. For some suitable choice of the inner product, Ty & Ny is a symplectic
subspace of T, P, which is w-orthogonal to Th1 @& Ny and isomorphic to

Bu/g, © (GH/gp)* together with the canonical symplectic form.

Proof. 1. Since the restriction dJ (p)| TN, 1S injective,
T; & No ~imdJ(p) =anng,
by Lemma [T.59] Moreover,

dJ(p)Th =T,0, = anng,.
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Thus, dJ(p) Ny forms a Gp-invariant complement of ann g,, within ann g,.
Hence
No 2= dJ(p)No = (8u/g,)" = m".

2. Since ker dJ(P) = (g - p)*«, the space Tp = g-p N (g-p)*t~ is isotropic,
T ~ g'p/To and N; ~ (g'p)L“/T

, are symplectic, 77 1, Ni, and
Ty C (Tl D Nl)l“’.

3. wy is the Kostant-Kirillov-Souriau symplectic form on 7,,0,, ~ 9/ g, see
Example The isomorphism is given by dJ(p):

wp(&-p,m-p) =(dJ(p)(n-p),§) = (coad, I(p),&) = (1, [-n,§])-

4. Choose a Gp-invariant Lagrangian complement of Ty within (77 & Np)t«
for Np. Such a complement exists: There is a Gj-invariant inner prod-
uct on (T} @ N;p)*+ such that w is represented by an orthogonal skew-
symmetric endomorphism J which is obviously Gp-equivariant. Then
Ny = JTy is a possible choice. Ty @ Ny is symplectic, since (T} @ Ny)*«
is symplectic.

The isomorphism dJ(p) : Ng — (9u 9 )* corresponds to the isomorphism

To — T¢ defined by w(p)‘TO: For [¢] € (81/g,) and n € Ny,

(dJ(p)n, [€]) = w(p)(& - p,n).

Hence the symplectic space Ty @ Ny is isomorphic to 9u g, ® (O gp)*

together with the canonical symplectic form.

Remark 2.6. In the case of a free action, N7 is obviously isomorphic to the
tangent space T}, P, of the reduced space and 7*w coincides with the restriction
of w to Ni. Thus (P,, m*w) is indeed a symplectic manifold.

In the following we will always assume that in addition to the Gp-invariant
splitting g, = g, ® m, there is a G-invariant splitting g = g, ® q. If we set
g;, = annq and q* = ann g,,, we obtain a G,-invariant splitting g* = g, © q*.

The Slice Theorem together with the Artin-Witt decomposition of the tan-
gent space gives rise to a symplectic normal form of the tubular neighbourhood:
By the equivariant Darboux Theorem [2.1] the isomorphism class of the tubular
neighbourhood as a symplectic space is determined by the restriction of w to
the G-orbit of p. In principle, to obtain a normal form, it is sufficient to iden-

tify the restriction TP|V of the tangent space to the slice with g/gp x V via a

local section of the projection G — G/Gp and to extend the form w,, which is

computed in the Artin-Witt decomposition theorem, constantly to T'P |V and
equivariantly to T'(G xg, V). This choice of normal form would depend on the
choice of the section. It is more natural and more practicable to have a normal
form for w that comes from a G)-invariant closed two-form on G' x V' which is
degenerate on the tangent spaces to the G,-orbits. Then w may be expressed
with respect to coordinates (g, p,v) € G x m* x N; = G x V. For convenience,
we denote N7 by N from now on.
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To construct such a natural normal form for w, we start with the subbundle of
G xq, V over the G -orbit of p consisting of the copies of No ~ m* ~ (8 9p )*.
We obtain the symplectic bundle

GP‘ XG;D (g# gp)*7

which is isomorphic to T*(G;L/Gp): For £ € T.G, p € T)G and g € G, ¢
abbreviate d®,{ € TG by g - £ and d@;,l,u eT*G by g - i
For h € G, the derivative of the right multiplication

RhZG—>G
g gh!

is given by dRp,(g- &) = gh™! - Ady &, and hence for g - u € T*G, we obtain

((dRp-1)*(g- 1)) (gh™" - &) = (g- p)(dRp—1(gh™" - €)) = (g- ) (g - Adj—1 £).

Thus (dRy,-1)*(g - u) = gh™! - Coady, p. Therefore there is a submersion
Gux (8u/g,)" — T*(G#/Gp),

such that for g € G, and p € (9u gp)* = anngp,, all elements of the form

(gh~1, Coady, ) with h € G, are identified.
Hence a natural choice for the restriction of w to this subbundle is the canon-
ical symplectic form of T*(Gu G, ), Whose restriction to the zero-section coin-

cides with the symplectic form determined by the Artin-Witt decomposition
theorem.
The cotangent space T*( G / G, is isomorphic to the reduced space (T*Gy)o

with respect to the right G)-action and the corresponding momentum map, see
for example the last theorem in [Arn78, appendix 5 B]. This is a motivation to
consider the bundle 7*G,, ~ G/, x g},. By invariant extension and by adding
forms on new parts of the tangent space, we will obtain a symplectic form
defined on G x g, X N, which is invariant with respect to a suitable Gp-action,
such that G x g, (m* @ N) is isomorphic to the reduced space for the momentum
value 0 € g,

Let wq be the restriction of the canonical symplectic form of TG = G x g to
G x gj,. Then the 2-form wy extends the the canonical symplectic form of T*G,
and is G-invariant with respect to the left G-action on G and trivial action on

*

9,
The form wy is given by

wo(g,v)((9-&,p),(g-m,0)) = (0,€) — {p,m) + (v, [§,m]),

see [OR04(b), Example 4.1.20]. (Recall that g, is identified with the annihilator
of q.)
For each tangent space T, (9G ) to a coset of G, the space (T, (9G ) X g};, wo)
is symplectic. Clearly, wy vanishes on the subspace (g-q) x {0} € T(,,0)(G x g},)-
Moreover, for points p = (g,0) € G X g;, of the zero section, the space
q-p C T,(G x gj,) corresponds to the space Ty = q-p C T(,,)(G x gj,) of
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the Artin-Witt decomposition, which is symplectic with the Kostant-Kirillov-
Souriau symplectic form wy (€ - p,n-p) = u([¢,n]). If we define the extension w,
to G x gj, via

wi(g,V)((g-& p),(g-n,0)) = p([&n]),

the subspace g - q x {0} € T{0,)(G x g;) together with w; is symplectic. Since
wy vanishes on T, (g9G ) X gj,, the form Q = wy + w; is non-degenerate on the
zero section of the vector bundle G x g;, — G. Therefore this holds as well on
a neighbourhood of the zero section. € is closed, since wy and w; are closed.
Thus, €2 is symplectic. Since for h € G, the derivative of the right multiplication

hZG—>G
g gh™!

is given by dRp(g- &) = gh™' - Adp, € and G, C G,,, the 2-form  is invariant
with respect to the G,-action R with

R(h)(g,v) = (gh™*, coad, v) for h € Gp,g € g,V € g,
A corresponding momentum map Jr : G x g;, — g, is given by
JR(g7 V) = 7szlj,

where Pg- denotes the projection to g;: The form w; vanishes on the tangent
spaces to "the Gp-orbits. Hence for £ € gy,

(dIr(g,v)(g-n,0),&) = wolg,V)((g - (=E),coadev), (g n,0))
= <Uv _§> - <Coad§ v, 77> + <V’ [_§7U]> = <_07 £>

Thus, dJr(g,v)(g - 1,0) = —Pgs0. Hence Jx is also given by —Pg-

Next, we consider the product action of G, on G X gj, x N and add the
Gp—mvarlant symplectic form wy defined on N to Q to obtain an invariant
symplectic form on G x g;, x N. The momentum map for the product action is
given by K := Jg +Jy, where Jy : N — g, denotes the momentum map of V.
The space G x m* x N may be identified with K=1(0) via the diffeomorphism

I:Gxm"xN K '0)CGxm*xgixN
(9, p,v) = (g, p, IN(v),v).

Thus, the space Y := G xg, (m* x N) is diffeomorphic to the reduced space
Kﬁl(o)/Gp. Since the Gp-action on G x m* x g; X IV is free, the reduced space

is a symplectic manifold. Hence Y is a symplectic manifold with the induced
symplectic form

wy ([g, p,v])(d7(g - &1, p1,01), (d7(g - 2, P2, 2))
= (p2 + dIn(v)i2,&1) — (p1 + dI N (v)01,E2) (2.2)
+(u+p+In), 61, &]) +wn (i1, 02),

where 7 : G x m* X N — Y denotes the projection. (Note that in fact dJy(v)
is constant in v, since N is a representation).
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Since wy is G-invariant and coincides at any point of the orbit G[e, 0, 0] with
the symplectic form computed in the Artin-Witt decomposition theorem, the
equivariant Darboux theorem yields that there is a G-equivariant symplecto-
morphism defined on a tubular neighbourhood of GJe, 0,0] that maps [e, 0, 0] to
p and whose image is a tubular neighbourhood of Gp. Hence we have obtained
a symplectic version of the Slice Theorem: a local description of the symplectic
G-manifold about some G-orbit.

A real benefit of the Marle-Guillemin-Sternberg normal form is the existence
of a quite simple momentum map:

Lemma 2.7.
Jy Y =G xg, (m" x N) = g*
(9, p,v] = Coadg(u+ p+ In(v))
is a momentum map for the G-action on (Y,wy).
Proof. Clearly, Jy is well-defined.
Fornegandy=Ig,p,v] €Y,

d d. _
= &[exp(tn)g,p, )| = &[99 Yexp(tn)g, p,v]| = dm(g-Ady-1n,0,0).
t=0 t=0

ny
Thus,

wY(:U)(n Y, dﬂ’(g ' ga Jo2 U)) = WY([Q,P, ’U])(dﬂ-(g . Adg*1 7,0, 0)7d7r(g . Evpvv))
= <,0 + dJN(U)i)vAdg—l 77) + </~L +p+ JN(U)v [Adg—l 77,§]>~

Since

d
dJy (y)dn(g- &, p,0) = &<Jy([g exp(t€), p + tp,v + t0]),n)
t=0

d . .
= &<Coadg exp(t€) (/1' +p+ tp + JN(U + t’U))v 77>

t=0

d . .
= &(Coadcxp(t@ (M +p+itp+ JN(U + t’l))), Adg71 7’]>

t=0
<M +p+ JN(U), [Adg—l 777§]> + <p + dJN(’U)’[)7Adg—1 ’I’]>,

Jy is a momentum map for the G-action on Y. O

2.3 Bundle equations

The bundle equations or reconstruction equations give a normal form of X} with
respect to coordinates of the Marle-Guillemin-Sternberg normal form. Thus
they characterize the dynamics locally near a G-orbit, in particular near an orbit
of relative equilibria. For a (local) lift of X}, to G xm* x N, the bundle equations
describe the components Xy, X+ and Xy. In [RASDI7], they are computed
for the case of a compact group action. A comprehensive generalization may be
found in [RWLO02].

As in the last section, we will only discuss the case that a G-invariant
splitting g = g, @ q exists. Recall that m denotes a Gp-invariant complement
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of g, within g,. Let Xy = X + Xy + Xy be the sum of the corresponding
components. Since h is G-invariant,

dh([gvpv U])dﬂ-(g : gﬂpv ’U) = dm* (h © 7T)(g7p,v)p' + dN(h © 7T)(97p7’l))’[).
For § = ggp +&m +§qa
dh([Q?/}u v])dw(g : 57/)7’0)
= wY([gvpv U])(dﬂ—((g ' Xg7Xm*»XN)7d7T(g : gap.a ’U))

= (ps Xm) + (dIn(v)0, Xg,) — (X, &m) — (dIN () XN, &g,,)
F {4 p+ In), [Xg, + Xon + XqrEg, + Em + Eql) + wn (X, 0).

Since
(dIn(v)d, Xq,) = wn(Xg, - v,7)

and p([n,§]) vanishes for n € g, or £ € g, this is equivalent to the following
five equations:

X = e (h 0 ), (2.3)

wn (XN + Xy, -v,-) =dn(hom), (2.4)

Py (—coadx,, +x.+x, (0 +p+INn(v))) =0, (2.5)
Pm*(—coadxgp+xm+xq(p+JN(U))) = Xu-, (2.6)
Pg: (—coadx, +x.+x,(p + In(v))) = dIn(v)(Xn). (2.7)

Lemma 2.8. Equation (2.5) is equivalent to Xy € g,,.

Proof. If X4 = 0, equation ([2.5) is obviously satisfied. For the converse, consider
the linear map

L(le,p;v]) ra = 0"
¢+ Py (coade(p+ p+ In(v))

parameterized by m* x N. Since coad(u) is contained in the annihilator of g,
which we identify with q*, L([e,0,0])¢ = 0 implies ¢ € qN g, = {0}. Therefore
L([e, p,v]) is an isomorphism for small p and v. Equation yields that near
[e,0,0] the value of X must be equal to 0. O

Now, we search for solutions of equations (2.3)) to (2.7): The X,,-component
is determined by equation (2.3)). Since the vector field X} is defined on the
quotient by G}, we may choose the g,-component and set Xy, = 0. Then

equation (2.4)) yields
Xy = Wk)(dn(hom)),

where wﬁ : N* — N denotes the isomorphism given by wy. By Lemma
equation is equivalent to Xq = 0. At last, the component Xy~ is given
by equation . Hence, the components of the preimage of X, under the
projection 7w : G x (m* x N) — Y are given by

Xg(g,p, U) = dm*ﬁ<p?v) (28)
X (9,0,v) = —Pm-(coady . jp,0) (P + In(v))) (2.9)
Xn(g,p.0) = (@R)(dwh)(p,v), (2.10)
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where h = ho 7r|me is locally defined on the quotient P/G~

We only have to verify that equation (2.7)) is automatically satisfied for
this choice of components. To do this, we consider both sides evaluated at an
arbitrary element £ € g,. We start with the right-hand side:

(dIn(v)(XN), &) = wn (v)(€ - v, XN)
—dnh(p,v)€ - v

S h(p,exp(t€) - v)

t=0

d-
—&h(exp(—tf)p, v) i

= d~h(p,v) coadg p = (coad p, Xm).

For the left-hand side, we obtain

((=coady . p(pu) (P +IN(V))), &) = (p+In(v),ady . h(pw)§)
— (p+ In(v)), - ade du-(p, )
= <C0ad€ P Xm>7

where the last equation holds, since — adg dy+h(p,v) € m and Jy (v) is contained
in gy, the annihilator of m.

Thus the equations to describe a vector field on G x m* x N
that projects to the Hamiltonian vector field Xj on ¥ = G xg, m* x N. As
Montaldi and Rodriguez-Olmos suggest in [MR-O13] and [MR-O15], it can be
helpful to omit the condition X, = 0 and consider all possible preimages of
Xp(0) in G x m* x N instead. To do this, one has to add all lifts of the zero
vector field. These are of the form

X(g,p,v) = (g : nvcoadn P, =N ’U).
Gp-invariance of the splitting g;, = g, ® m* yields
coad, p € m* and coad, Jn(v) € g,

Thus adding coad,, p to (2.9)) is the same as adding coad, (p+Jn(v)) to the term
inside the parentheses. Moreover, —7 - v is equal to (w#)(dyxJ(p,v)v). This
yields the bundle equations with isotropy as given in [MR-O13] and [MR-O15]:

Xo(9,0,v) = du-h(p,v) +1 (2.11)
Xun=(g,p,0) = =P (coady . 5(p,0) 4y (0 + In(v))) (2.12)
Xn (g, piv) = (@F)~H(dn(h = I (p,v)) (2.13)

An advantage of this approach is that relative equilibria can be characterized
easily: [g, p, v] is a relative equilibrium iff there is an 7 € g, such that

Pave (c0ady_. () an(p + T (0))) = 0
dy (b~ J%)(p,v) = 0.
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In this case, dm«4nh(p,v) + 1 is a generator of [g, p,v]. Inserting Xy = 0 into
equation (2.7)) yields that these two equations are equivalent to

coady . s(p.v)4n(P+IN(v)) =0 (2.14)
dy(h —JI%)(p,v) = 0. (2.15)

Let (p, v) correspond to a relative equilibrium with generator & = duy+4,h(p, v)+
7 and momentum

/Ll :‘]Y(eapav) ::u’+p+JN(U)

Since ¢ € g,, equation is equivalent to coadg ¢ = 0. Thus we will call
equation the commutation equation in the following. Equation will
be called the symplectic slice equation. For p € (m*)%», solutions correspond
to relative equilibria of the Hamiltonian systems with Gp-symmetry on the
symplectic slice N with Hamiltonian functions h(:, p) parameterized by p.
Thus, we are in particular interested in the structure of relative equilibria
near the origin in Hamiltonian systems on symplectic representations of compact
groups. A method to investigate this situation is illustrated in the next section.

2.4 Splitting Lemma reduction

Given a symplectic representation V of a compact Lie group G and a G-invariant
Hamiltonian function & : V' — R with dh(0) = 0, all relative equilibria near 0
with a generator near some element £ € g can be characterized by an equation
on ker d?(h —J¢)(0). This reduced equation may be obtained from the Splitting
Lemma or Lyapunov-Schmidt reduction. Both methods yield the same equation,
which will be shown in Remark 2.12]

In the following, we will denote a locally defined function f between topo-
logical spaces V and W by f : (V,v) — W. This means that f is defined in a
neighbourhood of v € V. If we write (V,v) — (W, w), we require in addition
that f(v) = w. We are often mainly interested in the germ of f, that is the
equivalence class of functions defined in a neighbourhood of v that coincide with
f on a possibly smaller neighbourhood. Correspondingly, we are often interested
in germs of sets near v € V also called local sets, that is an equivalence class
of sets with respect to the equivalence relation that two sets coincide in some
neighbourhood of v.

We start with a proof of the Splitting Lemma. The proof is in principle
the proof in [PS78] combined with an argument of the proof of the equivariant
Morse lemma given in [Arn76].

Lemma 2.9 (Equivariant Splitting Lemma). Let G be compact, W, A be G-rep-
resentations, and f : W x A — R be a smooth G-invariant function with crit-
ical point (0,X\o). If for Ao € A the Hessian d¥, f(0,\o) is non-degenerate,
then there is a G-equivariant local diffeomorphism ¢ : (W x A,(0,Xg)) —
(W x A, (0, Ag)) of the form @(w, ) = (¢1(w, \), A), such that

fop(w, ) =g(A) +Q(w),

where g is a smooth G-invariant function and Q is the non-degenerate quadratic
Jorm Q(w) = 2, £(0, Ao) (w, w).
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If A coincides with the kernel of d2f(0,X) (i.e. d2f(0,X0)(-,A) = 0 for
every A € A), then dap1(0,\o) = 0 and the functions g and f(0,-) have the
same Taylor polynomial of third order at A\g.

Proof. Since dw f(0, o) = 0 and d%, f(0, \¢) is non-degenerate, there is a local
implicit function w of A with

dw f(w(M), ) = 0.

By uniqueness of the implicit function, the function w is equivariant. Hence
Y WA, (0,\) = WxA, (0, ) with ¢p(z, A) := (x4+w(A), \) is an equivariant
diffeomorphism such that dw (f o ¢)(0,A) = 0. Thus we can assume without
loss of generality that dy f(0,\) = 0 for every A. Then

f(w’ )‘) = Q(w) + F(w’ )‘)

for some smooth function F' such that 0 is a critical point of F(-,\) for every
A, and the Hessian of F'(-, Ag) vanishes at 0. In order to construct a diffeo-
morphism with the desired properties, we search for a family ¢(-, A\, ) of local
diffeomorphisms of W, defined for ¢ € [0, 1] and A in some neighbourhood of Ay,
such that ¢(0, A, t) = 0 for every X and ¢ and

Qlp(w, t,A)) + tF(p(w,t, A), A) = Q(w) +1F (0, A). (2.16)

Denote F* := F(-,)\) and ¢} := ¢(-, A\, ). For fixed A near )\g, we show the
existence of a family of time-dependent vector fields &} that generates the family
¢7. Differentiating equation with respect to ¢ yields a linear equation for
g

d(Q +tFM¢E) = FA0) — F* (2.17)
in some neighbourhood of 0. A solution &} of equation that satisfies
£(0) = 0 generates a solution to with ¢(0) = 0 for t € [0,1]. Now
we construct such a vector field ¢, that is defined in some neighbourhood of
0: Since @ is non-degenerate, there is a linear change of coordinates such that
Qz) = +a? £ L2, k=dimW. If & =Y, n}(x,1)0,,, equation is
equivalent to

F20) — FMNz) = Zn{\(m,t)y{\(a:,t), yMx,t) == +2x; + t0,, F ().

dF*(0) = 0 yields y*(0,¢) = 0. For A = g and ¢ € [0,1], d2F*°(0) = 0 implies
det(d,y*°(0,t)) = £2%. Hence (z,t,A\) = (y*(z,t),t, \) is a diffeomorphism in
some neighbourhood of (0, Ag) x [0,1]. Since the left-hand side vanishes at 0
and for fixed A and ¢ the functions y;‘ = y(-,t) are local coordinates on V,
the Hadamard lemma yields functions 7;* with

FAN0) = FAy™) = nd (™M)

Therefore there is a (possibly non-equivariant) vector field solving equation
217).

Next, we construct an equivariant solution of (2.17)), i.e. a family of time-
dependent vector fields £}, such that (£97)(gv) = g(€})(v) for every g € G:
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Since \g € WY, f(-,\o) is G-invariant. Therefore the quadratic form
Q(w) = d¥ £(0, o) (w,w) is G-invariant, and hence F and @ + tF are G-in-
variant functions. Assume that the family &) solves equation and is
defined on some G-invariant neighbourhood of (0, \g) x [0, 1]. For g € G, define

(997 (gw) := g(€M)(w).
Then (g€) solves as well:

d(Q + tF™)(qw) (9 (gw) = d(Q + tF)(w)g ™ g(&M) (w)
= FX0) — FMw) = F92(0) — F9(gw).

Therefore, averaging over G yields an equivariant solution & := fg 6G(gf)dg of

(2.17). The family 8‘ generates a family of equivariant local diffeomorphisms
©7. The local diffeomorphism @1 (z, \) = 7 () solves

floi(z,A),A) = Q(v) + F(0, ).

For the last part, notice that under the assumption w(\) = 0, we have
©1(0,A) = 0. In general, we have to consider this change of coordinates, then
©1(0,A) = w(\). Hence,

de(@l (O, )\), )\) =0

for every A and therefore
0= dA(de(<p1(07 )‘)7 )\))’/\=/\0
= A £(0, M) (-] | )+ £(0, A0) (dapr (0, Xo)-, ).

=0

Since dZ, f(0, \o) is non-degenerate, dp1(0, Ag) = 0. For the Taylor polynomi-
als, we calculate:

g(A) = fop(0,A) = flw(A),A)
= dg(A) = dw f(w(A),A) daw(A) +daf(w(A), A)
=0
= d’g(\) = dwdaf(w(N), N)daw(X) + di f(w(X), A)
= da(dw f(w(), \) daw(N)) = iy f(w(X), \)(daw(N)-, daw(N))
=0
+dif(w(A), A)

Since daw(Ag) = daw1(0,A9) = 0, all terms that contain a first derivative of
w vanish in Ag. Hence the derivatives up to second order coincide in Ay (all
vanish) and in addition

d®g(ro) = d3 (0, X0). H

By applying the Splitting Lemma to the augmented Hamiltonian, we may
reduce the search for critical points near 0 to some gradient equation on the
kernel of the Hessian at 0:
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Let V be a symplectic G-representation and kA : V' — R be a smooth G-in-
variant Hamiltonian function. Suppose that for some &y € g

ker d?(h — J%)(0) =: V; # {0}.

Let K C G be a subgroup such that & € g. Then V; is K-invariant. Let V;
be a K-invariant complement to Vj. Define H : V; x V5 x g — R by

H(v1,v0,€) = (h— ) (v1 + o).

(0,0,&) is a critical point of H, because dy (h — J¢)(0) = 0 and d¢J*(0) = 0.
Since d%/IH(O, 0,¢) is non-degenerate, the Splitting Lemma yields a K-equivari-
ant local diffeomorphism

(p:‘/l X VO Xg,(070,§0) _>V1 ><‘/0 Xga(0707€0>

of the form

¢(v1,v0,§) = (¢1(v1,0,§),v0,§)
with

H o p(v1,v0,€) = Qv1) + g(vo, )

for some K-invariant quadratic form @ and some K-invariant function g. Since
(-, -, &) is a diffeomorphism, (y1(v1,v0,&),v0) is a critical point of H(-,-, &) iff
(v1,v9) is a critical point of H o p(+,+,£). The latter is equivalent to v; = 0
and dy, g(vo, &) = 0. Hence the solutions (vg, &) of dy,g(vo,&) = 0 near (0,&)
are in one-to-one correspondence to the pairs (v, ) of relative equilibria v near
0 with generators & near . Moreover, since ¢ is a diffeomorphism, the local
sets of such pairs can be mapped diffeomorphically into each other (if both are
considered as subsets of V' x g).

Furthermore, the kernel of d>#(0,0,&) coincides with Vy x g: We have
d%,’H(O,O,fOHVO = 0 by assumption. The second derivatives that involve at
least one derivative in the direction of g coincide with those of the function
(v,€) = J&(v). Since this function is linear in ¢ and quadratic in v, these
derivatives vanish at (0,&) for any &, in particular at (0,&p). Therefore the
second part of the Splitting Lemma applies and

dVogpl (070’50) = dg@l(oa 0750) = 0.

Hence the relative equilibria near 0 with generators near £y are in some sense
tangent to Vy at 0. (We will see later that they generically form a manifold
tangent to Vp if G is a torus.) Moreover, the Taylor polynomial of third order
of g at (0,&) coincides with that of the restriction of H to Vj x g (both are
homogeneous of degree 3).

Remark 2.10. If in the above setting V; € VI for some subgroup L C K,
J&(vp) is constant in the direction of the Lie algebra [ of L for every vy €
Vo. Hence for every n € g with n — & € [, we have the same kernel, i.e.
ker d?(h—J")(0) = Vp. This leads to the question how the local diffeomorphisms
¢ and local functions g at (0,&) and (0,7n) are related to each other. Let
vy : Vo X g = V3 be the local K-equivariant function ¢1(0,-,-) at (0,&p), hence
V1 solves

dv, H(v1(vo,§),v0,£) =0
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uniquely. Assume that for some x € Vp, v1(z,n) and v (x, &) are defined. Since
H‘VL is invariant in the direction of [ and vy (x, &) € V¥,

dy, H(v1(x,&0),z,m) =0
and by uniqueness
vi(z,n) =vi(x,&).
Thus v, is also locally constant in the direction of | and hence can be extended
to a function defined on a neighbourhood of (0,&y) + I such that the function
is constant on . Then v; is equivalent to a local function defined on a neigh-
bourhood of (0, [zg]) € Vi x 8/. Thus ¢ and g can also be considered as maps

on a neighbourhood of (0, [z¢]) € Vo x 8/;. We obtain the same ¢ and g, when
we consider h as a function defined on V¥ x 9/ and perform the reduction at

(0, [o])-

Remark 2.11. More generally, if we are interested in the solutions near (0, &)
that are fixed by L for some subgroup L C K, we can restrict the system to the
fixed point space VL. Then ker(h — J")(0) N VL = Vi for every n € (0,&) + [.
As in Remark [2.10] v; and g can be extended constantly in [ to a neighbourhood
(0,&p) + I. By uniqueness of v1, the germs of v; and g at (0,&y) are equivalent
to those of the restrictions to V& of the corresponding functions defined on Vj.

Remark 2.12. Alternatively, we may apply a Lyapunov-Schmidt reduction to
obtain an equation on the kernel of d?(h — J¢)(0):

Let f, W and A be as in the Splitting Lemma. To find the critical points of
f, we have to find the zeros of

df : W x A— (W xA)".

As in the proof of the Splitting Lemma, the implicit function theorem yields the
local function v with

If Pys : W* x A* — W* is the projection, the critical points are then given by
the solutions of
Pw- odf(w(A),A) =0.
For f = H as above, W = V;, and A = Vj X g, we obtain the equation
Py o d(h — J¢)(v1(vo,€) + vo) = 0.

The application of Splitting Lemma yields that the relative equilibria correspond
to the critical points of the function

(h — J%)(v1(vo, &) + vo).

As argued in [CLORO03], both formulations are equivalent: Choose an invariant
inner product (-,-) on V =V, + V;. Then for any wg € Vp:

(Vveg(vo, ), wo)
= d(h = J%)(v1(v0, ) + vo) (wo + dvv1 (v, §)wo)
= (Vv (h = J%)(v1(v0, ) + v0), Prywo + (1 — Py )dy,v1 (vo, €)wo)
= (Py, Vv (h = J%) (v1(v0, €) + v0), wo),
since Py, is self-adjoint and

(1 =P)Vy (h—I)(v1(v0,€) + v0),-) = dv, (b — I*) (v1(v0,€) + vo) = 0.



Chapter 3

Linear theory

In this section, we study the derivative of the Hamiltonian vector field near some
equilibrium. Suppose that the Hamiltonian system has a symmetry given by a
proper Lie group action. By the equivariant Darboux theorem and Bochner’s
linearization theorem, we can assume w.l.o.g. that the symplectic manifold is a
symplectic representation V' of a compact group G and the equilibrium point is
0.

Since

w(dX1(0)v, w) = d*h(0)(v,w) = d*h(0)(w,v) = w(d X} (0)w,v)
= —w(v,d X, (0)w),

dX}5(0) is contained in
EP(V) = {A € End]R(V) | W(A'v ) +UJ(7A) = 0}7

which is the Lie algebra of the group SP(V) of linear symplectomorphisms V' —
V.

Since V' is G-symplectic and h is G-invariant, d X} (0) is contained in
spg(V) = sp(V) N Endg(V),

the Lie algebra of the subgroup SP¢ (V) C SP(V) of G-equivariant elements.

The elements of sp(V') are investigated in [Wil36], where Williamson studies
the eigenvalue structure, the Jordan normal form, and the corresponding nor-
mal form of the matrix representing w and gives normal forms for symplectic
linear coordinate changes. The theory is transferred to the equivariant case in
IDM93a)]. To do this, Dellnitz and Melbourne use the fact that the equivariant
homomorphisms preserve the isotypic components and the restrictions to the
isotypic components can be identified with K-linear endomorphisms of finite
dimensional K-vector spaces for K € {R, C,H}. Hence they have to extend the
results for K = R to include the cases K = C and K = H.

The eigenvalue structure of elements of sp, (V) and 1-parameter families in
spo (V) had already studied in [GS87] and [DMM92] before, where the emphasis
is placed on the generic case.

See also [MRSS8§| for the classification of G-symplectic irreducible represen-
tations and implications of the components of V' on the eigenvalues of elements

41
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of SP¢(V) (and hence spo(V)). In particular, the authors classify cyclospectral
representations V', for which eigenvalues of any linear map of SPg (V) are all
contained in the unit circle, and therefore elements of sp (V') admit only purely
imaginary eigenvalues.

Below, these results are presented as far as needed for the theory developed
later on.

Let V be a symplectic vector space.

Proposition 3.1. If ) is an eigenvalue of A € sp(V), X\, =\, and —\ are also
eigenvalues of A with the same geometric and algebraic multiplicities and the
same sizes of Jordan blocks.

Proof. Since A is a real matrix, we only have to show the claim for —\. Choose
an inner product (-,-) and suppose w = (-, J-). Then A € sp(V) implies ATJ =
—JA. Thus, AT and —A are similar matrices and the same is true for A and
—A. O

The proposition yields a fundamental difference between the generic dy-
namic behaviour near equilibria in Hamiltonian systems and general dynamical
systems:

Corollary 3.2. If dX(0) has a pair of algebraically simple purely imaginary
eigenvalues, there is some neighbourhood N° C C>(V) of h (C*-topology or
Whitney C>-topology) such that dX;(0) has the same property for any h in N

Proof. If h is close to h, the map dXj;(0) is close to dX;,(0) within the space
of linear maps. If i is an algebraically simple eigenvalue of dX}(0) with o €
R\ {0}, the implicit function theorem yields a single solution ¢ = ¢(A) € C to
the equation
det(A—cl)=0
for any complex linear endomorphism A in some neighbourhood of d X} (0) such
that ¢(dX,(0)) = ai. Since —c¢(dX;(0)) is also an eigenvalue of dXj;(0), by
uniqueness,
—c(dX}(0)) = ¢(dX3(0)),

and thus, ¢(dXj;(0)) is purely imaginary. O

Hence, in contrast to general dynamical systems, equilibrium points in Hamil-
tonian systems are not generically hyperbolic.

Moreover, the quadruplets of eigenvalues give rise to a symplectic splitting
of V:

Definition 3.3. For A € sp(V') and any A € C, let E) denote the real part of
the sum of the generalized eigenspaces of A and A and set Ey) := F) + F_).

Proposition 3.4. For any A € sp(V') and X € C, the space E+y is symplectic.
If ¢ {\, X\, =X\, =A}, Exy and Ey,, are w-orthogonal.

Proof. See [GS8T, Proposition 3.1] for a direct proof. Alternatively, this follows
from the normal form theory in [Wil36]. O

The following result can be shown in a similar way:
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Proposition 3.5. For A € sp(V) and any A € C with Re\ # 0, the space E)
1s a Lagrangian subspace of E4y.

Proof. Set -
B:=(A—A)(A—- A1) = A* — 2ReAA + [A*1.
Then there is some n € N such that B”| B = 0. Consider B™ as a polynomial
in A and let (B™), be the sum of the odd terms in A and (B™), the sum of the

even ones. Then B™ = (B"), + (B").. We claim that the restrictions of (B™),
and (B™), to the space E) are both invertible: It is

B" =) (-1)* <Z) 2F(ReN)* A% (A% 4 [N21)"*

k=0

= (-1)F (Z) 2F(ReX)* A®((A — A\1)(A — A1) 4+ 2ReXA)"F,

k=0
and (B™), is given by the sum over the odd numbers k, while (B"). is given
by the sum over the even ones. Now, (B"), and (B"). have a factorization
in the polynomial ring with variable A into linear factors of the form A — ¢1,
¢ € C. For every ¢ # A, \, these factors are invertible on the space Ey. Thus,
we only have to show that A — A1 and A — A1 do not occur as factors of
(B™), and (B").. To show this, we insert A1 and A1 in the place of A in the
polynomial representations of (B™), and (B").. We obtain a product of the
term 27 (ReA)"A"1 and 2"(Re))" "1 respectively and a negative real number
in the case (B™), and a positive one in the case (B™).. Thus, in all cases, the
result does not vanish and hence no factor A1 or —A1 occurs. This proves the

claim.
Now, the bilinear form w(-, B"-) vanishes on E). Thus on E},

w(5 (B")or) = —w(- (B")e):

Since the form on the left hand side is symmetric while the on the right hand
side is skew-symmetric, both forms vanish. This yields that w vanishes on E},
since (B™), and (B"). are automorphisms of F). O

Next, we consider the symmetry given by the action of the compact group

G.

Lemma 3.6. V admits a G-invariant inner product such that the endomor-
phism J that represents w commutes with the group action and defines a complex
structure, i.e. J? = —1.

Proof. Let J denote the endomorphism which represents the symplectic form w
with respect to some G-invariant inner product (-,-). Then J commutes with
the G-action: Vg € G

(g97) = (- J-) = (g ]g").
Since J is skew-symmetric, J is normal and has only purely imaginary eigen-
values. Thus there is an orthogonal splitting W = @®E,s; into the sums of
the eigenspaces for pairs £3i. By the equivariance of J, the spaces Fig; are
G-invariant. Hence rescaling (-, -) on each of the E g components yields a G-in-

variant inner product such that the representing endomorphism J with respect
to this inner product has the eigenvalues +i and J? = —1. O
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Theorem 3.7 ([GS87, Theorem 2.1]). Any G-symplectic representation splits
into a direct sum of pairwise w-orthogonal irreducible G-symplectic subrepresen-
tations.

Theorem 3.8. An irreducible G-symplectic representation V is of one of the
three following types:

1. a sum of the form W @ W, where W is an absolutely irreducible G-rep-
resentation such that each of the two summands is a Lagrangian subspace

of Wa W,
2. an irreducible representation of complex type, or
3. an irreducible representation of quaternionic type.

In the cases[1] and[3 two such symplectic representations are isomorphic iff the
underlying G-representations are isomorphic. In the complex case[3, each rep-
resentation admits exactly two isomorphism classes of G-symplectic structures.
Each pair w and —w of G-invariant symplectic forms represents both isomor-
phism classes.

Proof. By Lemma [3.6] w can be represented by a G-equivariant complex struc-
ture. In this way, V' can be considered as an irreducible complex G-representa-
tion. The underlying real representation of a complex irreducible one is of one of
the forms or 3| Furthermore, two complex irreducible representation of the
form [T or [3] are isomorphic iff they are isomorphic as real representations, while
in case [2| there are the two isomorphism classes of V and V. (See for example
[BtD85, chapter II, Theorem 6.7, Table 6.2, and Proposition 6.1] and use the
uniqueness of the isotypic decomposition of egrgVy ~ eSrgVa if r§Vi ~ rSVa
for complex representations Vi and V3). O]

Definition 3.9. Two irreducible G-symplectic representations of complex type
are dual to each other iff they are isomorphic as (real) G-representations, but
non-isomorphic as G-symplectic representations.

Again, we are interested in the stable occurrence of non-hyperbolic equilib-
ria. Non-hyperbolicity is necessary for interesting dynamic behaviour like the
existence of nearby relative equilibria.

In contrast to general dynamical systems, in Hamiltonian systems an equi-
librium needs to be non-hyperbolic to be stable: If the equilibrium is stable,
even all eigenvalues have to lie on the imaginary axis, since every eigenvalue
with non-vanishing real part implies the existence of one with positive real part.

Definition 3.10. The real part of the sum of the eigenspaces corresponding to
purely imaginary eigenvalues of dX},(0) is called the centre space E. of dX},(0).

In the following, we investigate the centre space E. of dX}. In particular, we
are interested in isomorphism classes of E. that are stable under perturbation
of h.

We start with the following well-known observation on continuity of eigen-
values:
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Lemma 3.11. Consider the action of the symmetric group S, on C" by per-
mutation of coefficients. Let F : (Cn/sn — C"™ be the map from the roots to the
coefficients of monic polynomials of degree n (which can be computed explicitly
be factoring out p(z) = (x—Tp_1) - (x—19)). Then F is a homeomorphism.

Proof. F is continuous and bijective. Moreover, F' is proper: We only need an
estimation in the coefficients which yields an M > 0 such that |z +a,_ 2"+
-4 ag| > 0 if || > M. For example, we may take

M = nmax(|ap_1|, V|an—2|, V/|an—3l,---, ¥/]ao|)

Thus F is a continuous proper bijection into a compactly generated Hausdorff
space and hence a homeomorphism. O

Therefore, the eigenvalues of a matrix depend continuously on its entries,
which determine the characteristic polynomial.
Now, we consider a generalization of Corollary to the symmetric case:

Lemma 3.12. Let V be a G-symplectic vector space and h : V. — R be a
G-invariant Hamiltonian function. If dX,(0) has a pair of purely imaginary
eigenvalues +adi, a € R\ {0} such that Es; is an irreducible G-symplectic sub-
representation, there is a neighbourhood N'C C>= (V)< such that dXj,(0) has a
pair of purely imaginary eigenvalues £&lI, o € R\ {0} with Ez; ~ E,; for every
heN.

Proof. By Lemma V may be considered as a complex G-representation.
Then E,; is a complex irreducible subrepresentation. Let W denote the isotypic
component of E,;. For any invariant Hamiltonian &, the space W is d X 7 (0)-in-
variant. If h is close to h, dX,;(O)’W is close to dX,;(O)|W. Then dX;l(O)’W
has an eigenvalue A near «i. Since generalized eigenspaces of G-equivariant
linear maps are G-invariant, all eigenvalues of dX E(O)’W and dXh(O)‘W occur
with multiplicities that are multiples of dimg E,;. (Note that the generalized
eigenspaces of dXB(O)’W and dXE(O)‘W are subspaces of W ®r C, where W
is considered as a real vector space.) Thus, for h near h, all eigenvalues of
dX E(0)|W in some neighbourhood of ai coincide. This yields —\ = A. O

Corollary 3.13. If all the spaces E\ contained in E. are G-symplectic irre-
ducible and dX(0) is non-degenerate, the centre space of dXj,(0) is isomorphic
to E. for every h close enough to h.

Proof. By Lemma the centre space of d X}, (0) contains a space isomorphic
to E.. Since the other eigenvalues of i are bounded away from the imaginary
axis and the sum of their multiplicities coincides with that of the eigenvalues
with non-vanishing real part of dX}(0), the dimensions of both centre spaces
are the same. O

By the following theorem of Dellnitz, Melbourne, and Marsden, the assump-
tion of Corollary [3.13]is generic:

Theorem 3.14. ([DMM92, Theorem 3.1]) Let G be a compact Lie group and
V be a G-symplectic representation. There is a dense open subset O C spo(V)
such that for every A € O and any 5 > 0 the space Eip; of A is symplectic
irreducible.
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Theorem [3.14] yields the following result about generic normal forms, which
is also a corollary of the normal form theory of [DM93al:

Theorem 3.15. If A € O (as in Theorem , then there are G-invariant
inner products on the eigenspaces E4g; of A such that the matriz that represents
A commutes with the matriz J that represents w and J satisfies J? = —1.

Proof. The form Q = w(-, A-) is G-invariant and symmetric. If E,g is irre-
ducible, the representing endomorphism JA of @ with respect to any G-invari-
ant inner product is a real multiple of the identity (since JA is G-equivariant
and has only real eigenvalues) and hence commutes with J. Then A commutes
with J as well. Thus we may choose any appropriate inner product such that
J? = —1.

Otherwise E.ig; is a sum of two isomorphic absolutely irreducible repre-
sentations by Theorem [3:8f For any choice of an invariant inner product,
the endomorphism representing w(-, A-) has absolutely irreducible perpendic-
ular eigenspaces Wi >~ Wy and V = W; & W5. By Theorem W1 and Wsy
are isotropic. Hence for any invariant inner product, the representing endo-
morphism of w maps W; into Wy and vice versa. Thus for any choice of a
G-invariant inner product, w is represented by a matrix of the form

0 al
—al O

with @ € R. Choosing an appropriate inner product, we may suppose a = 1.
If the eigenvalues of J o A are A1, A2 € R, A is a multiple of

0 -1 o )\1 0 . 0 _/\2

1 0 0 X)) \\ 0 )7
Since det A = 32 > 0, A\;Aa > 0 (hence Q is definite). An appropriate scaling
of the inner products on W7 and W5 yields a new invariant inner product, with

respect to which @ is represented by a multiple of the identity and the matrix
J is preserved. O

From Theorem [3:14 and Theorem [3.15] we obtain immediately:

Corollary 3.16. There is an open, dense subset W of C>® (V) (C>-topology
or Whitney C*-topology) such that for h € W, there is an inner product such
that the eigenspaces of the matriz representing th(O)’]E are G-symplectic irre-

ducible subrepresentations and w is represented by a matriz J with J?> = —1.
Namely, W consists of the functions h € C®(V)¢ with dX,(0) € O (as in
Theorem .

Here, W is the set of Hamiltonian functions h with dX,(0) € O.

As pointed out in [MRS88], in some cases, V and E, coincide for all Hamilto-
nian functions. Montaldi, Roberts, and Stewart call these symplectic representa-
tions cyclospectral representations and characterize their isotypic compositions:

Theorem 3.17. A G-symplectic representation is cyclospectral iff it contains
no representation of real type and no pair of dual G-symplectic representations
of complex type and each isotypic component of a representation of quaternionic
type is irreducible.
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Proof. Assume that V is a G-symplectic representation of this form. Using
Lemmal3.6] the symplectic form on V' can be represented by a complex structure
J. If we split V' into G-symplectic irreducible components, each component is
J-invariant. Furthermore, J commutes with any A € sp~(V):

Since A and J are G-equivariant endomorphisms and hence preserve isotypic
components, we only have to show this for the restrictions of A and J to isotypic
components of V.

If W C V is irreducible of complex type, J ’W is a complex structure on W
which commutes with the G-action. Since Endg (W) ~ C, J|W corresponds to
i or —i under this identification. The isotypic component associated to W does
not contain a dual of the G-symplectic irreducible representation W. Therefore,
either J |W acts as multiplication by i or by —i on all G-symplectic subrepre-
sentations of V' that are isomorphic to W as (real) G-representations (if the
isomorphism Endg (W) ~ C is fixed). Hence, J is a complex multiple of the
identity on any isotypic component of complex type and commutes with restric-
tion of A.

If W C V is irreducible of quaternionic type, W coincides with the corre-
sponding isotypic component. Since JA € Endg(W) ~ H is symmetric, JA is
a real multiple of the identity: If (-,-) is a G-invariant inner product, this is
also true for (h-,h-) for any h € Autg(W). Hence, by averaging over the unit
quaternions, we may assume that the unit quaternions correspond to orthogonal
endomorphisms of Endg(W). Then, i, j and k correspond to skew-symmetric
matrices and hence the symmetric matrices in Endg (W) are the real multiplies
of the identity. Therefore, J commutes with JA and hence with A.

Since J and JA commute, the eigenvalues of their product —A are given by
products of eigenvalues of J and JA. Since J has the eigenvalues i and —i and
the symmetric matrix JA has real eigenvalues, the eigenvalues of A are purely
imaginary.

For the contrary, it suffices to give examples of endomorphisms in sp (V)
with eigenvalues with non-vanishing real part in the case that V' is a sum of two
absolutely irreducible representations, two irreducible representations of quater-
nionic type, or two dual G-symplectic representations of complex type. These
examples are shown in the following table, where we choose an isomorphism
Endg(W) ~ Endg(K?), K = R,C,H, an inner product, and an orthonormal
base with respect to which J is of this form:

Waoew Wi & Wy wWeWw
W absolutely irreducible | W7,W5 complex duals | W irreducible of type H

NN
a= () Ay A (%)

For our applications, we are interested in general how the centre space may
look like for a given G-symplectic representation V. More precisely, we would
like to have a list of all isotypic decompositions of E. that occur. Such a list
will be given in the following with the additional property that for each iso-
typic composition of this list, there is a non-empty open subset of Hamiltonian
functions in C*°(V') with E. of this isomorphism class.
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The main part is to determine the “minimum” of E., i.e. a G-symplectic
representation Vi, such that the centre space always contains a G-symplectic
subrepresentation isomorphic to Viin. This is done in [DM93al: The authors call
a representation weakly cyclospectral iff E. # {0} holds for every Hamiltonian
function. They classify the weakly cyclospectral representations by deducing
the isotypic composition of Vi, from the normal forms calculated in [DM93a].
We give a more direct proof here:

Theorem 3.18. Let V be a G-symplectic representation and V. = @;V; its
isotypic decomposition. Let Vi, be the sum of the following spaces:

1. U; for each i with V; ~ U, where U; is irreducible of type H and u is odd.

3

2. For each i corresponding to an irreducible representation U; of type C,
we distinguish the two isomorphism classes U; and U; of G-symplectic
representations such that V; decomposes as V; = Uik@Uil. W.l.o.g. suppose
k> 1. Then Viyin contains a copy of Uik_l.

Then E. contains a G-symplectic subrepresentation isomorphic to Vi, for every
Hamiltonian function.

Proof. Since every isotypic component of V is a dX},(0)-invariant G-symplectic
subrepresentation, we may suppose V' = V; and consider the two cases one after
another.

1. Let ¢ be an eigenvalue of dX(0) with nonzero real part. Recall that
FE. denotes the real part of the sum of the generalized eigenspaces of the
pair ¢ and ¢. Then by Proposition @ dim E., = dim E_.. Moreover,
both spaces are G-invariant and hence isomorphic to U} for some number
I € N. Thus, E+. ~ U?. Since u is odd, dX;(0) must have at least one
purely imaginary eigenvalue if V' = U}".

2. Again, let ¢ be an eigenvalue of dX,(0) with nonzero real part. By
Proposition [3.5] E. is a Lagrangian subspace of the symplectic space
FE4.. Choose an appropriate G-invariant inner product such that w is
represented by a G-equivariant endomorphism J with J? = 1. Then
Ei. = E.® J(E.). Split E. into a sum €, U; of irreducible G-repre-
sentations. Then Ei. = @,(U; ® J(U;)). If we consider J as a complex
structure, each space U; @ J(U;) is just the complexification of the real
representation U;. By [BtDS85l chapter II, Proposition 6.6], the complexi-
fication of a real representation is isomorphic to a sum of complex duals.
Thus F4. splits into a sum of pairs of complex duals and hence both types
occur with the same multiplicity in F.. O

We now state a theorem which yields a list as described above. This implies
the minimality of Vi,iy,.

Theorem 3.19. For a G-symplectic representation V. and a Hamiltonian func-
tion h € C®(V)Y, the decomposition of the centre space E. of dX(0) into
pairwise w-orthogonal G-symplectic irreducible subrepresentations is given by a
sum consisting of

o pairs of absolutely irreducible G-representations,
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e an even number of every isomorphism class of irreducible G-representa-
tions of type H,

e the same number of every isomorphism class of irreducible G-representa-
tions of type C and its dual, and

e the decomposition of Vinin as described in Theorem [3.18.

Moreover, for each sum of this form, there is a non-empty open set of Hamilto-
nian functions such that E. is of this isomorphism class.

Proof. The proof of yields immediately that E. has to be of this form.
For the converse, consider a splitting of V' into pairwise w-orthogonal G-sym-
plectic irreducible subrepresentations and choose a subspace given by a sum
@, U; of components of this splitting of the described form. Fix an inner prod-
uct as in Lemma If with respect to this inner product, for each 4, the space
U; coincides with the a;-eigenspace of d2h(0) for some «; € R\ {0}, @, U; is an
invariant subspace of dX3(0). If in addition on a dX}(0)-invariant complement
of @, U;, the matrix dX}(0) consists of block-matrices of the form described
in the proof of Theorem the centre space of dX},(0) coincides with @, Us.
Thus the set of Hamiltonian functions h with this property is non-empty. By
Corollary small perturbations of a function h with dX(0) of this form
preserve the isomorphism class of E. if a; # o for ¢ # j. O
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Chapter 4

Free actions

If the Hamiltonian action of the connected compact group G on the phase space
P is free, the structure of relative equilibria is quite well-understood. This
situation occurs in the dynamics of a rigid body moving in space without the
action of external forces.

The starting point of the survey was a persistence result for non-degenerate
relative equilibria with regular momenta, which are defined as follows:

Definition 4.1. A relative equilibrium for a free action is non-degenerate iff
its image in the reduced space is a non-degenerate critical point of the reduced
Hamiltonian.

Definition 4.2. An element £ € g (u € g*) is regular iff its isotropy with
respect to the adjoint (coadjoint) action of G is a maximal torus.

The set of regular elements is open and dense in g (g*) (see for example
[BtD8&5, chapter V, Proposition 2.6]).

Let P be a symplectic phase space with a free Hamiltonian action of the
connected compact Lie group G. The following theorem is known as Arnol’d’s
theorem, since the main ideas can be found in principle in [Arn78|. (There, see
Theorem 8 of appendix E and appendix 5.)

Theorem 4.3. If p € P is a non-degenerate relative equilibrium and o = J(p)
is reqular, there is a neighbourhood of p in which the set of relative equilibria
forms a smooth manifold such that for any momentum value p near o, there is
exactly one relative equilibrium in the reduced space P, close to p.

Proof. Since the action is free, the momentum map J is a submersion. For any
smooth path « from « to p, the isotopy theorem of transversality theory implies
that there is a smooth isotopy of diffeomorphisms ¢; : J=1(a) — J71(7(t)) (see
[ARGT]). If 4 is close to «, the isotropy subgroups G, and G, are conjugate.
We assume w.l.o.g. that G, = G, and choose a path in (g*)%. Then we can
construct equivariant diffeomorphisms ¢;. (This follows from the proof of the
isotopy theorem given in [AR67]). Hence we obtain a family of diffeomorphisms
¢ 2 Py — P 1). The result follows from the implicit function theorem applied

to the family h o ¢;. O

ol
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Arnol’d’s theorem was generalized in the 90s up to 2000 by Montaldi, Patrick,
and Roberts to the case of non-regular momentum values. In [Pat95, Theo-
rem 17, part (i)], Patrick proves another smoothness result:

Theorem 4.4. Let p € P be a non-degenerate relative equilibrium with gener-
ator & and momentum w. If u or & is regular, the set of relative equilibria is a
smooth manifold of dimension dim G 4 rank G.

Moreover, Patrick shows that this manifold is symplectic if p is regular and
the spectrum of the linearization of the reduced vector field is disjoint from
the spectrum of the linear map ade (see [Pat95, Theorem 17, part (ii)]). Both
results are generalized and improved in [PR0O0], see below.

The results in [Mon97] and [PR0O0] show the occurrence of bifurcation of
the structure of relative equilibria, in the sense that the set is not smooth
at each element. In [Mon97], Montaldi investigates the structure of the set
of relative equilibria near a non-degenerate equilibrium with regular generator
but possibly non-regular momentum. He shows that the number of relative
equilibria in the reduced spaces is related to the cardinality of the Weyl group
orbit of the corresponding momentum and hence changes in the neighbourhood
of non-regular momentum values.

Patrick and Roberts generalize Patrick’s Theorem in [PRO0] and obtain
a result about the generic global structure of the set of relative equilibria, which
holds for all Hamiltonian functions that satisfy some transversality condition:
For these, the set of relative equilibria is stratified by the conjugacy class of
G, N Ge.

We start with a sketch of the results of Montaldi ([Mon97]) about free actions
and study the results of Patrick and Roberts ([PR00]) afterwards.

4.1 Bifurcation at non-regular momentum val-
ues

In [Mon97], Montaldi generalizes Arnol’d’s observation to the case non-regular
momentum by analysing the topology of the reduced spaces in the case of free
group actions. This yields an estimate of the number of relative equilibria near
a given relative equilibrium p with momentum value « in the reduced space P,
for p near a.. Let w(u) denote the cardinality of the Weyl group orbit of p with
respect to a maximal torus 7" with p € t*. Moreover, g% contains a slice in « for
the coadjoint action (see Lemma and thus the coadjoint orbit of x contains
an element of gy, if 41 is close to a. W.lo.g. we assume p € g7,. Let O be the
coadjoint G,-orbit of p in g7,.

Theorem 4.5. Let P be a symplectic manifold with a free Hamiltonian action
of a compact Lie group G. If p € P is a non-degenerate relative equilibrium
with J(p) = «, there is a G-invariant neighbourhood U of p such that for u € g*
near «, there are at least 1 + %dim Oy, relative equilibria in P,. If all relative

w(p)
w(a)

equilibria in P, are non-degenerate, this number is at least

Theorem 4.6. If in addition the generator € € g of p is reqular, all relative
equilibria near p are non-degenerate and this estimate is exact.



4.1. BIFURCATION AT NON-REGULAR MOMENTUM VALUES 53

For the proof, Montaldi shows first that we may assume a = 0: As can be
seen from the Guillemin-Sternberg normal form, the local isomorphism class of
the orbit space near [p] € P, is determined by G, and G,, (hence in the free case
by G,). In fact, P is locally isomorphic to G Xg, Qa, where Q, = J71(S,)
for some G,-invariant slice S, C g* to the coadjoint orbit of a (for details
see [Mon97]). Q. is a manifold, since it follows from the G-equivariance of J
that im dJ(p) contains the tangent space to the coadjoint orbit and hence J is
transverse to S, at p. The local isomorphism P ~ G xqg, Qo yields locally
P/G ~ Qa/Ga .

The space @, is symplectic: With respect to an appropriate choice of the
decomposition

T,P=Ty® T\ ® Ny ® N,

(see section , the tangent space T,,Q, is given by Ty © No & Ni:
dJ(p)T1 = d‘](p) (g : p) C TaOav

and dJ(p) is injective on Ty. Hence dJ(p)~'(S,) N Ty = {0} € T,P. Further-
more, Ty @ N1 = ker dJ(p) and dJ(p) Ny ~ m* is a complement of T, O, within
imdJ(p) = ann(g - p), see Lemma and Lemma A suitable choice of
Ny yields

dJ(p)(TO @® No P Nl) = TpSa.

By 2.5} To ® No @ Ny is symplectic, thus Q, is a G,-symplectic space.

The projection of the restriction of J to @, to g}, defines a momentum
map on Q,, which we modify by adding —a. Since a € g&=, we obtain a
G o-equivariant momentum map on (@, such that the momentum of p is 0.
Then reduced space (Q4)o is symplectomorphic to the reduced space P,.

To complete the reduction to the case & = 0, Montaldi shows that the cardi-
nality w,(u) of the Weyl group orbit of 1 € g, with respect to the G,-action is
equal to %: If W and W, denote the Weyl groups of G and G,, respectively,
W, C W. Fix a Cartan subalgebra t C g, containing p. The slice theorem
applied to the W-action on t in the point « yields

W/,c ~W X We (Wa ),

and hence
w(p) = #Wiw,) - wan) = w(@) - wa(p).

Now the result follows from the topology of the reduced spaces: By the
Guillemin-Sternberg normal form theorem, for free actions, any point with mo-
mentum 0 has a neighbourhood isomorphic to G x N x g*. Hence the orbit
space is locally isomorphic to N x g* and the reduced spaces are of the form
P, = N x O,. The Hamiltonian function h decomposes as h = h o 7, where
n:P— P /G denotes the projection map. If p is a non-degenerate equilibrium,
the Hessian of h(-,0) = hq is non-degenerate. An application of the implicit
function theorem or the Splitting Lemma as described in section [2.4] yields that
for every p in some neighbourhood of 0, there is a unique v(u) € N such
that dyh(v(p), ) = 0. Moreover, it follows that (v(u), ) is a critical point of
h NxO, iff p is a critical point of the function

H,:0,—R

v hv(v),v).
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Hence, we only have to estimate the number of critical points of a real valued
function defined on O,. The most general estimate follows from Lyusternik-
Schnirelmann-theory, which yields that a lower bound of the number of critical
points of a function on a manifold is given by its cup lengths plus 1. For a
symplectic space of dimension 2n, w™ defines a volume form and hence n is a
lower bound of the cup length. Since O, together with the Kirillov-Kostant-
Souriau-form (i, [+, -]) is symplectic, a function on O,, has at least 1+ 1 dim(0,,)
critical points.

For Morse functions, we obtain a sharper estimate: The Morse inequality
yields that the number of critical points of a Morse function defined on O, is
at least w(p). To obtain this estimate, one has to compute the homology of
O,. A way to do this is to fix a regular element £ € g = g** and to restrict the
linear function v — v(§) to O,. It can be shown that ¢ is a Morse function and
a computation of the indices of the critical points implies the above estimation.

The main observation for the proof that £ defines a Morse function is that the
Hamiltonian vector field of this function with respect to the Kostant-Kirillov-
Souriau symplectic form is given by v — coad¢ v: For any 1 € g, the directional
derivative along the vector 7 - v = coad, u is

coad, (&) = v([€, ).

Therefore, the critical points of the function are exactly the points of (g*)*NO,,
where (g*)¢ is the zero set of coad. If we identify g* and g via an invariant inner
product, this becomes g¢ N O,,. Since £ is regular, g¢ = t for the maximal torus
T whose Lie algebra contains £ and hence the set of critical points coincides with
a Weyl group orbit within O,. For the non-degeneracy of the critical points,
Montaldi gives a short argument: Any critical point v C O, is fixed by the
torus T'(§) generated by ¢ and hence its tangent space T,0,, is T'({)-invariant
and locally T'(§)-symplectomorphic to O, at p. The evaluation at ¢ is the
Hamiltonian function of the Hamiltonian vector field on the symplectic space
T,0,, C g* defined by the coadjoint action of {. Therefore the evaluation map
coincides with the momentum map J¢ for the linear 7'(¢)-action and for the
T'(¢)-action on O,,. For a linear action, the momentum map is a homogeneous
quadratic function. The same holds for the momentum map on O,, with respect
to appropriate local coordinates in a neighbourhood of p. Hence a critical point
is non-degenerate iff it is isolated. Since the points of tN O, are isolated, v is a
non-degenerate critical point.

Montaldi also uses this fact to prove Theorem

The derivative of the function

H:g"—>R

v = h(v(v),v)
in 0 coincides with the restriction of

dh(p) : T,P ~gxg"xN—=R

to g*. In [Mon97], it is shown that dh(p) o+ 15 given by the evaluation at .

(This is also contained in the characterization of relative equilibria derived from
the bundle equation, see section [2.3) Hence dH (0) restricted to O, has exactly
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w(p) critical points for every pu € g*. A blow up argument shows that the
function H,, has the same number of critical points if y is small:

Let S be the unit sphere in g* and consider H as a smooth function defined
on R x S by H(r,0) := H(rf). W.lo.g., we assume H(0) = 0 and hence
H(0,0) = 0. Then, there is a smooth function H; with

H(r,0) =rH(r,0). (4.1)

To find critical points of H on O,,, we search for critical points of H; on O,,,
since O,, is contained in a sphere. For H;, equation (4.1) and the Taylor theorem
yield

Hi(r,0) = 0,H(r,0) — rd,H,(r,0) = 8,H(0,0) + rH(r,0) — 70, H,(r,0)
=dH(0)0 +rR(r,0) = (£,0) + rR(r,0)

for appropriate smooth functions H and R. Now, we consider the restriction
of Hi to R x Oy. If vy € Oy is a critical point of the evaluation at &, vy is
non-degenerate. The implicit function theorem yields that there is a smooth
function v : (=6,0) — Op such that v(0) = vy,

do, Hi(r,v(r)) = 0,

and v(r) is a non-degenerate critical point. Then rv(r) is a non-degenerate
critical point of H,g if  # 0. Moreover, rv(r) is unique in rU for some neigh-
bourhood U of vy € Op. By compactness of Oy, there are exactly w(f) = w(rf)
critical points of H,.y for small » > 0.

4.2 Transverse relative equilibria

In [PRO0], Patrick and Roberts extend Patrick’s Theorem to arbitrary
isotropy subgroups K = G¢e NG, of ({, 1) € g @ g*. The non-degeneracy con-
dition is replaced by a transversality condition, which is generic with respect to
the Whitney C'*°-topology and a weaker condition than non-degeneracy in the
case K =T (not in general). The main idea is that the Whitney stratification
by isotropy type of g* & g induces a stratification of P x g. Moreover, P X g
is isomorphic to the subbundle 7 C TP with 7, = g -p. The image of X}, is
contained in the subbundle K C TP with K, = ker dJ(p). It is shown that the
intersection 7¢ := TNK corresponds to the set (g"®g)° = {(1, &) | coade pp = 0},
which coincides with the points whose isotropy type contains a maximal torus.
Hence, the set 7¢ is Whitney stratified. The authors call a relative equilib-
rium p tmnsverseﬂ iff X h T¢ at p within K with respect to this Whitney
stratification.

Alternatively, the transversality condition may be expressed in terms of dh
and a stratification of a subbundle of T*P which corresponds to the stratified
subbundle of TP via the isomorphism TP ~ T*P induced by the symplectic
form w.

For all this, the condition that the action is free (at least locally free) is
essential: First of all, the stratification of P X g is given by the preimages of the

1Originally, Patrick and Roberts use the term transversal here. Since this is a noun, which
is often confused with the adjective transverse, it is better to say transverse.
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strata of g* @ g under the map J defined by the momentum map via

J:Pxg—g-dg
(P, €) = (J(p),£)-

Since imdJ¢(p) = ann(g,) C g*, J is a submersion iff g, = {0} and so is
J. Therefore, in the case of a free action, the preimages of the strata form a
Whitney stratification.

Moreover, K and T are vector bundles in the free case, and the map I :
(p, &) +— &p is an isomorphism of P x g and 7.

The same holds, of course, for the dual formulation: Here we consider the
subbundles of T* P that correspond to 7 and K under the isomorphism TP ~
T*P via X, — w(X,,). Since 7, = g- p and

Ky =kerdd(p) = (g-p)~~ =T,~,
the image of 7 is given by the bundle £° with ) = ann(K,) and the image of
K coincides with 7° which is given by 7> = ann(7,). The map

I°: (p, &) = w(&y, ) = dIE(p)

is an isomorphism of P x g and K° if the action is free.

Now, let us consider the results about the stratifications on g*@® g and P x g
in detail.

A basic observation is that (g* @ g)° = {(1,) | coad¢ 1 = 0} coincides with
the image of 7¢ = T N K and K° := T° N K° under Jo I~! and J o (1°)~!
respectively: If J(p) =: pu, £ - p € kerdJ(p) is equivalent to { € g, due to the
equivariance of J.

Moreover, the isotropy subgroup of an element (u,§) € g* @ g is given by
G, NGe, and in the case £ € g, this coincides with the isotropy subgroup (G,,)¢
of & with respect to the adjoint action of G,. Since (G}, )¢ contains a maximal
torus T" of G, which is also maximal in G, (g* ® g)° is contained in the set of
points whose isotropy type contains a maximal torus. For the contrary, assume
that a maximal torus T is contained in G, NG¢ and note that (g*®g)T = t* &t,
where t is the Lie algebra of 7. This yields coade r = 0. Hence (g* @ g)¢ consists
of a substratification of the isotropy type stratification of g* @& g and thus T°¢
and KC°¢ are stratified subsets with the induced stratifications.

Next, we investigate the stratification by isotropy type on (g*@®g)°. Consider
(1, &) € g* @ g° with isotropy subgroup K = G, N G¢ with Lie algebra ¢ In
[PROQ, Proposition 1], it is shown using the Slice Theorem, that there is a
neighbourhood of (i, ) in (g* @ g)¢ which is isomorphic to

G Xk (E* @E)p

Hence, the local stratification of (g* @ g)¢ by isotropy type near (u,&) is deter-
mined by that of (¢ @ £)°.

Let Z(K) denote the centre of K with Lie algebra 3 and [ be the Lie algebra
of [ = K / Z(K)- The next observation is that the K-representation £* @ # splits
into

tot=0G"o3) ("))
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and (¢ @ £)X = 3* @ 3. Altogether, the dimension of the stratum of isotropy
type (K) in (g* @ g)¢ is equal to

2dim; + dim(G/K ) = 2dim Z(K) + dim G — dim K. (4.2)

Straightforward calculations with codimensions show that near a transverse rel-
ative equilibrium, the relative equilibria for which the pair (u, &) of momentum
and generator is of isotropy type (K) form a manifold of the same dimension.

In addition, the above observations allow to determine the local structure
of the set of relative equilibria near a transverse relative equilibrium: For any
point z contained in a stratum S of a locally closed Whitney stratified set Z,
there is a cone C such that Z and C x S are locally homeomorphic near z, see
[GWPLT76, chapter II, Corollary (5.5)]. If Z is a subset of a manifold M and
C' is contained in a vector space IE such that there is an open subset U of a
Euclidean space and a smooth local embedding E x U — M that maps C' x U
to Z, Patrick and Roberts say that Z has singularity type C' at x. The above
observations show that (g* @ g)¢ C g* @ g is of singularity type (I* @ [)€ at z if
G, = K. As is easily verified, if f : N — M is transverse to Z at n € f~!(z),
the preimage f~'(Z) has also singularity type C' at n. Applied to the maps J
and Xp, this yields that at a transverse relative equilibrium with generator &
and momentum p and corresponding isotropy subgroup K, the set of relative
equilibria is of singularity type (I* @ [)c.

As may be deduced from transversality theory, the set of Hamiltonian func-
tions h that have only transverse relative equilibria is open and dense in C>°(P)“
with respect to the Whitney C'*°-topology: Since K°¢ is a closed Whitney strati-
fied subset of T* P, openness follows from the Thom-Mather transversality The-
orem The Jet-transversality theorem (see [Hir76, Theorem 2.8]) implies
that the set of Hamiltonian functions h with dh transverse to any single stratum
of °¢ is residual. By the local finiteness, a Whitney stratified set has at most
countable strata. Thus the set of those h for those dh is transverse to all strata
of K°¢ is a countable intersection of residual sets. Hence it is residual and hence
dense.

Patrick and Roberts also give an explicit characterization of transversality
at a relative equilibrium p with generator via the derivative of X, = X —&um
at p (recall that £y/(q) := € - ¢ for any ¢ € P and he = h —J¢): To do this, they
use another equivalent formulation of their transversality condition:

Let ¢ : P x g — TP be the map (p,§) — Xn(p) — & -p = Xp(p) and
¥°: Pxg— T*P its dual (p,§) — dh(p) — dI*(p) = dhe(p). The subscript (g
denotes the restriction to (P x g)fK), whose image is contained in K.

Lemma 4.7. A relative equilibrium p € P with momentum u, generator &,
and G, N G¢ = K s transverse iff one of the following equivalent conditions is
satisfied:

1. Yy s (P x g)fK) — IC is transverse to the zero section of K at (p,§);
2. Yy : (P x g)fK) — T° is transverse to the zero section of T° at (p,§).

Proof. The two conditions are obviously dual to each other with respect to the
isomorphism TP ~ T*P via w and hence are equivalent. Either condition is
equivalent to transversality of p by the following lemma, for example for the
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first we have to choose E = K, M = ((P x g)?K)), f=1:(@p¢& — &-p,
fO:(pvf)'_)pv a“nd)(:)(h' O

Lemma 4.8. For a vector bundle m : E — P with smooth section X, a smooth
embedding f and a smooth map fo as in the commutative diagram

E

yiﬂ,
fo

ML p

X is transverse to f(M) iff X o fo — [ is transverse to the zero section Z(E) of
E.

Proof. If X is transverse to f(M) and X (p) = f(m) (and hence p = fo(m)), in
particular
T(E,) C dX (p)T,P + df (m)T,, M. (4.3)

In coordinates with respect to a local splitting 71 (U) = U x E,, for a neighbour-
hood U of p, the maps X and f are of the form (1, X,) and (fo, f1) respectively.
For v, € T,P and v, € T;,, M,

dX (p)vp, + df(m)vm = (vp + dfo(m)vm, dXc(p)vp + dfi(Mm)vs,).
The right hand side is contained in T'(E,) iff dfo(m)v,, = —v,. Thus,
d(Xe o fo = f1)(m)TnM = T(E}) (4.4)

and hence X o fo — f is transverse to Z(E).

For the converse, note that by the above argument & and hence
X o fo — f is transverse to Z(E) iff holds. Since dX (p)T,P contains a
complement of T'(E,), this yields transversality of X to f(M). O

Let
d X, (p) : T,P = T,P

denote the linear Hamiltonian vector field of the quadratic form
v d*he(p)(v,v)

on T, P, which is well-defined, since p is a critical point of h¢. To justify this
definition, consider the whole map

dXp, : TP — T(TP)

and a local trivialization TP D 7 1(U) ~ U x V, where U is an open neigh-
bourhood of p, 7 : TP — P is the projection, and V' ~ T,,P. Then

T(p ' (U)~TUXTV ~UxV xV xV.

With respect to corresponding coordinates

dth (p)U = (p7 v, (Xh€)p’ A(’U))7
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where A is the derivative of the map p > (Xp, )p from U to V. Similarly T'(T*P)
is locally isomorphic to U x V x V* x V* and

dzhﬁ(p) = (pa v, d(hﬁ)p? B(U))7

where B is the derivative of p — d(h¢), from U to V*. Since Xj, (p) = wf o
d(h¢), for the linear isomorphism w# : V* — V defined by the symplectic form
wp on V, this also holds for the derivatives A and B.

As shown in [Pat99)], with respect to the splitting of the tangent space in-
troduced in section [2.2

T,P~g; ®g,®N ®g,

the linear map dXj, (p) is of the form

—adg |gjl 0 0 0
0 —ad c* D
ade |, : (4.5)
0 0 dXa, ([p]) ¢
0 0 0 — coadg

9

where the map dXp,, ([p]) is the derivative of the Hamiltonian vector field of the
reduced system. Hence dX, ([p]) corresponds to d%/h(0,0) via the symplectic
form on N. Furthermore, D is symmetric and (wﬁ)_l o C and C* are dual to

each other, where wf, : N* — N is the isomorphism defined by the symplectic
form wy on N.

Remark 4.9. In [Pat99], the complement of g, - p within g - p is identified
via dJ(p) with the tangent space of the p-orbit in g* and the corresponding
component of dXj, (p) is given by —coade. This is the same as —ad, for our
identification g;;p ~ gy (which is also used in [PR00)]), since

d
dJ(p)n, = &J(exp(tn)p) = coad,, u
t=0

and
coad[e ) 4 = coadg(coad, u) — coad, (coade p).
———
=0
Nowadays, the normal form (4.5) can be deduced directly from the bundle

equations ([2.8)) to (2.10]), which in the free case represent X}, (g, p,v) by

g =g-dg:h(p,v)

0 = (WF)(dnh(p,v))

p = —coadg, f(p,0)P-
Recap that g- denotes the lift of the left multiplication by g to T'G.
Since
exp(t€)(g, p, v) = (exp(t&)g, p, v)
and
Cepli€)g| = Solo™ exp(e)o) Ady €
— ex —_ — X — . 1
dt P gt:O dtgg p g o g g )
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we obtain for £p(g, p,v):

g:g~Ad971§
v=0
p=0.

Hence, with respect to the local trivialization TG ~ G X g given by left multi-
plication, the g-component of X}, equals dg;h(p, v) — Adg-1 £ Since

(@) (dXh(p,v)) = dxXn, (p,v)

and -
dg;h(O7 0) =¢,

we obtain the matrix (4.5)) for dXj, (e, 0,0), where
C* =dng;hlpv), €= wk) (g h(p,v), D =dg.h(p,v).

Here, the linear maps have to be considered as maps between the following
spaces:
C:g,— N, C":N—g, D:g,— 0.

Remark 4.10. Since dg‘*ﬁ(p, v) coincides with the generator in the direction
of the group orbit, D describes in some sense the change of the g - p-component
of the generator, when the momentum is varied in orthogonal direction to the
orbit O,,.

Next, Patrick states that dXp,(p) can be written as the sum of the semi-
simple and the nilpotent part of its Jordan normal form as follows:

0

—ade [y, 0 0 00 0 0
0 —ade| 0 0 L]0 0Dy
0 0 S 0 00 2z C
0 0 0 —coadg o 00 0 O
"

where S and Z denote the semi-simple and the nilpotent part of the Jordan
normal form of dXp,, ([p]) respectively.

Remark 4.11. If the spectrum of dXp,([p]) is disjoint from the spectrum of
adg, C' = C* = 0. This case is investigated in [Pat95].

Since the semi-simple part and the nilpotent part of the Jordan normal form
of dXj,(p) commute, we then obtain

SC = —C'coadg | , 4.6
g
C*S =—ad cr 4.7
¢lg
ade |guD = D coadg o (4.8)

Despite the fact that the matrix on the left hand side is semi-simple and the
matrix on the right hand side is obviously nilpotent, I do not see why they have
to coincide with he corresponding part of the Jordan decomposition in general.
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Nevertheless, there is a choice of an Artin-Witt decomposition such that the
equations to are satisfied:

First of all, equation follows from the fact that coads = adz and D =
D*. Equation holds for an appropriate choice of N:

kerdJ(p) ~ g, ® N and g, - p are invariant subspaces of dXj,(p). The
complement N of g, - p within kerdJ(p) may be chosen in such a way that
C* forms the corresponding component of the nilpotent part of the restriction
dXp, (p)’ker a3(p). Lhen equation is true. With the identification N* ~ N

via wﬁ, equation (4.6) follows from equation (4.7) by taking duals.
For this choice of the normal form, Patrick and Roberts state the following
characterization of transverse relative equilibria:

Theorem 4.12 (as stated in [PR0O0, Theorem 4], corrected version see below).
A relative equilibrium p € P with momentum u and generator §, G, NG¢ = K
is transverse iff all the following conditions are satisfied (with C', C* and D as
above):

1. Either p is non-degenerate or 0 is a semi-simple eigenvalue of dX,,([p]).
2. C maps the dual 3* of the Lie algebra of Z(K) onto ker dX,([p]).
3. C*(kerdX,([p])) + D(kkerC N3*) +35="=¢

In Patrick’s and Roberts’ proof ([PR0O0]), the equations (4.6), ([4.7)), and
are used with S replaced by d X}, ,. Thus the theorem is true in the case of a semi-
simple reduced derivative d X, but probably not in general. To obtain a more
general version, it has to be slightly modified. Nevertheless, most conclusions
of this theorem given in [PR0O0] are true:

To describe transverse relative equilibria in terms of the matrices dXp, (p),
C, C*, and D, we consider the matrix

e (dxhéf[p1> lc)>’

which maps N @ g, to N © g,,. Note that this matrix coincides with d?hn([p]) if

we omit the isomorphism (wﬁ) : N* — N given by the symplectic form. The
following corrected theorem gives two conditions, which are both equivalent to
transversality of the relative equilibrium. The second one depends on the choice
of the splitting, for we assume that the above commutation equations hold true:

Theorem 4.13. A relative equilibrium p € P with momentum p and generator
§ with G, N G¢ = K s transverse iff the following equivalent conditions are
satisfied, where 3 denotes the Lie algebra of Z(K):

1. N* &g, coincides with the sum of 3, 9,€ and the image of the restriction
d’n(jp]) : N@®3* > N* D g,.
2. If Eq denotes the generalized 0-eigenspace of d Xy, ([p]),
Eopt= imM]EO@Z* +3.

The proof of[1]is just the correct first part of the proof of [PR00, Theorem 4],
which is sketched in the following. Alternatively, [I] can be shown using ideas
from chapter [6] see Remark .14 below. The equivalence of[I]and [2]is in principle
the last part of the proof, the argument is just slightly corrected.
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Proof of Theorem[].13 First, the authors unravel the condition that

dY(p, ) T(p.e) (P % 9)() = ker dJ(p) = g, ® N.

Calculating the P and g-derivatives of ¢ yields together

dy(p, &) (v,m) = (v,dXpn, (p)v — 1 p). (4.9)

As the above investigation of the isotropy structure of (g* @ g)¢ shows, the pair
(v,n) € T, P x g is contained in T, ¢ (P x 9)(x) iff

(dI(p)v,n) € 3" D3) Dg- (&)

Hence, the g;;-component yg of v is contained in 3* (recap that the corresponding
part of the tangent space was identified with g, via dJ). Moreover, inserting
the normal form of d X4, (p)v and evaluation yields

g, &N = ({C’*w—|—D,u0—|—gH & +35,dX, ([p))w + Cuo | w € N, g 63*}>

(for details, see [PRO0]). If we compose the second component with the inverse
of the isomorphism wf, : N* ~ N this is just the same as condition Note that
we have not used the equations to , hence the result is independent
of the concrete choice of coordinates.

We now proceed with the equivalence of [I] and Er Since 3* C € C g,
equation shows that im C'
Eo C N of dXy, ([p]). If By denotes the sum of the other generalized eigenspaces
of dXp, ([p]), the restriction d X}, ([p]) : E1 — FE is invertible. Hence the map
(dXn, ([p]),C) : N @3* — N is surjective iff its restriction to Eo @ 3* maps onto
Ey. By equation , C* maps Ey into ¢ and E; into g, - £, and by equation
, D maps £ (and hence 3*) into €*. Moreover, g, - £ is a complement of ¢
within g,,, see Lemma Therefore, [1| holds iff

. is contained in the generalized eigenspace

imM|E0@é*+5=€+Eo. O

Remark 4.14. The first part of Theorem (i.e. the equivalence of condi-
tion [I| and transversality of the relative equilibrium) can also be shown using
ideas that will be presented in chapter [6] As we will see there, a relative equi-
librium p with generator £ and momentum g is transverse iff for the restriction
hofhtoV = g, ©® N the map dh : V — T*V is transverse to the Whitney
stratified set KC°¢|.,, which is equal to K°°NT*V. Since

K(a):c = <dJ(m)agJ(z)>
and by Lemma in the case of a free action

v

I(le. p,v]) = +p,
it is
<dJ([67p7 U])(O,[), 17)»77> = P(U)
Hence for = = [e, p, v], the set K3¢ C T*V = (g, ® N) @ (g, © N*) is given by
(p,v) ® gutp- If pissmall, Gy, C G, and hence G4, = (G,),. Rearranging
the components of TV, we obtain

K, = N o (g ®9u)°
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Therefore, IC°C|V is a Whitney stratified set which is stratified by isotropy type
of the momentum and generator pair. If K = G, N G¢, the relative equilibrium
is transverse iff dA is transverse to N @ (g; @ gH)EK) at p. The tangent space of

(g;‘; a5 gu)fK) is given by
(O (1:,6) @G ®3) =3" S (G +9u- )
The map
dh:gh &N — (g, & N) & (9, & N*)
(p,0) = ((p,0),dhip0))

is transverse to N @ 3" © (3 + g, - &) at p = (p,v) iff 3, g, - £ and the image of
restriction of th(pm) to N @ 3* together span g, & N*.

Theorem yields a relation between non-degeneracy and transversality:

Corollary 4.15. 1. A non-degenerate relative equilibrium p is transverse iff

Dy*+3==¢

2. If p is a non-degenerate equilibrium and K is a maximal torus, p is trans-
verse.

Proof. 1. Ey =0 yields C

3=

= 0 by equation (4.6) and hence C*

5
2. In this case £ = 3 and D3* + 3 = ¢ is automatically satisfied. O

Remark 4.16. Corollary [f.15]illustrates a connection to the results in [Mon97]:
If p is a non-degenerate relative equilibrium with generator £ and G = T
is a maximal torus, p is transverse and all relative equilibria near p have a
momentum generator pair of isotropy type (T'). Since p is transverse, the map

dh:Naot - (Not) o (N g,
(U7p> = ((’U7p)vdﬁ(v,p))

is transverse to
(N@t*)@(t—&-g#-f) = (N@t*)@gw

see Lemma for the equality. Thus, the set of relative equilibria with mo-
mentum generator pair of type (T') forms a dim 7-dimensional submanifold of
N & t*. Moreover, since p is non-degenerate, there is locally a unique v(p) € N
for any p € g, such that the N*-component of dl_z(v(p),p) vanishes. The set
of relative equilibria of isotropy type (7') forms a (dim G + dim 7T')-dimensional
manifold (see equation and below), hence its intersection with the slice
N @gj, is a manifold of dimension dim 7', too. Thus the set of relative equilibria
of (N @ gj;) is locally given by the pairs (v(p), p) for p € t*. The reduced space
P, within some neighbourhood of p is represented by N & O,. Therefore, the
set of relative equilibria in P, is given by the pairs (v(a), o) for every element
a of the set tN O,, which is of cardinality w(p). (p € t* is no real restriction,
since every element of gj, is conjugate to one in t*)

Possibly in a similar way, Montaldi’s Theorem may be generalized to
relative equilibria that are both non-degenerate and transverse with non-regular
generators to compute the exact number of orbits of relative equilibria for a given
momentum value near the momentum of p.
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Next, Patrick and Roberts calculate the tangent space at the transverse
relative equilibrium p to the corresponding stratum &k of the set £ of relative
equilibria and obtain

§0 S gta
51 € Ous
TpExy = § (€05 &1, w, o) | w € ker d Xy, ([p]), ¢ - (4.10)
to € 3 Nker C,
C*w + Dug €3

The proof is similar to that of Theorem @ T,€ k) is given by the zero set of

dy(p,€) ‘T . . Now again the normal form is inserted in equation (4.9)
(p.&) (PX0){ e

and everything is evaluated. At one point, the proof uses im C' C ker dXp,, ([p]),

which is probably wrong in general, but the argument may be replaced by one
which holds in general: The normal form yields that

aXa, ([p)w + Cpp = 0 (4.11)

for (&o,&1,w, po) € Tp(xy. From this, we may conclude dXy, ([p])w = 0 and
Cuo = 0 in the following way: im C' C Ey holds true in general. After a possible
reordering of the base, dXj,, ([p]) | 1, and C are submatrices of the nilpotent part

of the Jordan normal form of dXp, (p). Thus
imCnN idehu([p])‘E0 = {0}

and hence equation yields d X, ([p]))w = 0 and Cpo = 0.

Using the description of the tangent space @ , Patrick and Roberts prove
a generalization and partial converse of a result in [Pat95], see our Theorem
and below:

Theorem 4.17. If the relative equilibrium p as in Theorem is trans-
verse, then the manifold &y is symplectic in a neighbourhood of p iff p is
non-degenerate and G, is a mazimal torus.

Proof. Since g, C T,Ek, if T,Ek is symplectic, g;, = 3" N ker C, hence G,
is Abelian and coincides with a maximal torus. Moreover, C' = 0. Since
dXy, ([p])Eo +im C = Ey, dX}, ([p]) is invertible.
Conversely, if G, is a maximal torus, g, = 3 and C*w + Dy € 3 is auto-
matically satisfied. Moreover, ade¢ |g = 0. Thus by Remark C=0ifpis
"

non-degenerate. In this case,

Tl =g;; 9, {0} @ g,
is symplectic. O
Remark 4.18. One might wonder what happens in the case of non-connected
compact groups. Later on, this case will occur during the reduction to isotropy

subspaces PC», on which the group NV (Gp) / G, acts freely.

Requiring the group G to be connected is no real restriction: Suppose that
a non-connected group G acts freely on the space P. Then for any p € P,
the G-orbit Gp is non-connected. By the Slice Theorem, there is a slice S and
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G-invariant neighbourhood of Gp of the form U ~ G x S. If G° denotes the
identity component of G, U is a G°-space which consists of several copies of
the G°-invariant subspace G° x S. Moreover, a G°-invariant smooth function
on G° X S can be extended uniquely to a G-invariant function on U and this
extension defines a homeomorphism between the corresponding function spaces
(with the Whitney C*°-topology). Hence, for the investigation of the generic
structure of relative equilibria near the orbit Gp, it is sufficient to consider the
G°-action.

Furthermore, the G-action and the G°-action both yield Whitney stratifica-
tions of g* @ g, which induce Whitney stratifications of °¢. Hence the question
arises which one is the “right” or more natural one. Obviously, the stratifica-
tion induced by the G-action refines the stratification by G°-isotropy type of
the momentum-generator pair. Moreover, we will show later that the stratifica-
tion corresponding to the G°-action coincides with the canonical stratification.
Hence it is in some sense the more natural stratification and we will stick to
this one. Thus in the above setting, we will call a relative equilibrium p € P
transverse iff it is transverse with respect to the G°-action. Nevertheless, the
G-isotropy type of the pair (u, &) also defines a stratification into manifolds,
which are submanifolds of the canonical strata.



66

CHAPTER 4. FREE ACTIONS



Chapter 5

Continuous isotropy

For both approaches to investigate the structure of relative equilibria in Hamil-
tonian systems with a free group action that we have seen in the last chapter,
the condition that g, is finite is essential. Montaldi’s results can be generalized
to locally free actions, see [MoR99].

Ortega and Ratiu suggest in [OR97] to consider the subspaces Py of points
with the same isotropy subgroup H C G. Since the spaces Py are symplectic

and the group NV (H) / H acts freely on Py, the results for free actions can be

applied to these spaces. Nevertheless, this way we obtain no information about
the overall structure of the relative equilibria. Moreover, genericity statements
may not be transferred to general isotropy groups. In particular, we cannot
conclude that for generic G-invariant Hamiltonian functions all relative equi-

libria in Py are transverse with respect to the IV (H) / H-action. It is easy to

see that the set of Hamiltonians whose restriction to any fix point space has
only transverse relative equilibria is dense in C*°(P)%, but openness may not
be deduced this way. We will give a proof of openness in chapter [6]

Another result that applies in the case of actions of compact groups with
non-finite isotropy groups is given in [Mon97]: A relative equilibrium is called
extremal iff its equivalence class is an extremum of the reduced Hamiltonian.
(The reduced space is not necessarily a manifold here.) Simple topological
arguments show that an extremal relative equilibrium has a neighbourhood U
such that every non-empty intersection of U and a momentum level set contains
an extremal relative equilibrium.

In this chapter another approach is presented, which adapts ideas from bifur-
cation theory: Relative equilibria are characterized by equation (commu-
tation equation) and (symplectic slice equation) or equivalent (possibly
more general) ones. In principle, the solutions of the symplectic slice equation
are studied, while some assumptions assure that the commutation equation is
satisfied. The symplectic slice equation is considered as a parameter dependent
family on the symplectic slice N. Using the reduction techniques known from
bifurcation theory as described in section [2.4] the symplectic slice equation may
be reduced to the kernel of Hessian of the augmented Hamiltonian.

67
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5.1 Bifurcation theory perspective

The search for relative equilibria in symmetric Hamiltonian systems may be con-
sidered as a bifurcation problem: Bifurcation theory is the study of parameter-
dependent dynamical systems and the change of the occurrence and structure
of specific dynamical phenomena like (relative) equilibria and periodic orbits at
particular parameter values. A single Hamiltonian system with symmetry may
be seen as a parameterized family of dynamical systems in several ways:

The parameter value may be the momentum, in the sense that the whole
system is considered as the collection of the reduced systems of the reduced
Hamiltonians h, on the reduced spaces P,. This way, the symmetry is elimi-
nated and the investigation of the structure of relative equilibria reduces to the
investigation of the change of the set of critical points. In contrast to ordinary
bifurcation theory, the geometry of the underlying space may change. Thus,
there are two reasons for a change of the local structure of relative equilibria:
Degeneracy of the relative equilibrium or a bifurcation due to the geometry of
momentum level sets of the phase space. The investigation of the second case
is the approach in [Mon97] that was presented in section We have seen
the simplest case, in which all spaces are isomorphic and can be identified, in
the proof of Arnol’d’s observation (Theorem . In the case of non-free ac-
tions, this approach may be difficult, since the reduced spaces are not necessarily
manifolds and their structure may be rather complicated.

A different point of view, which is more close to ordinary bifurcation theory,
is to consider the augmented Hamiltonian functions he as families parameterized
by £ € g. In this case, all functions are defined on the same space. In contrast
to the reduced Hamiltonians, the augmented Hamiltonians still have symme-
tries. In ordinary bifurcation theory involving symmetry it is usually assumed
that every family element has the same symmetry properties, but here we have
in general a non-trivial action on the parameter space, which causes different
symmetry groups for the functions with fixed parameter values. This difficulty
does not occur if the adjoint action on the parameter space g is trivial, i.e. if
G is Abelian. For this reason, the treatment of Abelian groups is usually much
simpler than the general case. Most results for non-free group actions require
at least some commutativity assumptions.

This also holds for a third approach based on the Marle-Guillemin-Sternberg
model and the corresponding equations for relative equilibria (i.e. the commu-
tation equation and the symplectic slice equation derived from the
bundle equations, or equivalent ones): The solutions of the slice equation
are investigated, where the function h is considered as a family of functions
defined on N with parameters p € m* and n € g,, while commutativity as-
sumptions make sure that the commutation equation is satisfied and in
addition simplify the symmetry properties of the parameter-dependent family.

An example of the last approach is presented in [CLORO03|, which contains
a Hamiltonian version of the famous Equivariant Branching Lemma of bifurca-
tion theory and a similar result concerning bifurcation of relative equilibria of
maximal isotropy type. Another example of this approach based on the bun-
dle equations with isotropy can be found in [MR-O15]. These results will be
sketched in section ([5.3)). The results in [CLOR03] are developed independently
from the bundle equations: Using the implicit function theorem several times,
the authors derive analogues to equations and , which hold in a
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more general context. Even though the bundle equations were known in 2003,
the bundle equations with isotropy, which yield the equations and ,
were first considered in [MR-O13] and [MR-O15]. In the following presentation,
the results in [CLORO03] will also be considered in view of the equations
and (2.15). If the action is proper and there is a G-invariant complement of
g, and hence the equations and are valid, the equations given in
[CLORO3| are equivalent but in a more implicit expression. An application of
Lyapunov-Schmidt reduction to the analogue to the symplectic slice equation
yields an equation on the kernel of d?h¢(p), where £ is a generator of
the relative equilibrium p. This equation is called the bifurcation equation. The
analogue to the commutation equation is called rigid residual equation.

In a second paper, [OR04(a)], Ortega and Ratiu use the bifurcation equation
to investigate the structure of relative equilibria near an ordinary equilibrium
with the full symmetry. In this case, the rigid residual equation is trivial and
in addition, we only have the bifurcation parameter £ € g of the augmented
Hamiltonian. Thus, the last two of the bifurcation theory points of view illus-
trated above coincide here. We will present the results of Ortega and Ratiu
(IOR04(a)]) in the next section and come back to [CLOR03] in more detail first:

The theory presented in [CLORO03] is formulated in a quite general context,
such that the proceeding in principle may be applied to general Hamiltonian Lie
group actions and many ideas may be adapted to infinite dimensional systems.
The main assumption is the existence of a slice mapping:

Let P be a G-symplectic manifold and J : P — g* an equivariant momentum
map. For p € P with J(p) = p, let g=g, ®qand g, =m D gp.

Definition 5.1. A slice mapping for p € P is an embedding ¥ of a neigh-
bourhood of (0,0) in m* x N into P, where N is a vector space, such that
QZ)(O, 0) =D

T,P=(ma&q) U(p,v)+d¥(p,v)(m* x N),

and Jy := J o U satisfies dJy (0,0)(p, ) = p.

For the main results in [CLORO03], P is assumed to be finite-dimensional and
the action is assumed to be proper. In this case, the existence of a slice mapping
is given by the Marle-Guillemin-Sternberg normal form and Jy is given by

Jy(p,v) =p+p+In(v), (5.1)

see Lemma

Using the slice mapping, the authors split the equation dhe(z) = 0 into four
equations.

For x = ¥(p,v), each equation is obtained from the derivative in one of the
four directions q -2, m -z, dy)(p,v)m*, and d¢(p,v)N. Since h is G-invariant
and J is G-equivariant with respect to the coadjoint action, the derivative in
the direction on the G-orbit yields the relation coade J(z) = 0. For q -z and
m -z, we obtain the corresponding restricted relations. Thus, x = U(p,v) is a
relative equilibrium with generator & iff

coadgs Jy(p,v)|q =0, (5.2)
coades Jy (p, v)|m =0, (5.3)
dw-her (p,v) =0, (5.4)
dwhe (p,v) =0, (5.5)
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where Bg/ = hgr oW,

Next, the system of equations is simplified step by step near the relative
equilibrium p with generator £ and momentum p. In a first step, equation
is solved using the implicit function theorem such that the g-component
of ¢ is given as a function of p, v, and the m- and g,-components of ¢’. If we
assume that q is G,-invariant (which is always a possible choice in the case of a
compact group G), this function is just the zero function and the first step may
be omitted.

In a second step, equation is solved for the m-component of £, again
using the implicit function theorem. In the case of a proper action, the Marle-
Guillemin-Sternberg normal form is valid and Jy is given by equation (5.1). In
this case, we obtain an explicit expression of the projection P&’ of £ to m:

0 = dp-h(p,v) — dm*Jg(e, p,v) = dm=h(p,v) — Ppé&’.

If in addition q is G,-invariant, there is some 1 € g, with & = dm-h(p,v) + 7.
Inserting this expression into the equations and and using
yields the commutation equation and the symplectic slice equation (2.15)).
Equation with the implicit function for the m-component of & inserted is
called rigid residual equation in [CLORO3]. If there is no G,-invariant splitting
gD q =g, {(p,v,n) is at least defined implicitly near (0,0,Py &). This is in-
serted into . In a last step, the resulting equation, which is the symplectic
slice equation in the above case, is reduced to the kernel Vj of d% ke (0,0) via
Lyapunov-Schmidt reduction. Since the g-derivative of the augmented Hamil-
tonian is given by the momentum map, the g-derivative of dNilgl((), 0) is equal
to dyJn(0,0) = 0 for any ¢’. Thus,

Vo = ker dihe/(0,0) = ker d3, (he/(p0,))(0,0)

and hence the Lyapunov-Schmidt reduction step indeed yields an equation on
m* x Vo X gp.
The resulting equation is called the bifurcation equation. It is of the form

B(pa UOan) = Oa

where B is a smooth function defined on a neighbourhood of (0,0,Py &) in
m x Vp X g, with values in V5. In the case of an equilibrium with symmetry G,
the bifurcation equation is a gradient equation, see Remark or [CLORO03|
Remark 3.1]. If the action is proper and a G,-invariant complement exists, this
holds as well if some p € (m*)% is fixed: Then the symplectic slice equation
determines the relative equilibria near 0 € N for the G,-invariant Hamiltonian
system on the symplectic slice N with the Hamiltonian function h(p,-). Thus,
the argument given in [CLORO03, Remark 3.1] applies. (As explained in Re-
mark the Splitting Lemma yields the same equation in this case.) Set
Gp.e = G, N Ge. If all occurring subspaces are G, ¢-invariant (such a choice is
always possible for proper actions), the functions on the left hand side of the
rigid residual equation and the bifurcation equation are G, ¢-equivariant.

First, the authors apply this formalism to actions of Abelian groups and
obtain a generalization of theorem of Lerman and Singer, which is valid for
torus actions (at least G, has to be torus, see [LS98, Theorem 1.5]) to proper
actions:
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Theorem 5.2. If the Abelian group G acts properly on P and p € P is a relative
equilibrium with generator £ such that d?\,hE(O) is non-degenerate, p is contained
in a symplectic manifold of relative equilibria with the same isotropy type (H)
of dimension 2(dim G — dim H).

(This result was already presented in Ortega’s PhD thesis [Ort98§].)

The proof relies on the fact that in this case the rigid residual equation
holds due to the commutativity of the group and the bifurcation equation is
also trivially satisfied, since the function B takes values in Vj = {0}. Thus, all
relative equilibria near p with generators near £ are contained in the image of a
smooth function S. S is defined in a tubular neighbourhood of (e,0) € G x g =
G x (m®b) by

(9, 0,m) = 1g, p,v(p, )],

where the right hand side denotes a point in the Marle-Guillemin-Sternberg
normal form and v : m @ h — N is an implicitly defined H-equivariant smooth
function. Here, the Lyapunov-Schmidt-reduction step is just a trivial application
of the implicit function theorem. An examination of this step and the normal
form of the momentum map yield together that the rank of dyv((g, p,n) is given
by dim H — dim H,, ). (For a detailed computation, see [CLOR03].) Thus the
rank of S at a point (g, p,n) is given by

2(dim G — dim H) + (dim H — dim Hy, ))-

Therefore the image of the restriction of S to a tubular neighbourhood of (e, 0) €
G xm is a manifold of dimension 2(dim G—dim H): Since v is H-equivariant and
H acts trivially on m, H,(,0) = H and the claim follows from the constant rank
theorem. A straightforward computation with the standard symplectic form of
the Marle-Guillemin-Sternberg model shows that the manifold is symplectic.

Remark 5.3. Curiously, the authors do not mention the fact that H acts
trivially on the whole Lie algebra g = m ® b and hence H,,, = H for
every pair (p,n) which implies that v and S are constant in 1. Thus, the
2(dim G — dim H)-dimensional manifold contains all relative equilibria near p
with velocities near €.

The case of non-trivial kernels of the Hessian of the augmented Hamiltonian
is also investigated in [CLORO03]. In this case, the solution set of the bifurcation
equation may bifurcate. The existence of non-trivial branches of relative equi-
libria is shown for maximal isotropy types with 1-dimensional fix point spaces
in V) under the assumption that the rigid residual equation is satisfied on the
corresponding isotropy subspace of m* x V. For the Hamiltonian version of the
classical Equivariant Branching Lemma, the fix point space has to be real 1-di-
mensional, while another theorem deals with the case that the corresponding
normalizer induces an S!'-action on the fix point space.

For the Hamiltonian analogue to the Equivariant Branching Lemma, the
fix point subspace of m* of the maximal isotropy subgroup is considered as
the parameter subspace. Thus this space has to be non-trivial. In particular
the theorem does not apply for relative equilibria near a true equilibrium with
the full symmetry. Moreover, the value of the momentum is varied along each
branch. The precise statement is as follows:



72 CHAPTER 5. CONTINUOUS ISOTROPY

Theorem 5.4. Let P be a symplectic manifold and p € P be a relative equi-
librium with respect to a proper Hamiltonian action of the Lie group G with
generator £ € g and momentum p € g*. Suppose that ker d2h5(p) = g, ® V.
Generically, for any subgroup K C Ge,, with dim V& = 1, dim(m*)X > 1, and
the property that the rigid residual equation is satisfied on (m*)5 x Vi x {Pg ¢},
a branch of relative equilibria with isotropy subgroup K bifurcates from p.

Proof. If L := NG,g,p(K)/K, L acts freely on V& \ {0} ~ R\ {0} and thus
L ~{e} or L >~ Z.

From a general property of equations obtained by Lyapunov-Schmidt reduc-
tion, it follows that dy, B(0,0,P, &) = 0:

Doing a Lyapunov-Schmidt reduction, the local solutions of an equation
F(z,A) = 0 near a given solution (0, \g) € V x A are expressed as the zeros of a
map of the form f(zg, A) = PF(z¢ + z1(z0, A), \). Here P is a projection whose
kernel coincides with the range of dy F(0, A\¢) and xg and z; are coordinates
with respect to a splitting Vo & Vi with Vj := kerdy F(0, Ag). The implicit
function z; satisfies z1(0, Ag) = 0. Thus, dy; f(0, Ao) = 0. In our special case,
f is given by B.

Set o := Py & dy, B(0,0,Py,£) = 0 yields that in the two cases L ~ {e}
and L ~ Zy the Taylor expansion of BX := B|(m*)K WV X {0} is of the following
form:

(K, p) +cvd + ... L~ {e}
vo({k,p) +cvd+...) L~7Zy

BK(Pa vo,M0) = { )
where the dots denote terms of at least second order, k is an element of m*,
(-,-) is an inner product on m*, and ¢ is a constant. By [GS85 chapter IV,
Table 2.1 and Table 2.3], in the generic case k # 0 and ¢ # 0, we have a saddle-
node bifurcation if L ~ {e} and a pitchfork bifurcation if L ~ Zs, when the
parameter p is varied in the direction of . O

Next, the authors investigate the solution set of the bifurcation equation
on the vector space N within isotropy subspaces of maximal isotropy subgroups
K C Ng, , such that L := L(K):= Ng, . (K)/K is isomorphic to S! or S xZs.
Such an isotropy subgroup is called complex isotropy subgroup. Indeed, they fix
a K-invariant complement of the Lie algebra £ of K within the Lie algebra of
Ng, .. Since it is isomorphic to the Lie algebra of L, the complement will be
denoted by [ in the following. Then, they restrict their search for solutions of
the bifurcation equation to the set {0} x Vi€ x . This means that they search for
relative equilibria that correspond to periodic orbits of the Hamiltonian vector
field on N for the Hamiltonian function h(0,-): The solutions correspond to
relative equilibria in NX with generators in the Lie algebra of Ng, .. Thus
their Népy{—orbits are invariant, which correspond to the orbits of the induced

L-action on N¥. Hence the trajectories form periodic orbits.

Theorem 5.5 (as stated in [CLOR03| Theorem 5.2], see remark below for a
correction). Let p € P be a relative equilibrium with generator & € g with respect
to a proper Hamiltonian action of the Lie group G. Suppose that ker d*h¢(p) =

9. © Vo and VbG”’E = {0}. Then for each mazimal complex isotropy subgroup
K of the Gp¢-action on Vy for which the L = L(K)-action on gff is trivial and
the rigid residual equation is satisfied on {0} x V{X x [, there are generically at
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least %dim VI branches of relative equilibria bifurcating from p if L ~ S and

1 dim V¥ ones if L ~ S' x Zs.

Remark 5.6. As far as I can see, there is a definiteness condition missing in
the statement of the theorem. We will come back to this below in a sketch of
the proof. For example, the assumption that d?h(0) is definite on V¥ suffices.

Moreover, it is not completely clear what “generically” and “branch” mean
in this context. I do not expect smoothness at the origin in general. A more
cautious formulation is that there are at least 1V (3V{¥) relative equilibria
such that the vp-component has norm € > 0 for small values of ¢ and the
norm ||vg|| = £3d?h(0)(vo,v0). Then an additional genericity assumption is
unnecessary.

Let us broadly sketch the proof of Theorem [5.5

Sketch of the proof of[5.5 Since by assumption the rigid residual equation is
satisfied on the set {0} x V€ x I, the solutions of the restriction of the bifurcation
equation to this set correspond to relative equilibria.

In a first step, the bifurcation equation is solved partly: For any choice of
an invariant inner product (-, -), a blow up argument together with the implicit
function yields a smooth function « : Vi — [ such that

(B(0,u,a(u)),u) =0.

To apply the implicit function theorem, the lower order terms of (B(0,u, ), u)
have to be computed. One obtains that (B(0,u, «), u) is of the form

(B(0,u,a),u) = —Pd%J%(0,0)(u, u) + (u, Ly (a)u + g(u, o)), (5.6)

where P is the projection to Vp, Li(a) is a linear endomorphism of V¥ with
L1(0) = L1(0) = 0, g(0,«) = 0, and d,g(0,) = 0 for all & € I. (Note that
d3;J%(0,0) = d2J%(0) if the Marle-Guillemin-Sternberg form is valid.)

Now, the authors argue that Pd3,J$(0,0) is a multiple of the identity. This
is not true in general, but follows from the additional definiteness assumption
of Remark Since d%J$(0,0) is linear in @ € [ and [ is 1-dimensional,
d3;J¢(0,0) is definite for all @ # 0 if this is true for a particular choice of a # 0.
Now, Vi # {0} implies that ¢ is contained in the Lie algebra of Ng, (K), since
V& is an invariant subspace with respect to the linear map d% (h — J§,)(0, 0)
and the elements of Vi< are relative equilibria of the linearized vector field with
generator €. Since the restriction of d%,;A(0,0) to V§¥ is definite and d%;h(0,0) =
d?VJg (0,0) on Vo, d%J%(0,0) is definite for all a # 0. Moreover, since L
acts freely on V&, all irreducible subrepresentations of V< are given by an
isomorphism L ~ SO(2). Definiteness of d3,J$(0,0) on V& yields that only one
of the two possible isomorphisms occurs. Hence the restriction of d3.J$(0,0) to
VI is given by +al.

Thus the right hand side of equation is of the form f(u,a)- |lu||®, where
f is smooth and d,, f(0,0) = £1. The implicit function theorem yields a locally
defined function « with f(u, a(u)) = 0.

For the second step, the authors set

Xc(u) := B(0, eu, a(eu)).
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Then X, defines an L-equivariant vector field on the unit sphere S?"~!, 2n =
dim V%, such that the zeros of X. correspond to solutions of the bifurcation
equation of norm €2. As shown in [CLORO03, Lemma 5.3], the assumption that
Ng, (K) acts trivially on gff implies that X, is orthogonal to the L-orbits. In
the case that the action is proper and there is a G-invariant complement of
gp in g,, this follows even without this assumption, since in this case X, is a
gradient vector field of an invariant function. Since this function is constant
on L-orbits, its gradient is perpendicular to them. (This argument is from
[CLORO3l Remark 5.5].) Thus the L-orbits of zeros of X, correspond to the

zeros of the induced field X, on szt / - By the Poincaré-Hopf theorem
(see for example [Mil65]), this number is generically not less than the Euler

characteristic X(Sznfl L). In the case L ~ S, S2n71/L is homeomorphic to
the projective space &(CP™ 1) and thus x(S" /) = n. If L ~ S x Z,, the
space S2n_1/L is homeomorphic to (C]Pm_l/ZQ and thus X(S2n_1/L) =% 0

Since the orbits correspond to periodic orbits of the reduced field, this result
is related to the equivariant Weinstein-Moser-theorem of [MRS8§|, which will be
discussed in more detail in section [5.2.3} For simplicity, suppose that p = 0 is an
equilibrium in the symplectic representation V. In this case, the assumption that
the L-action on gff is trivial is not necessary. Moreover, to exclude bifurcation
of equilibria, we suppose that d2h(0) is non-degenerate. The relative equilibria
predicted by Theorem are contained in the fix point space VX, on which we
have an L-action. Let u be the trajectory of a relative equilibrium in VX \ {0}.
Then v forms a periodic orbit and an L°-orbit. Let T be the minimal period of
u. Then for each t € R, there is a map a : L° — S! ~ R/Z such that

lu(t) =u(t + a(D)T). (5.7)

By L-equivariance of the flow of X}, « is independent of ¢ and defines a group
homomorphism. Since the L-action on V< \ {0} is free, a is an isomorphism.
As explained above in the sketch of the proof, the definiteness condition
yields that the restriction of d2J¢(0) to V& is a multiple of the identity. Thus
the same holds for th(O)}VOK. Hence V£ is contained in the real part Eiy of

the sum of the eigenspaces of a pair £ € iR of dX}(0).

All orbits of dX},(0) in E4) are periodic with the same period and this yields
a free S'-action on E1y. This action commutes with the G-action on Eyy. In
particular, we obtain a G x S'-action on Eiy. Consider the subgroup A of
G x S formed by the elements (n,s) with n € Ng,(K)° and s = —a([n]),
where [n] € L° is the equivalence class of n. Note that K = K x {e} C A,
and thus E4,. The equivariant Weinstein-Moser theorem (with the weaker
definiteness assumption as in [MRS88, Remark 1.2(c)]) states that there are
at least %dim EﬁA periodic orbits, which satisfy equation . Here we use
that E4, = V{4, where V) is the resonance space of \ as defined in [MRSSS],
see also section [5.2.3] This follows easily from the fact that by maximality of
K, L° acts freely on VKX \ {0}. Moreover, we claim that E{, = V. Thus,
Theorem [5.5] predicts the same number of group orbits of relative equilibria on
each energy level (if L ~ S? x Z,, two periodic orbits correspond to the same
group orbit). To be precise, the “energy levels” are defined a bit different in
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Theorem [5.5] see remark [5.6] but this should not make much difference. To
prove the claim, note that there is an element 1y, € R of the Lie algebra of
S1 such that dX,(0)z = max for every z € Ei) and the Sl-action on Fiy.
If € Vp, then d2h(0)x = d2J¢(0)(x) = d2J%(x) and hence dX,(0)r = £x.
Since V{¥ C E4y, we have nyz = &z for € V. This defines a Lie algebra
isomorphism between [ and R and because the S'-action and the L°-action are
free on VX, we obtain a group automorphism « : L° — S! which transforms
the two actions into each other. Hence V& C Eﬁ)\ for the corresponding group
A. On the contrary, for = € Eﬁ)\ C VX, the vector nyz coincides with nz for
n = da(0)"1ny € I Since V¥ C E4, is non-empty, the equivalence class of £ in
[ coincides with 7 and thus E{, C V{¥.

5.2 Representations

One of the main goals of this thesis is the survey of the structure of relative
equilibria near 0 in a symplectic representation of the compact group G.

In this section, some known results for the case of representations are pre-
sented and some conclusions are added afterwards: We start in section5. 2.7 with
the paper |OR04(a)], in which Ortega and Ratiu apply the reduction method
presented in [CLORO3] to this case in order to find relative equilibria near a pos-
sibly non-extremal equilibrium. Their main result predicts branches of relative
equilibria tangent to a kernel V; of the Hessian d?(h — J¢)(0) of the augmented
Hamiltonian if d%A(0) is definite on V and the group G¢ acts transitively on
the unit sphere of Vj.

We will discuss which part of the result remains true if the transitivity con-
dition is omitted. In fact, we obtain a lower bound for G¢-orbits of relative
equilibria on each energy level which have a generator that is a multiple of &.
(In contrast, in chapter @ the structure of the set of all relative equilibria with
arbitrary generators is investigated. For future work, it might be helpful to
combine both approaches.)

Afterwards in the main result in [OR04(a)| is applied to the case of
groups of rank 1. In this case, all relative equilibria consist of periodic orbits
and thus the theory of periodic orbits near 0 in symplectic representations with
symmetry may also be helpful to predict relative equilibria (thanks to James
Montaldi for pointing this out). Indeed, the conclusions of may also be
deduced directly from the equivariant Weinstein-Moser theorem of [MRSS8S].
This is sketched in Nevertheless, the ideas presented in [5.2.2] may be
generalized using equivariant transversality theory. This way, we will obtain
one of the main results of this thesis, which will be presented in chapter [0}

5.2.1 Bifurcation equation for representations

In order to obtain the main result in [OR04(a)|, which predicts relative equilibria
near an equilibrium, which is not necessarily stable, Ortega and Ratiu first
consider the stable case with definite Hessian d2h(0) and generalize the result
to the case that the restriction of d2h(0) to the kernel V; of some augmented
Hamiltonian d(h—J¢)(0) is definite. The theorem for the stable case is stated as
follows (note the explanation of the notions below): For the whole section
let G denote a compact group.
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Theorem 5.7. Let (V,w) be a Hamiltonian G-representation with momentum
map J and h a G-invariant Hamiltonian function such that h(0) = 0, dh(0) =0,
and the quadratic form Q := d?h(0) is definite. If d2J¢(0) is definite for £ € g
and € > 0 is small enough, there are at least

Catgg(hfl(s)) = Catg, (Q7(e))
Ge-distinct relative equilibria in h=1(g) whose generators are multiples of &.

Here, relative equilibria are called G¢-distinct iff their G¢-orbits are distinct.
Hence, the number of G¢-distinct relative equilibria whose generators are mul-
tiples of £ coincides with the number of G-orbits of relative equilibria whose
generators are given by a G-orbit of a multiple of £.

Cate denotes the equivariant Lyusternik-Schnirelmann category with re-
spect to the G-action, which is a lower bound for the number of critical orbits
of a G-invariant smooth function, see [Mar89).

The proof is quite simple and relies on the fact that J¢ is linear in &: For
any critical point # € Q7 !(¢) of the function J¢ restricted to the sphere Q1 (¢),
there is a Lagrange multiplier A such that dJ¢(z) = Adh(z). Since d2J¢(0) is
definite, A # 0 for small values of €. Thus aJs (x) = dh(x).

We now discuss the literal formulation of the generalization to the case that
the quadratic form is definite only on the kernel of d?(h — J%)(0) as stated in
[ORO4(a)|: (The quintuple (V,w, h,G,J) is called a Hamiltonian G-vector space
iff (V,w) is a Hamiltonian G-representation with momentum map J and h is a
G-invariant Hamiltonian function.)

Theorem 5.8. Let (V,w,h,G,J) be a Hamiltonian G-vector space with G a
compact Lie group. Suppose that h(0) = 0 and dh(0) = 0. Let £ € g be a root
of the polynomial equation

det(d*(h — J)(0)) = 0.
Define
Vo := ker(d?(h — J%)(0))
and suppose that:
1. The restricted quadratic form @ := d2h(0)|v0 on Vg is definite.

2. Let ||-|| be the norm on Vg defined by |lvo|| := d®h(0)(vo,vo), vo € Vo. This
map is indeed a norm due to the definiteness assumption on th(O)’V0 (if
dzh(O)‘VO is negative definite, a minus sign is needed in the definition).
Let | = dimVy and S'=' be the unit sphere in Vy. The function j €
C>°(S'1) defined by j(u) := 1d*I*(0)(u,u) is GS-Morse with respect to
the G&-action on S'~1.

Then there are at least
-1 _
Cath(h|V0 (¢)) = Cate, (Q 1(5))

G¢-distinct relative equilibria of h on each of its energy levels near zero. These
relative equilibria appear in smooth branches when the energy is varied and their
velocities are close to &.
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First, let us consider conditionmore closely: Since Vp := ker(d?(h—J%)(0)),
j is just the constant function % and thus condition [2[is true, iff the G¢-action
on S'~1 is transitive. Seemingly, this is not noticed by the authors (but all
examples in [OR04(a)] satisfy the transitivity condition). Moreover, this implies
that Catg, (Q '(¢)) = 1. In addition, condition [2 implies condition [1} since Q
is constant on G¢-orbits.

We will discuss some suggestions for generalizations later. Nevertheless, the
result for the transitive case is also very useful as the examples in [OR04(a)]
illustrate. We will only need this version for the application presented in [5.2.2}

Let us outline the proof and meanwhile make the meaning of “branch” more
precise: As in [CLORO03], Ortega and Ratiu start with the mapping F : V x
g% — V given by F(v,a) = dy(h—Jt%)(v) and perform a Lyapunov-Schmidt
reduction. Choosing a G¢-invariant splitting V' = Vi © Vi with corresponding
equivariant projection P : V' — V; and defining the map v; : Vy x g — V;
implicitly by

PF(vp + v1(vo, ), ) =0 Vg € Vp,

they obtain the bifurcation equation
(L =P)F(vo + v1(vo, @), ) =0

on Vp, which characterizes relative equilibria near 0 with generators near ¢ in
g%¢. This the same proceeding as in [CLORO03] for the special case of represen-
tations. As mentioned in the discussion in [CLOR03]|, (x,a) is a solution of the
bifurcation equation iff dy, g(x, a) = 0, where

g(z,a) = (h — IT) (vo + vy (vo, @)).

Alternatively, this may also be obtained using the Splitting Lemma.
Now, the main idea of the proof is to define the functions h, and J2 on Vj
by
ha(vo) := h(vg + v1(vg, ) and Jg(vo) = Jﬂ(vo + v1(vg, @))
and to consider critical points of the restriction J§ to the level sets on hg. If
vg is such a critical point,

dJ5 () = A(vo)dha(vo). (5.8)
Then vg is a relative equilibrium iff in addition

§+0
A(vo)

=+ (5.9)

As a first step, the existence of smooth functions vy : R x g@ x g% — Vj
such that vg(e, o, 3) is a critical point of Jg‘w ’h*l(s) is shown. Using the equiv-
ariant Splitting Lemma @ there is a Gg—equfvariant a-dependent change of
coordinates 1, such that he (Ve (vo)) = |lvo]|” + f(a) for some smooth function
f g% — R. (If the quadratic form Q is negative definite, a minus has to be
added.) Moreover, since 1,(0) is a local minimum of h,, we have 1,(0) = 0
and f = (0. Hence for fixed «, the level sets of h, are diffeomorphic to spheres.
Since equation holds for the pair of functions J§° and h, iff it is true for

the pair J§T2 0 1), and hq 0 ¥4, we may consider the latter pair instead.
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From now on, we replace the variable € by r = ||1D;1(v0)|| depending on «.

In case of a transitive G¢-action on S!=1 the existence of a smooth branch
vp is trivial: We may just set vo(r, a, 3) = ru for any u € S'~!. Anyway, the
argument in [OR04(a)] does not rely directly on the transitivity condition and
hence it may possibly be adapted for a proof of a generalization. Ortega and
Ratiu use a blow-up to obtain branches corresponding to the non-degenerate
critical G¢-orbits of the function j. (Hence the G¢-Morse property of j is used,
but the equation Vp = kerd?(h — J¢)(0) does not enter here). To do this, the
function J§T# is composed with the mapping

Rx S 51,

(ryu) = Yu(ru)
to obtain a function jffﬁ depending on r and w. Since 1,(0) = 0, the resulting
function and its r-derivative vanish in 0. Hence, it is given by a product of r2

and third smooth function J§T2. For fixed @ = f = 0 and r = 0, we have
J5(0,-) = j:

A - d?2
2Jg+5(0,u) = 83Jg+ﬁ(0,u) =3 Jgfﬁ(wa(ru))

r=0
_ %dJW(%(m))awa(m)u
r=0
= d2J§M2(0)(deoa (0)u, dip (0)u) + dIEHP(0) d®4hq (0) (u, u)
N—

=0

Moreover, since dJ¢(0) and dh(0) vanish and dy,v;(0,0) = 0 (as is quite stan-
dard and easy to see),

d*T5(0)(-, ) = d*TE(0)((L + dy,v1(0,0))-, (1 + dyyv(0,0))-) = d*T(0) (-, )
(5.10)
holds on Vy. Thus, we only have to show that d2J¢(0)(-,-) is dtg(0)-invariant.
Since d2J¢(0) = d2h(0), we may as well show this for d2h(0). Now from a
calculation analogous to equation (5.10)), we obtain d?h(0) = d2hg(0). The
identity
ho 0 9o(vo) = [|vol|* = d2h(0)(vo, vo)

implies
2d°h(0)(, -) = d*(ho © ) (0) (-, -) (5.11)
= d?ho(0)(deo(0)-, depo(0)-) = d*h(0)(den(0)-, depo(0)-),  (5.12)

which completes the proof of the claim.

Locally near a critical point ug € S'~! of j, an application of the Slice
Theorem yields coordinates z and s of u, where s is a point of a (G¢)y,-invariant
slice and z € Geug. By Ge-invariance, jgfﬁ is independent of z. Since the
critical G¢-orbits of j are non-degenerate, dgjfjﬁ(o, 0) is invertible for « = 8 =
0. Thus, the implicit function theorem yields a function s(r, a, §) such that

r-(z,8(r,a,B))



5.2. REPRESENTATIONS 79

is a critical point of J§T# restricted to the sphere of norm r for any z. Set
UO(T7 «, /8) = (07 S(Ta @, 6))

and vg = 7 - Up.
Next, we may deduce that the Lagrange multiplier

A(T, «, B) = A(UO(Ta «, /8))
depends smoothly on (r, a, 5):
d(J§t+B o wa)(U0(7"7 «, ﬁ)) . UO(T7 «, ﬁ)
d(ha © 1/}0()(1}0(7‘, Q, ﬂ)) : HO(Ta a, ﬂ))

and the denominator does not vanish if » # 0. Moreover A can be extended
smoothly to the set r = 0: If

Alr,a, B) =

ISP (r u) = I P (o (ru))  and o (r,u) = ho (o (ru)) = 72
for r € R and u € S, we have
d(JISHP 0 o) (ru)u = 8, I P (r,u) = 2rTET8 (1, u) + 128,58 (1, w)
d(he 0 Vo) (ru)u = Opha (r,u) = 2.
Thus, if we abbreviate ug(r, «, 3) by uo,

2 Jét+s 29, JE+5 . ..
A(T’,Oé,ﬂ) = "d (’r’ UO) ';7' o & (’F, UO) = Jg+5(T, Uo) + iTarJg'f‘B(r’ UO)'
r
Hence A is smooth for » = 0 and A(0,0,0) = 1.

Now, to complete the proof, the zeros of the local mapping

E: R x g% x g — g%

(T,Oé,ﬂ) '_>£+6 *A(T,Oé,ﬂ)(§+0[)

near the zero in (0, 0,0) are investigated via Lyapunov-Schmidt reduction. In a
first step, the authors show that Wy := ker dgFE(0,0,0) = R{. Hence, choosing a
complement W, of Wy within g&¢, the implicit function theorem yields a smooth
locally defined function p : R x g&¢ x R¢ — W that solves

(1 - Pw,)E(r,a, wo + wy) =0,

where wg € Wy, wy € Wi, and Py, is the projection to Wy associated to the
splitting g&¢ = Wy @ W;. Next,

g(r, o, wo) = Py, E(r, a, wo + p(r, o, wp)) =0
has to be solved. As calculated in [OR04(a)|, the directional derivative
dag(oa 0, O) |REC9G5

is given by —1. Thus, there is an implicitly defined local function A : R x W7 x
R¢ — R with A(0,0,0) = 0 and

g(r, Mry v, wo)é + v,wp) = 0.
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Hence, in case of a transitive G¢-action on S'=1 we obtain a branch of relative
equilibria parameterized by (r,v,wg) € R x W; x R&: The smooth function

v (T, v, U)o) HUO(T7 ()[(7"7 v, Y,UO), ﬁ("", v, IUO))
+ vy (vo (7, a(r, v, wo), B(r, v, we)), A7, v, wo )€ + v)

gives the location of a relative equilibrium for (r, v, wg), whose generator is given
2

by & + A(r, v, wp)€ + v and whose energy level (value of the function h) is 4.
Remark 5.9. We now investigate these branches more closely: Consider the
sets g@¢. Since G¢ contains a maximal torus T’

gt c g’ =t

where the last equation follows from the maximality of T'. Thus,

gCe = {Ce.

By [BtDS8H, chapter V, Proposition 2.3, part (ii)], t“¢ is given by t if ¢ is regular
and t%¢ coincides with the intersection of all Weyl walls containing ¢ other-
wise (where t* and t are identified). As will be shown in section the set
of elements 1 € t with det(d?(h — J7)(0)) = 0 forms a union of affine hyper-
planes of t. Moreover, each of these hyperplanes is associated to an irreducible
subrepresentation of T such that ker(d?(h — J")(0)) consists of the sum of the
irreducible subrepresentations corresponding to the hyperplanes that contain 7.
The underlying subspace of an affine hyperplane coincides with the Lie algebra
t, of the stabilizer T, of any nonzero element x of the associated irreducible
representation. By the non-degeneracy of d?h(0), these affine hyperplanes do
not contain 0. Thus the intersection of each of these affine hyperplanes with
g% = t¢ is an affine hyperplane of t“¢ or empty. We now take the condi-
tion into account that G¢ acts transitively on S'~!. This implies that (G¢).,
and (Gg)w, are Ge-conjugate for any two non-zero elements vg,wy € V. If
the corresponding Lie algebras are denoted by g¢ o, and ge ., respectively, this
yields

too N 8% = gewo N A% = gew, N7 = ty, Nge.

Hence, ¢ is contained in only one of these affine hyperplanes of t“¢: The underly-
ing subspaces of these hyperplanes are of the form t,,Ng“¢ for some vy € V;\ {0}
and hence are all equal.

Thus, we may choose W; to be the underlying subspace of the affine hyper-
plane of t“¢ that contains £. Indeed, since 0 is not an element of this affine
hyperplane, in this case, W7 is a complement of the space W, generated by &.
Then W is contained in the Lie algebra of the stabilizer of any element of V.

If we perform the Lyapunov-Schmidt reduction with respect to the sym-
metry, i.e. we choose a Gg¢-invariant complement V;, the implicitly defined
function vy is Ge¢-equivariant. Hence, we may assume that the stabilizers of
vo and vy + vi(vg, @) within G¢ coincide for any o € g%, Thus, W, is con-
tained in t¢ N gy (., wy) for every triple (r,v,wp). This implies that for every
v € Wy, the Lie algebra element £ + A(r, 0, wp)¢ + v is a generator of the rel-
ative equilibrium wv(r,0,wp). Since the proof of Theorem yields all pairs
of a relative equilibrium near 0 and a generator in g near ¢ and the pair
(v(r,v,wp),& + A(r,v,wp)€ + v) is the unique one with Wi-component v, the
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functions v and A are constant in v. Alternatively, this can be argued in a
more explicit way: Since Wj is contained in the Lie algebra of the stabilizer of
vo + v1(vg, @) for any vy and a, dJ”(vy 4+ v1(vo, @) vanishes for any v € Wj.
Hence, v1 (vg, @) = vy (vo, @+ v/) and the function J2 is constant in the W;-com-
ponent of both o and 5. Going through the construction of v and A\, we obtain
that these functions are constant in v € Wj.

Thus, the branches can be parameterized by r and the 1-dimensional variable
wo-

Now, we discuss some ideas how to generalize the transitivity condition:
First, we replace the condition by the assumption that G¢ acts irreducibly
on Vy. If we define

[vllg = £d*h(0)],, (v0, v0) = £d*T4(0)] . (vo, o),
it is not hard to see that the function h(u,r) := h(ru) is of the form
_ 5 1
h(u,r)y =7 (5 +rf(u,r))

for some C*-function f: S'™! x R — R.

Thus, we have to consider terms of at least order 3 to obtain non-constant
restrictions to the spheres. Due to symmetry, even higher order terms may be
forced to be constant. It seems to be reasonable to consider the lowest order
terms that are not constant. Then a blow-up argument might be possible if
an additional condition is satisfied: Suppose that the lowest order term that is
not constant on spheres is a Morse-function. In this case, we may proceed in
a similar way as Ortega and Ratiu (JOR04(a)]) or Field ([Fie07, chapter 4]),
who presents a blow-up method for bifurcation theory developed by Field and
Richardson. Unfortunately, the condition on the lowest order term without
spherical symmetry is presumably not generic for every irreducible representa-
tion.

Moreover, as far as I can see, the assumption that Vj is an irreducible G¢-rep-
resentation is necessary for a blow-up argument that yields a non-constant func-
tion on the 1-sphere for r = 0: For simplicity, search for relative equilibria
with generators in the space Wy of multiples of £. Let us call the correspond-
ing 1-dimensional parameter A (instead of wg). Then the Lyapunov-Schmidt
reduction may cause terms that depend on A and v in a non-constant way
and are only quadratic in r. In this case, a blow-up cannot be performed. If
Vo := kerd?(h — J¢(0)) is irreducible, the G¢-equivariance of the derivatives of
the invariant functions vg = h(vo + v1(vo, A)), vo — I (vg + v1(vg, A)), and
similar ones prohibits such terms.

Thus, a generalization in this way would not gain much if we aim to inves-
tigate the structure of the set of relative equilibria near the equilibrium 0 in
general.

Therefore, it seems to be impossible to prove the existence of branches that
are smooth at the origin under genericity assumptions this way. Smoothness
at the origin is probably not a generic phenomenon in general. Nevertheless,
there is another approach to generalize the transitive condition, which yields a
theorem in spirit of the original intention of Theorem [5.§ without a smoothness
result. In some way, it is even closer to the original idea of Theorem
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For simplicity, we search only for solutions with generators of the form A&
for A in R. Set

ha(vo) = hae(vo), JIa(vo) = Jig(vo% Ui (vo) = Wae(vo),

where the right hand sides are defined in the proof of Theorem Then
2 .
hx o Wae(vg) = ||vo]|”. In order to find solutions of

d(h)\O\If)\g 7.])\ O\I/)\g) = 0,

we proceed in a similar way as the authors of [CLORO03] in the proof of Theo-
rem [o.ol

First we use the implicit function theorem to obtain a locally defined function
A such that

(V(Ix(wo) © ¥ir(up))(v0), v0) = 0. (5.13)

To do this, we observe that for r € R and an element u of the unit sphere of Vj

(V(Ix oWy (ru),u) =d(Ty o Uy)(ru)u
= 8,.j§§(r, u)
= r(jSg(r, u) + r@Tjig(r, u)).

A similar calculation as in the proof of Theorem [5.8 yields that the A-derivative
of the term in the parenthesis at A = 1 and r = 0 is given by 2j(u,u) = 1. Thus
there is a locally defined function A such that equation holds. Then the
critical points of

Trwo) © Ya(wo)

restricted to the spheres of norm & correspond to relative equilibria within the
energy level h=!(g?). Since this function is G¢-invariant, we obtain Theorem
with condition [2l and the smoothness statement omitted.

Example 5.10. Consider the T-representation on C @ C with T' = S! x S!
such that the first factor acts on the first summand and the second factor on the
second one by multiplication in C. Suppose that h : C®C — R is a T-invariant
Hamiltonian function with dh(0) = 0 and d?h(0) definite. Any G-invariant
real-valued function on C & C is of the form (z1, 22) = a|21]? + b|22|? for some
real numbers a and b. Thus the minimum number of critical orbits on the unit
sphere of such a function is 2. It is easy to see that there is a £ € t with
d?(h — J%)(0) = 0. Hence from the above variant of Theorem follows that
there are at least 2 orbits of relative equilibria on each energy level. Anyhow,
every point of C @ C is a relative equilibrium, since the momentum level sets
coincide with the T-orbits, see section [6.4]

Anyway, if we search for relative equilibria with periodic orbits, the tran-
sitivity condition is often satisfied for the relevant kernels and thus we obtain
smooth branches. This will be presented in the next section.

5.2.2 Implications for groups of rank 1

Again, we suppose that V is a symplectic G-representation and 0 € V a non-
degenerate critical point of a G-invariant Hamiltonian function h. We will see
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that Theorem [5.8| predicts a branch of relative equilibria for every 2-dimensional
kernel V = ker d?(h — J¢)(0). In particular, if G is a connected compact group
of rank 1, this application of Theorem yields the generic structure of all
relative equilibria near 0.

Indeed, let T' C G¢ be a maximal torus with & contained in the Lie algebra t of
T and consider V = ker d?(h—J¢)(0) as a T-representation. This representation
is non-trivial: Otherwise, J¢ |v0 and hence d2J¢(0) ’Vo = d2h(0) ‘Vo vanishes,
which contradicts the assumption that d2h(0) is non-degenerate. Thus Vj is
2-dimensional iff V} is a non-trivial irreducible T-representation and in this case,
T C G¢ acts transitively on the unit sphere of V5. Then Theorem applies
and we obtain a branch of relative equilibria tangent to V;; with multiples of &
as generators.

We now consider an approach to find all relative equilibria near 0:

A necessary condition for the local existence of relative equilibria near 0
is the occurrence of purely imaginary eigenvalues of dXp(0). Otherwise, 0 is
a hyperbolic equilibrium of Xj. As presented in chapter [ purely imaginary
eigenvalues can occur in a stable way in Hamiltonian systems.

Indeed, using the Splitting Lemma or equivalently Lyapunov-Schmidt reduc-
tion, we may reduce our search for relative equilibria to the union of the kernels
ker d?(h — J¢)(0) for £ € g, and the next lemma shows that all these kernels are
contained in the centre space E. of dX}(0):

Lemma 5.11. kerd?(h — J¢)(0) C E. for every € € g.

Proof. Consider the linearization of X} at 0. The vector field z — dX(0)z
is the Hamiltonian vector field of the quadratic part Qj of h. Since J¢ is also
quadratic, d(Qy — J¢)(x) vanishes for z € Vj := kerd?(h — J¢)(0) and hence
Vo consists of relative equilibria of Xg,. Obviously, all compact trajectories of
the linearization have to be contained in the centre space, in particular relative
equilibria. O

By Theorem [3.16] generically there is a choice of an inner product such
that the eigenspaces of the restriction d2h(0) to E. are irreducible G-symplectic
representations and the symplectic form defines a complex structure J. In the
following, we assume that this genericity assumption is satisfied and fix an
appropriate inner product and a base. Since the eigenspaces are G-symplectic,
they are d2J¢(0)-invariant for any choice of ¢ € g. Thus, we can search for
solutions £ of

detd?(h — J)(0) = 0

on any restriction to an eigenspace of d?h(0) separately. Generically, we ob-
tain disjoint solution sets for each eigenspace of d2h(0). (From the following
calculation of the eigenvalues of d2J¢(0) in the rank 1 case, it will follow that
this is satisfied if the purely imaginary eigenvalues of X}, (0) = Jd?h(0) are non-
resonant in an equivariant sense, which means that for each pair +ai of purely
imaginary eigenvalues, no other integer multiples of ai occur and the space Ey;
is an irreducible G-symplectic subrepresentation.)

Hence, for each eigenvalue ¢ € R\ {0} of d?h(0), we have to identify the
values of £ € g such that c is an eigenvalue of d2J¢(0). Since the set of those
& consists of G-orbits of the adjoint representation on g, we may restrict our
search to the Lie algebra of a maximal torus of G.
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If J denotes the linear map representing w with respect to our choice of an
invariant inner product, we consider each eigenspace as an irreducible complex
representation by setting iz := Jx.

We now suppose that G is a connected compact group of rank 1. By [BtD85]
chapter V, Corollary 1.6], there are only two groups of this kind: SO(3) and
SU(2). Hence we counsider a symplectic G-representation (V,w), where G =
SO(3) or G = SU(2).

In case G = SU(2), the irreducible complex representations are given by the
spaces S, n € N, where Sy is the trivial representation, S; is the standard
representation on C?, and S,, is the nth symmetric power of S;. (The theory
of SO(3)- and SU(2)-representations is presented for example in [BtD85]. The
relevant facts are summarized in this paragraph.) S, may be identified with
the space of homogeneous polynomials of power n. Then g € SU(2) acts on a
polynomial P € S,, by

(9P)(2) = P(zg),

where z is considered as a line vector and the product zg denotes matrix mul-
tiplication. The polynomials

Py(z1,22) = z’fz;_k, 0<k<n

form a basis of S,. Moreover, each of these basis elements generates an irre-
ducible representation of the maximal torus of SU(2) formed by the elements of
the form

0 0
ggz(o 91>, gcU(1)~S:

Since ggPp = 0?*7"P,, the representation is isomorphic to the irreducible
U(1)-representation U(1) — U(1) given by 6 +— 62~". Moreover, since these
representations are pairwise different, the elements Py are pairwise orthogonal
with respect to any invariant Hermitian product. The irreducible subrepresen-
tations P of the maximal torus of SU(2) are called weight spaces. Now, let us
compute d2J¢(0) for ¢ contained in the Lie algebra t of this maximal torus: By
definition,
dJ¢(2)y = w(& - 2,y) = (£ - x,1y)

for our fixed invariant (real-valued) inner product (-,-). Thus d2J¢(0) is given
by —iA¢, where A¢ is the matrix corresponding to the action of &:

d e27'ri25§ 0
Agx=¢ -z = dt( 0 e-zmt&)m

d
= — Tite L
dtge2 té

t=0 t=0

Thus the vectors Py are complex eigenspaces of A¢ with corresponding eigen-
values 27i(2k — n)¢ and hence the eigenvalues of d2J¢(0) are 27(2k — n)€.

Let U be an eigenspace U of d2h(0) contained in E, with eigenvalue ¢ # 0
isomorphic to S,,. Then the solutions £ € t of det d?(h — J%)(0) = 0 are given
by 57— o= for k =0,...,nifnisodd and k = 0,...,2 - 1,2+ 1,...,n
if n is even. Since £ and —¢ belong to the same adjoint orbit, we obtain ”TH
adjoint orbits in the Lie algebra of SU(2) with a non-invertible restriction of
d?(h — J%)(0) to U for odd n and % orbits for even n. For each element ¢ of
these orbits, the kernel is isomorphic to C and the stabilizer G = SU(2),¢ is

isomorphic to the maximal torus S* which acts transitively on the unit sphere
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of the kernel. Thus we generically obtain ”T'H branches of relative equilibria for
each summand V;, of E. with n odd and 5 branches for each summand V;, of E.
with n even. Each branch is the SU(2)-orbit of an R-2-dimensional symplectic
manifold.

The analysis in the case G = SO(3) is similar: SU(2) can be expressed as a
two-fold covering of SO(3) and hence the irreducible representations of SO(3)
can be considered as irreducible SU(2)-representations. This way, we obtain ex-
actly those irreducible SU(2)-representations, whose kernel contains —1. These
are the representations S,, with n even. (See [BtDS85] for details.) Thus, we also
generically obtain [ branches for each summand Sy; of E.. Since the covering
epimorphism SU(2) — SO(3) may be restricted to a two-fold map between the
maximal tori which induces multiplication by 2 on the corresponding Lie alge-
bras, the corresponding generators on a c-eigenspace of d2h(0), ¢ # 0 are given

by the adjoint orbits of ﬁ c5-fork=0,...,1 -1,

5.2.3 Equivariant Weinstein-Moser theorem

Alternatively, the results for SO(3)- and SU(2)-representations may be deduced
by a simple application of the equivariant Weinstein-Moser theorem of [MRSS8S].
We first state the theorem, which is an adaption of a theorem proved by Wein-
stein and Moser to the symmetric case, and prove the results for the rank 1 case
as a corollary. A broad sketch of the proof and history of the Weinstein-Moser
theorem and its equivariant version is given afterwards.

As before, let G be a compact Lie group, V be a G-symplectic representation,
and h: V — R be a G-invariant Hamiltonian.

Definition 5.12. For any non-zero purely imaginary eigenvalue vi (i.e. v €
R\ {0}) of L :=dX}(0), let the resonance space V,,; be the real part of the sum
of eigenspaces with eigenvalues of the form kvi, k € Z.

Any resonance space V,,; is G-invariant. Moreover, if the restriction of the
linearization L to V,,; is diagonizable over C, there is an S'-action on V,;: The
trajectories of the flow of the linearized vector field z — Lz are all %’T—periodic,

and thus the flow defines an S'-action which commutes with the G-action by
equivariance of the flow. This yields a G x S'-action on V.

The equivariant Weinstein-Moser theorem requires the following two condi-
tions on the Hamiltonian function and the resonance space, which Montaldi,
Robert, and Stewart call H1 and H2:

e (H1) d?h(0) is a non-degenerate quadratic form.
o (H2) dzh(0)|v_ is positive definite.

Condition H2 implies the semi-simplicity of L‘Vyi: There is an inner product
(-,-) with respect to which d?h(0) is represented by a multiple of the identity.
Thus L is a multiple of the matrix J with w = (-, J-), which is skew-symmetric
and hence diagonizable.

Thus V,; may be considered as a G x S'-symplectic representation as ex-
plained above.

The set of periodic orbits may also considered as a G-space: Let 0 : R — V
be a periodic trajectory with minimal period 7. With the identification S' =
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R/Za for (979) S G x Sl, we define
((g,0)0)(s) = go(s+07).

For each isotropy subgroup of the G x S'-action on V,;, the equivariant
Weinstein-Moser theorem predicts periodic orbits that have this symmetry with
respect to the G x S'-action on the set of periodic orbits:

Theorem 5.13 (Equivariant Weinstein-Moser theorem, [MRS88, Theorem 1]).
Suppose (H1) and (H2) hold. Then for every isotropy subgroup K C G x St of
the G x St-action on V,;, there exist at least

1
5 dim vE

periodic trajectories of Xy with periods near %’T‘ and symmetry group containing
K on each level set of h near 0.

To be precise, for our application, we need the following special case, which
is a generalization of the Lyapunov centre theorem. (See [AM67, appendix C]
for a version by Kelley, which coincides with the theorem below for the case of
a trivial representation if the word “smooth” is replaced by “C'”. The original
version of the Lyapunov centre theorem, that appeared in |[Lya49], misses the
smoothness statement and applies only for analytic Hamiltonians.) In this case,
the proof also yields smooth branches of relative equilibria:

Theorem 5.14 (Equivariant Lyapunov centre theorem, Remark 1.2 (b) in
IMRS88]). Suppose that in Theorem dim VX = 2. Then there is a smooth
2-dimensional submanifold of V' through 0 tangent to VX which consists of pe-
riodic orbits with symmetry group K.

In addition, we need the following completeness statement, which follows
from the proof of Theorem

Theorem 5.15. In the setting of Theorem the 2-dimensional manifold
contains all periodic orbits near 0 with symmetry group K and periods near %

Lemma implies immediately:

Corollary 5.16. If in the setting of Lemma[1.46, the group G has rank 1, p is
contained in a periodic orbit.

(Here, we consider an equilibrium as a special case of a periodic orbit.)

Thus for groups of rank 1, we only have to find periodic orbits with additional
symmetry properties to obtain all relative equilibria:

Suppose that p is a relative equilibrium, but not an equilibrium. Fix a torus
T such that the trajectory of p is contained in T'p. Then the trajectory of p is
periodic and coincides with Tp. Let 7 denote its minimal period.

If St = R/Z and o : R — V denotes the trajectory of p, there is a map
0, : T — S' such that for any t € T and s € S*

to(s) = o(s+ 0,(t)7).
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By T-equivariance of the flow, 6,(t) is independent of s and forms a group
homomorphism. Then the isotropy subgroup of ¢ contains the group

Ko = {(t,~0a(t) eGx S' | teT}.

On the contrary, any periodic orbit fixed by a group of this type is a relative
equilibrium iff 6,, is surjective, which is equivalent to 6, being non-trivial.

If the resonance space V,; of any purely imaginary eigenvalue vi of L is
considered as a complex representation by extending the S!'-action R-linearly
to C, the space VVIi{“‘ coincides with the weight space corresponding to 6, of V.
(Note that in case dX,(0) € O and hence V,; = E,;, this complex structure
coincides with the one that we obtain from theorem )

Now, the equivariant Lyapunov centre Theorem [5.14] yields the following
generic structure of relative equilibria:

Corollary 5.17. Suppose that each resonance space V,; forms an irreducible
complexr G-representation and hence V,; ~ S, for some n. Moreover, suppose
that (H1) and (H2) are satisfied for each V. Then there are "4 smooth
branches of G-orbits of relative equilibria bifurcating from 0 if n is odd and %
such Z‘)Ilanches if n is even. The trajectories form periodic orbits with periods

near 5. The union of these branches for all resonance spaces contains all

relative equilibria near 0.

Proof. The result follows from the above arguments, the decomposition of S,
into weight spaces as presented in the last section and Theorems and
O

Remark 5.18. Suppose that G is a compact connected group, not necessarily
of rank 1 and T C G is a maximal torus. A (global) weight of a complex
G-representation V' is a complex 1-dimensional T-subrepresentation given by
amap 0, : T — U(1) ~ S'. As in the last chapter, we obtain a branch of
relative equilibria (with periodic trajectories) for each non-trivial weight 6, of
the centre space E. (counted with multiplicities): Let K, = {(¢,04(t)) | t € T}
be the corresponding subgroup of G x S'. For every resonance space V,;, the
space fo"‘ coincides with the weight space of V,,; corresponding to the weight 6.
Moreover, the periodic orbits with isotropy group containing K, are obviously
relative equilibria. Thus, the the Equivariant Weinstein-Moser Theorem implies
the existence of a family of relative equilibria that intersects each energy level in
a G-orbit. If 6, occurs with multiplicity one, this family is smooth. Obviously,
these relative equilibria are contained in the fixed point space of the group ker 6,
which coincides with the weight space in V' corresponding to «. Conversely, all
relative equilibria in this weight space are contained in such a family. This
follows from the following implication of corollary

Corollary 5.19. If in the setting of Lemma[I.J6, M is a representation and p
is contained in an irreducible real subrepresentation of a maximal torus of G, p
is contained in a periodic orbit.

Proof. Since irreducible torus representations are at most of dimension 2, the
isotropy subgroup H = G, contains a torus whose dimension is at least rank G —

1. Thus the group N(H)/H is at most of rank 1. V¥ is an X-invariant
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subspace, and the restriction of X to VH is N(H) / H -equivariant. Hence p is

either a relative equilibrium with respect to a finite group action, which is an
equilibrium, or corollary applies. O

The proof of Theorem in principle follows [Wei78], which was preceded
by several publications on persistence of periodic orbits, starting with [Mos70]
and [Wei73].

These articles deal with manifolds consisting of periodic orbits contained in
a level set of the Hamiltonian function. If these manifolds satisfy some non-
degeneracy assumption, it is shown that a finite number of periodic orbits per-
sists under perturbations of the Hamiltonian function and the number of these
orbits is estimated with respect to the topology of the manifold. By consider-
ing the Hamiltonian function as a perturbation of its linearization and using a
blow-up argument, this yields periodic solutions near an equilibrium point with
definite Hessian of the Hamiltonian function.

The reasoning in [Wei7§| is similar to the proof of the Hopf theorem known
in bifurcation theory: The problem of finding periodic orbits in a symplectic
manifold P is reformulated on the infinite dimensional loop space of maps S* —
P. Then the periodic orbits correspond to the zeros of some closed 1-form
defined on the loop space (and thus in the exact case, to the critical points
of some function called the action integral). Afterwards, one reduces to finite-
dimensions again using some kind of Lyapunov-Schmidt reduction. In principle,
this proceeding is suggested by Moser in [Mos76], where the existence of periodic
orbits near an equilibrium point is investigated, but it is implemented in a quite
indirect way there. In [Weir8], Weinstein deals with the technical difficulties
to give an appropriate notion of a Hamiltonian system on the loop space such
that the periodic orbits correspond to the zeros of the Hamiltonian vector field
on the loop space and hence to the zeros of a 1-form. Moreover, Weinstein
gives a definition of non-degeneracy for this setting, which allows to perform a
Lyapunov-Schmidt reduction:

In case of infinite-dimensional manifolds, we cannot expect the tangent space
at a point to be isomorphic to its dual space in general. Thus, the symplectic
form defined by Weinstein on the loop space induces an isomorphism of the
tangent space of a point to a dense subspace of its dual. Accordingly, it is called
a weak symplectic structure.

Indeed, let the loop space A P be the function space C*(S1, P). (This way,
it is a Banach manifold.) The tangent space T, A P at ¢ € A P is given by the
space of [''(¢*TP) of C! vector fields along c. Its dual is given by some space of
distributions. If w is the symplectic form on P, Weinstein endows /\ P with the
weak symplectic structure given by its lift A w, where the lift A « of an n-form
a on P is given by

</\a, (01,...vn)>:/0 (w(e(t), (v1(t), ... va(t)))dt.

(Here S! is identified with R/z, thus ¢ can be considered as a curve pa-
rameterized ¢ € [0,1].) For each ¢ € AP, Aw yields an isomorphism from
T.\ P =T (c*TP) to T'Y(c*T*P), which is a dense subspace of T P.

Next, Weinstein determines a 1-form, whose zeros correspond to periodic
orbits of X, in P: Let D denote the vector field on A P defined by D(c) = 4.
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(To be precise, D(c) is in general only a continuous vector field along ¢ and thus
D(c) is not a section of T' A P but of its super-bundle 7'\ P, where T, \ P =
[%(c*TP). We will come back to this later.)

A loop ¢ € AP forms a periodic orbit of X}, of period 1 iff A Xp(c) :=
X 0c=D(c). More generally, ¢ corresponds to a periodic orbit of period 7 > 0
ifft D(c¢) =7 A\ Xn(c). Now, we consider the dual formulation:

/\w(D,-) = T/\w(Xh,-) = Td/\h,

where A h(c) = fol h(c(t))dt. The periodic orbits contained in an energy level
set h~}(F) with £ € R may be expressed as the zeros of a single closed 1-form
ol defined on the space A\ P x R:

(ap(c,7), (v,0)) = Nw(D,v) =7d \ h —a \(h — E)(c).

As Weinstein shows, A w(D,v) is exact if w is exact. More precisely, w = df
implies A w(D,v) = dA for A(c) = [ w. In this case, oy = dy}y for

V(e 1) = (A= 7(h - E))(c).

Since D(c) is an element of I'%(c*TP), A\ w(D,-) can be considered as an
element of T'°(c*T*P), which is a subspace of the dual space TP of T.P =
[9(¢*TP). Thus oy is a section of the dense subbundle 7% A P, whose fibre
Tr AP isTOc*T*P).

Now, Weinstein develops a theory of weak non-degeneracy for zero sets of 1-
forms, whose image is contained in a fixed dense subbundle T* B of the cotangent
bundle of a manifold B modelled over a reflexive Banach space: If « : B — T*B
is a closed 1-form on B and Z C B is a compact manifold with «(b) = 0
for every b € Z, Z is called non-degenerate (due to definitions by Bott and
others) iff for every b € Z, the derivative dya : T, B — T B has closed range
and ker dya = TpZ. In the case that the image of « is contained in T*B this is
impossible, since dpa cannot have a closed range and a finite dimensional kernel.
Then, a = i o &, where & : B — T*B and i : T*B — T*B is the inclusion.
In this case, Weinstein calls Z a weakly non-degenerate zero manifold of « iff &
has closed range and ker(dyc)* = i*T,Z. Since the domain of (dpt)* contains
the domain of (dpa)* = dpar, the elements of ker(dyct)* may be seen as weak
solutions of dyaw = 0.

Using this concept, Weinstein is able to perform a Lyapunov-Schmidt re-
duction, formulated in terms of transversality theory, to obtain the following
result:

Theorem 5.20. If a and ¢ are 1-forms on B with image in T*B, « is closed,
and Z C B is a compact weakly non-degenerate zero manifold for «, then there
is a neighbourhood UofZ and a family of embeddings e. : Z — U defined for
small e > 0 such that the zero set of a+ec¢ is given by the zero set of its pullback
to e.(2).

In addition, Weinstein argues that by homotopy invariance of de-Rham-
cohomology, the pullback « to e.(Z) is exact, since its pullback to eq(Z) = Z
is 0. If ¢ is exact, the zeros of o + £¢ consequently coincide with the critical
points of a function.
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To obtain a result for periodic orbits, this theorem is applied to the closed
I-form o, on the space A P x RT. A submanifold Z C A P x R is called a
non-degenerate periodic manifold iff Z is a weakly non-degenerate zero manifold
of oz% and none the of the corresponding periodic orbits is a point curve. As
shown in [Wei78], this definition is equivalent to former characterization of non-
degenerate periodic manifolds given in [Wei73]: For a periodic orbit ¢ in P with
period 7, let £ : TP — Ty P be the linearization at c(0) of the of the
time-7-map defined by the flow of the Hamiltonian vector field. Then the zero
manifold Z of o4 is weakly non-degenerate iff

dim Z = dim {z € T,0)(h~"(E)) | # — Lz is a multiple of X,(c(0))}. (5.14)

As Weinstein points out, the Lyapunov-Schmidt reduction may be performed
with respect to symmetry if there is a continuous action by diffeomorphisms
of a compact group K on B and « and ¢ are K-invariant. In [Wei78], this
is applied to the S'-action on the loop space, whereas Montaldi, Roberts, and
Stewart use this more generally for a G x S'-action on the loop space induced
by a symplectic G-action on P.

If h+ehq is a G-invariant perturbation of a G-invariant Hamiltonian function,
the embedding e. : Z — A Z x RT and the form o/g“hl are G-equivariant.
Moreover, at¥M = olt 4 ed A hy and thus the pullback aF" is exact on
ec(Z). Thus the periodic orbits of the Hamiltonian vector field h + £hy near
Z on the energy level E coincide with the critical points of a G' x S'-invariant
function ¢ defined on e.(Z). Hence for any subgroup ¥ C G x S!, the periodic
orbits whose isotropy subgroup contains ¥ correspond to the critical points of
¢ contained in e.(Z)*, which in turn coincide with the critical points of the
restriction ('0|65(Z)E'

To predict periodic orbits near an equilibrium, Montaldi, Roberts, and Stew-
art use a blow-up argument similar to the one used in the proof of the non-
equivariant version of the theorem (see for example [Wei73]): If x = ey, the
equation

is equivalent to

§=Ly+eX(y),

where X (y) = e~2(X,(ey) — eLy) is smooth. The vector field L +eX is Hamil-
tonian with Hamiltonian function y — ~2h(ey), and periodic orbits of X}, with
energy 2 correspond to periodic orbits of L 4+ ¢X with the same period and
energy 1. For ¢ = 0, V) consists of periodic solutions of period %’T‘ Thus V),
can be embedded in a G x S'-equivariant way into the loop space such that the

image of the energy-1-level set can be identified with a compact submanifold Z
of

/\V)\ X {%}C/\V)\ x RT.

Since this periodic manifold coincides with the level set of energy 1, it is a non-
degenerate periodic manifold (and in fact for any closed curve C, x — Lz = 0
for every element x of the tangent space at ¢(0)). Thus the periodic orbits
fixed by ¥ on the energy level h=1(g?) of the original Hamiltonian function
correspond to the critical points of a G x Sl-invariant function on e.(2)*.

e-(Z)* is homeomorphic to a sphere. The restriction can be considered as an
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Slinvariant function on e.(Z)*. As shown in [Wei73| Theorem 1.3], such a
function has at least

S(dmen(2)% 4 1) = J()"

critical orbits. The proof of [Weir3, Theorem 1.3] uses a theorem of Kras-
nosel’skii, which gives the Lyusternik-Schnirelmann category of some quotient
space. For a hint to a simpler approach see [Mos76], end of the proof of Theo-
rem 4: Similarly as Chossat et al. in their proof of Theorem [5.5] Moser suggests
to use that the quotient space is isomorphic to a complex projective space if the
action is free. A footnote indicates that Weinstein has extended this argument
to the general case, but the proof is not given.

For the equivariant version of the Lyapunov centre theorem, we note that in
the case dim(V3)* = 2, each space e.(Z)* is a 1-dimensional sphere and thus
forms a critical orbit. The Lyapunov-Schmidt reduction argument in [Wei78]
yields the completeness statement of Theorem and that the embeddings
depend differentiably on . Thus we obtain a C'-manifold of periodic orbits in
this case. It may be shown that this manifold is even smooth, see for example
[Mos76], there the remark after Lemma 2 on page 739 and the last paragraph
of the proof of Theorem 3 on page 742).

5.3 Some results derived from the bundle equa-
tions

The bundle equations yield two equations that characterize relative equilib-
ria. For the bundle equations with isotropy, these are the commutation equa-
tion and the symplectic slice equation .

Most of the results that describe solutions of the two equations require con-
ditions that assure that the commutation relation is automatically solved. One
theorem of this type is [RASD97, Theorem 3.2]. In [MR-OI5], this result is
generalized and similar theorems are added. As Montaldi and Rodriguez-Olmos
point out, the following condition suffices to solve the commutation equation:

Definition 5.21. Let H be a compact subgroup of G with Lie algebra . § is a
co-central subalgebra of g iff there is a splitting g = h ®m with m C 3(g), where
3(g) denotes the centre of g.

If g, is a co-central subalgebra of g, for every triple (p, v,7n), the equation

Prn-(coady i (p,v)+n (P +In(0))) =0

is satisfied, which together with the symplectic slice equation ({2.15) implies the
commutation relation (2.14): This follows from ¢ := dm-h(p,v) + 7 € g, and

(coadg v)(¢) = —v([¢',¢]) =0

for any ¢ € m.

Moreover, to obtain solutions of a specific isotropy type (K), we only need
the fixed point subalgebra gff to be co-central in gff . (Since the adjoint rep-
resentation is induced by Lie group automorphisms, it consists of Lie algebra
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automorphisms and thus the fix point subspaces are indeed Lie subalgebras.)
This is how the condition occurs in the theorems in [MR-O15].

To obtain solutions of the symplectic slice equation, Montaldi and Rodriguez-
Olmos use two lemmas. The first one is just an implication of the implicit
function theorem and may be applied to a relative equilibrium p with a generator
such that p is a non-degenerate critical point of the augmented Hamiltonian:

Lemma 5.22 ([MR-O15| Lemma 2.8]). Let H C G, be a closed subgroup and
€ C>(gp, xm* x N)H. Suppose that K C H is a closed subgroup such that

dn f(0,0,0) =0 and

d% £(0,0, 0)‘NK is non-degenerate.
Then there is a unique locally defined Ny (K )-equivariant smooth map
v (m*)E x gf, (0,0)) = (NX,0)

such that
de(77/7 PaU(Pv 7]/)) = 0.

Form = (p,v(p,n')), the isotropy subgroup (Gp)m satisfies
K C(Gp)m C (Gp)p-

The second lemma may be considered as a version of the Equivariant Branch-
ing Lemma (see for example [Fie07]) combined with a reduction argument. The
proof is based on the Splitting Lemma and a Taylor expansion argument as in
the standard proof of the Equivariant Branching Lemma.

If K is a compact group and V' is a K-representation, V is of cohomogeneity
one iff for any choice of a K-invariant inner product, K acts transitively on the
norm-1-sphere. (Note that this is the transitivity condition of Theorem [5.8/) A
representation of cohomogeneity one is obviously irreducible.

A continuous real-valued function o on a topological space crosses 0 at ug
iff o(up) = 0 and any neighbourhood of ug contains points u; and wue with
o(uy) > 0 and o(ug2) < 0.

Lemma 5.23 ([MR-O15| Lemma 2.9]). Let W and N be representations of the
compact Lie group K and f be contained in C*(W x N)X. Let L C K be a
closed subgroup and A a path-connected open neighbourhood of the origin in W*
such that

dyf(A,0)=0 VAeA.
Suppose that N = kerd%, £(0,0) N NL £ {0} and
1. the Nk (L)-representation N is of cohomogeneity one,

2. the eigenvalue o(X\) of di f(A, O)|N crosses 0 at A = 0.

If NV = N @ S is a Ny (L)-invariant decomposition and v € N is small, there
is Ay € A and s, € S such that

de()\’Ua v, S’U) =0.
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If L is an isotropy subgroup of N, condition [I] implies that L is mazimal,
i.e. the only isotropy subgroup of N that contains L as a proper subgroup is
K. Thus in this case for v # 0 and m = (\,,v, s,), the isotropy subgroup K,
coincides with L.

In the following, we sketch some of the results given in [MR-O15]. We always
consider a proper Hamiltonian action of a Lie group G on a symplectic space
P and suppose that p € P is a relative equilibrium with generator £ € g, and
momentum J(p) = p such that g, has a G,-invariant complement in g. We
write £ = ¢+ + 1 with ¢+ € m and 7 € g,.

We start with a generalization of [RASD97, Theorem 3.2], which itself is
deduced from the bundle equations given in [RASD97]:

Theorem 5.24 ([MR-O15, Theorem 4.3]). Suppose that K C (Gp)y is a closed
subgroup such that

1. gff is a co-central subalgebra of gff and

2. dzhg(p)|NK is non-degenerate.

Then there is a smooth N(q,), (K)-equivariant local map

pr(m ™ x gk (0,0)) — (PX,p)
(p,1') = plpsn')

such that p(-,n’) is an immersion for each n' and p(p,n') is a relative equilibrium
with generator £ +n'. Moreover

K C Gpipy C (Gp)p-

The image of p contains every relative equilibrium in P* near p with generator
& near £ such that & — & € gff.

The proof is an application of Lemma with f(n', p,v) = an_m/. By
[IMR-015| Lemma 3.5], conditionyields that d%,£(0,0,0) yx is non-degenerate.

Clearly, p(p,-) is not an embedding, since p(p,n') = p(p,n”) if n' — 0" €
95(p,n’)- Thus in general, the image of p is not a smooth manifold.
As is shown in [MR-O15] Theorem 4.4], if condition [I| is replaced by the

assumption that the Lie algebra [ of L := Na, (Gp)/(;p is Abelian and we
choose K = G, then we obtain a manifold of relative equilibria of dimension
dim G/Gp + dim(m*)%», all of which have the same isotropy type as p. If

L is compact, this follows from the results discussed in section applied to
the L-action on Pg,: Since L is Abelian and p € Pg, is a non-degenerate
equilibrium, p is transverse then. As an easy computation shows, (m*)&r ~
(m&)* ~ [* (compare Lemma . Thus the set of relative equilibria within
Pg,, forms a manifold of dimension 2dim L. Hence its G-orbit is a manifold of
dimension

2dim L + dim G/gp _dim L = dim G/Gp + dim L.
IMR-O15l Theorem 4.4] contains a generalization of this conclusion to the non-

compact case. Moreover, Montaldi and Rodriguez-Olmos show that the mani-
fold is symplectic if G, is a normal subgroup of G,, which in the case of compact
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L may also be deduced from the results for free actions and the fact that q - p
is a symplectic subspace for the complement q of g, in g,.

For generators £ of p such that d2h5(p) is degenerate, the second one of
the above lemmas, Lemma [5.23] yields relative equilibria of a different isotropy
type if there is an admissible isotropy subgroup L C (Gj)y. In particular, one
obtains branches that bifurcate from a given manifold of relative equilibria:

Montaldi and Rodriguez-Olmos say that two relative equilibria p and p’ with
J(p) = pand J(p') = p’ are of the same symplectic type iff there is a g € G with
9Gpg™' = Gy and gG 97" = Gv. A parameterized branch of relative equilibria
is an injective smooth map p from a neighbourhood W of 0 in some vector space
to P whose image consists of relative equilibria such that the G-orbits of p(w)
and p(w’) are disjoint for w # w'.

Theorem 5.25 ([MR-O15]). Let K C (G,)y be a closed subgroup, W C m* x
gf be an open neighbourhood of 0 of a wvector subspace and p : W — P be
a parameterized branch of relative equilibria of the same symplectic type such
that p(0,0) = p, I(P(p,n')) = p+ p, Gurp = G, and Gy ) = Gp. Choose
generators {(p,n’) for p(p,n') with g,-component n+n'. Suppose that there is
a closed subgroup L C K such that

1. gﬁ is co-central in g,
2. Ng, (L) acts on N := ker d2h§(0)‘NL with cohomogeneity one, and

3. the eigenvalue a(p,n) of d*he(p(p, 77))|N crosses 0 at 0 € W.

Then for every 0 # v € N near 0, there is a relative equilibrium p, near p,
which is not contained in the G-orbit of any point of the original branch, with
generator &, € g, near £. Its isotropy subgroup contains L.

Remark 5.26. If L is an isotropy subgroup, it is maximal and Lemma [5.23
implies G, = L.

So far, all cited results of Montaldi and Rodriguez-Olmos ([MR-O15]) are
of the form described in the beginning: A commutativity condition assures
that every solution of the symplectic slice equation solves the commutation
equation and the focus of the theorem lies mainly in the solution set of the
symplectic slice equation. There is also another persistence result of a different
type given in [MR-O15] whose proof is based on an approach that resembles
the method in [Mon97] for free actions of compact groups. As indicated in
IMR-O15 Remark 2.7], this approach might possibly yield a generalization of
these results to actions with isotropy subgroups of positive dimension. The
given result deals with a formally stable relative equilibrium p, that means that
there is a generator ¢ such that d?he(p) is definite. The main stability theorem
in [MR-O15] states that a formally stable relative equilibrium is stable modulo
G, that is every G -invariant neighbourhood U of the G-orbit G,p contains
an open neighbourhood O of p such that the integral curves starting in O are
contained in U. This also shows that it is reasonable to take all possible choices
of generators of a relative equilibrium into account.

In particular, a formally stable relative equilibrium is extremal in the sense
of the definition given in [Mon97], see the introduction of this chapter. Thus the
following result may be seen as a part generalization of the results on extremal
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relative equilibria in [Mon97] and also [MT03], even though formal stability is
a slightly stronger condition than extremality.

Theorem 5.27 ([MR-O15, Theorem 4.6]). Let p be a formally stable relative
equilibrium with momentum p = J(p). Suppose that g, has a G,-invariant
inner product. Then there is a G-invariant neighbourhood U of p such that for
every p' near p with 1/ € J(U) there is a relative equilibrium p’ near p with
momentum J(p') = p'.

The proof is based on the following observation: Identify p with the point
[e,0,0] of the local model. The commutation equation

coady . p(p0)n(P T IN(v)) =0
may equivalently be written as

(dm*ﬁ(p7 1)) + 77) ’Tp 07 (5'15>

+JN(U)O -
where O denotes the coadjoint orbit of p + Jy(v) within gj: The left hand
side of the commutation equation is contained in g;, = anngq, where q is a

G -invariant complement. Moreover, for any ¢ € g, with & := dw-h(p,v) + 7
and v := p+ Jy(v), we have

<C0ad£ v, C> = _<V7 [€a<]> = <V7 Kaﬂ) = _<Coa‘dC v, §>
For a fixed v € g,, let f € C>(g;, x N) and ¢ € C>(gj, x N, gy) be defined by

f(Oz,U) = }_LW(O‘L“»U) - h’y(ovo) + <a>7>
d(a,v) :=In(v) — a|gp,

where h.(p,v) := h(p,v) — I} (v) is the augmented Hamiltonian of h(p, -). De-
note the restrictions to O x N by fo and ¢o respectively. Then equation (|5.15))
and the symplectic slice equation

dyhy(p,v) =0

are both satisfied for some 7 € g, iff the restriction of fo to ¢~1(0) has a critical
point at (p + Iy (v),v): This holds iff there is a Lagrange multiplier ' € g,
such that

dn(f = (& 1')(p+ In(v),v) =0,
dgz (f - <¢a nl>>‘TP+JN(u)O =0

In this case, n := v + 17/, p, and v solve equation and the symplectic slice
equation.

Thus it only has to be shown that for small values of p and v and some
choice of v, the function fp has a critical point on ¢51 (0): Recall that

Iy ([g, p,v]) = Coady(p + p + In(v)).

If the relative equilibrium p’ corresponds to the critical point in the coadjoint
orbit O C g;, of p + Jn(v), then J(Gp') = GO C g* is the coadjoint orbit of
p+ Jn(v) within g*.
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The proof of Theorem @ proceeds as follows: v € g, is chosen such that
d%/h(0,0) is definite. Since there is a G ,-invariant product on g, O is compact.
Together with a Splitting Lemma argument, this yields that fo is proper and
bounded from below or above depending on whether d?vl_zy(0,0) is positive or
negative definite. Thus fo has a minimum or maximum and hence a critical
point. (See [MR-O15] for details.)

Investigating the topology of the G-space (;551 (0) might yield an estimation
of the number of critical G,-orbits of the Gp-invariant function fo. In the
case of a free action, ¢51 (0) coincides with O x N and we obtain the setting
investigated in [Mon97], see section



Chapter 6

Equivariant transversality
approach

Equivariant transversality was defined by Field and independently by Bierstone
in 1977 ([Bie77] and [Fie77al). In the followup paper [Fie77b|, Field shows that
the definitions of equivariant general position and equivariant transversality
given in the two papers are equivalent.

The two authors have developed the theory with different intentions: Field
applies the theory to equivariant dynamical systems in [Fie90] and gives for
example an equivariant version of the Kupka-Smale theorem.

In [Bie76], Bierstone develops the theory further to include jets of equivari-
ant functions in order to generalize one of Mather’s results on the stability of
C*°-mappings to equivariant maps. (The result is the equivalence of C*-sta-
bility to an infinitesimal condition.)

The theory has turned out to be very useful for applications in equivariant
bifurcation theory. In [FR89], Field and Richardson show that the equilibrium
sets of smooth 1-parameter families of G-equivariant vector fields generically
consist of finitely many C'-curves and are topologically stable under small per-
turbations. In [Fie89], Field defines a notion of determinacy of a representa-
tion that respects derivatives at the points of the branches. Using Bierstone’s
generalization to jets of equivariant maps, he shows the genericity of the non-
degeneracy of the bifurcating branches. In later publications, he also considers
relative equilibria of the vector fields. (See [Fie96] for a comprehensive presen-
tation or [FieQ7] for a more elementary one.) We will sketch the bifurcation
theory results in section [6.2]

As will be presented in this chapter, equivariant transversality theory may
also be a powerful tool for the investigation of relative equilibria in equivariant
Hamiltonian systems. We will apply the theory in two different ways: The first
one combines Field’s approach to the local investigation of relative equilibria
in equivariant systems with Patrick’s and Roberts’ theory of transverse relative
equilibria and yields a partial generalization of the results in [PR0O0] to the
non-free case, see section [6.3

The second way is presented in section[6.4} As it was suggested by Chossat et
al. ([CLORO03]), we consider the family of augmented Hamiltonians he = h—J¢
on a symplectic representation as a family of functions parameterized by £. In

97
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case of a torus action, the group action on the parameter space is trivial and we
may proceed similarly as Field and Richardson in [FR89]. These results apply
to G-symplectic representations for compact connected groups G by considering
a maximal torus.

The approach of this thesis is not the first application of equivariant transver-
sality theory to the theory of Hamiltonian relative equilibria: Birtea et al
(IBPRTO6]) give a definition of equivariant transversality for families of Hamil-
tonian systems. However, the proof of their main result has faults that seem to
be irreparable. We will discuss this in section [6.2] In contrast, in this thesis we
investigate the structure of relative equilibria in a single Hamiltonian system
with symmetry given by a Hamiltonian action of a compact Lie group G. We
obtain results about their generic structure, which are valid for a quite general
class of Hamiltonian systems with symmetry.

6.1 Equivariant transversality theory

The goal of equivariant transversality theory is to develop an appropriate notion
of transversality to G-invariant submanifolds for smooth G-equivariant maps
f: M — N, where G is a compact Lie group and M and N are smooth G-mani-
folds. If P C N is a G-invariant manifold, we recap the classical definition of
transversality and the properties of this definition:

Definition 6.1. f is transverse to P at x € M (f M, P) if f(x) ¢ P or
df (z)(T. M) + Tf(a:)P = Tf(I)N.

f is transverse to P along A C M (f hy P) if f is transverse to P at every
x € A. fis transverse to P (f th P) iff f is transverse to P along M.

This yields the following implications, see [AR67]:

Theorem 6.2 (Transversality Theorem). 1. (smoothness) f~(P) is a man-
ifold with
codim f~1(P) = codim P.

2. (openness) If f M, P for x € M, there is a neighbourhood U C M of x
such that f thy P for everyy € U.

3. (density) If M is compact, the subset T of maps that are transverse to P
is residual in C° (M, N) with respect to the C*°-topology.

4. (stability) If A C M is compact and P is closed, the set
Ta:={feC*®M,N)| fha P}
is C'°°-open.
5. (isotopy) If M is compact, f : M x[0,1] — N smooth, and f; :== f(-,t) M P
for all t € [0,1], then there is an isotopy of diffeomorphisms K : M X
[0,1] = M, K; := K(-,t) with

Ki(f,7H(P)) = fo "(P) and Ko=1y.
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Remark 6.3. If M is not compact, the implication [3]is also true with respect
to the Whitney C'*°-topology instead of the C*°-topology. If A is not compact
but closed in |4, T4 is Whitney C'-open and hence Whitney C'>-open. See
appendix for the definitions of the topologies.

A good definition of equivariant transversality should transfer these prop-
erties as far as possible to equivariant maps. For the properties 3] and [} this
means that for compact M and closed P, the subset of equivariant maps f with
f M P should be generic (open and dense) within the set of equivariant maps.
The density property [3]is the reason why a new definition is necessary for the
equivariant case. Transverse equivariant maps may not even exist:

Example 6.4. If M and N are representations with M¢ = 0 and N¢ = 0,
P = {0}, and there is a subgroup H C G such that codim M < codim N,
then there is no equivariant map that is transverse to P.

The analogues to the properties [3] and [4] also imply that there is no chance
to have the same smoothness property as implication It is well-known in
bifurcation theory that generically zero sets may not be manifolds. For example,
if Rz, denotes the non-trivial Zs-representation on R and R the trivial one, for
an equivariant map

f : RZQ xR — RZQ
(@, A) = f(z,})

generically near a point (0, A\g) with 9, f(0, A\g) = 0, the zero-set has the form of
a pitchfork (see for example [GSS8]]).

Anyhow, there is a more general notion of transversality with a suitable
analogue to property [I} transversality to Whitney stratified sets. A Whitney
stratified set is a subset of a manifold together with a partition into submanifolds
which fit together in a nice way. For the precise definition see appendix [A22]
A smooth map is transverse to a Whitney stratified set Q iff it is transverse
to each stratum. In that case, f~1(Q) is a Whitney stratified set, too. If in
property [1] of Theorem [6.2] we only require P to be Whitney stratified and we
replace the word “diffeomorphisms” in property [5| by “homeomorphisms”, we
obtain true statements, which form the Thom-Mather-transversality-theorem,
see appendix [A2]

In fact, the definition of equivariant transversality relies on the theory of
transversality to Whitney stratified sets and the transversality condition implies
that the preimage f~!(P) is a Whitney stratified set.

For equivariant transversality, we also want to have an isotopy statement
as property [B] of Theorem [6.2] such that an equivariant isotopy of homeomor-
phisms exists. This implies that the preimages in each isotropy subspace are
homeomorphic.

Before we give the definition of Field (|[Fie(Q7]), we consider a definition which
seems to be an apparent attempt:

For an isotropy subgroup H C G and the conjugacy class 7 = [H], set
My :=M":={zeM" |G, =H}.

Definition 6.5. f : M — N is stratumuwise transverse to P iff for all isotropy
subgroups H C G and [H] = 7 the map

e ::f|MH My — N
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is transverse to P

If M is compact or alternatively if M is a representation and P is closed,
the set of equivariant maps f : M — N that are stratumwise transverse to
P is residual in C& (M, N): For every compact subset K C My, the set T
of maps f for which f¥ is transverse to P¥ along K is open and dense. If
Ki C Ky C --- C My is a countable system of compact subsets of My with
Uien K = M, the intersection (7;cy ’7}5 is equal to the set of maps f with
fH i PH which hence is residual. If H’ is conjugate to H, fH M PH is
equivalent to f#° h PH'. Since M has only finitely many isotropy types, the
stratumwise transverse maps form a residual subset of the equivariant maps.

The problem with this definition is that the set of stratumwise transverse
maps to P may not be open in the set of equivariant maps:

Example 6.6. Let M = N be the non-trivial Zs-representation on R and
P=0. f.(z) = z(z +¢)%(z — ¢)? is stratumwise transverse to 0 iff ¢ = 0.

Nevertheless, it seems to be reasonable that an appropriate definition of
G-transversality should imply stratumwise transversality: If f is G-transverse
to P, for any small perturbation f, the preimages (f)~'(P) and (f)~1(P)
should be homeomorphic. If it was possible to perturb f locally near some
point & € My such that locally near x the topology of the preimage (f)~!(P)
changes, this perturbation could be extended via the Slice Theorem to a per-
turbation of f. Hence, we want to exclude the possibility of such perturbations.
This can be done by requiring f to be stratumwise transverse to P.

In fact, equivariant transversality implies stratumwise transversality, as is
shown in [BieTT].

6.1.1 Definition of equivariant transversality

The definition of equivariant transversality which was given in [Bie77] relies on
some basic results about G-spaces and G-representations, which are essential
for the understanding of equivariant maps: the Slice Theorem, Bochner’s lin-
earization theorem, and the theory of polynomial generators of invariant and
equivariant maps.

By the Slice Theorem, for every x € M, there is a tubular neighbourhood
U~ G xqg, Sz, where S, is a G,-invariant slice, such that the set of smooth
equivariant maps C& (M, N) is in one-to-one correspondence to Cg (S, N):
The inverse of the restriction map f — f|SI for f € CZ (S, N) is given by the
unique equivariant extension h — h of g € C& (Sz, N) with h(gz) = gh(x) for
r € SandgeG.

Together with Bochner’s linearization theorem (Theorem , the Slice
Theorem (Theorem shows that locally G-equivariant maps can be consid-
ered as equivariant maps between representations: By Bochner’s theorem for
any x € m, there is a neighbourhood U of f(x) that is locally G (,)-equivari-
antly diffeomorphic to the G'f(,)-representation on Ty, N. If f is G-equivariant,
Gz C Gy(y) and Ty, N can be considered as a G -representation.

Furthermore, we can choose S, such that f(S;) C U. Let S, be locally
G ,-diffeomorphic to the G, -representation V. Since a small perturbation of f
also maps S, into U, we only need to consider G, -equivariant smooth maps
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from V into Ty, N to study the stability of the set f~!(P) locally at z. Sup-
pose f(z) € P, otherwise we define f to be G-transverse to P at X. Since
P is G-invariant, Ty, P is a G,-invariant subspace of Ty, N, hence it has a
Gz-invariant complement W.

In this way, we reduce the definition to the case of representations and the
invariant submanifold 0: We will define G -transversality to 0 € W at a point
in V¢ and extend the definition to the general case by calling f G-transverse
to P C N at x € M if the composition of f with the projection to W is
G -transverse to 0 € W. Of course, it has to be shown that this definition is
independent of the choice of the slice. We will omit this proof and refer to the
literature.

To define transversality to 0 in the case of representations, we need the
theory of polynomial generators of invariant and equivariant smooth maps on
representations. An introduction to the theory and proofs can be found in
[GSS88], chapter XII, §4-6]. (The proof of Schwarz’s theorem is only sketched.
For a complete proof, we refer to Schwarz’s original paper [Schw75].)

Recall that for G-spaces M and N, C°°(M)% denotes the ring of G-invariant
smooth real-valued functions on M and C& (M, N) denotes the C°°(M)%-mod-
ule of G-equivariant smooth maps from M to N. Similarly for G-representations
V and W, we write P(V)¢ for the ring of G-invariant real-valued polynomials on
V and Pg(V, W) for the P(V)%-module of G-equivariant polynomial maps from
V to W, where polynomial means that the map can be expressed in polynomials
in the coordinates with respect to some (and hence any) choice of bases.

First, we need some facts about invariant polynomials and equivariant poly-
nomial maps, which can be derived from Hilbert’s basis theorem:

Theorem 6.7 (Hilbert-Weyl Theorem). Let G be a compact Lie group and V
be a G-representation. Then P(V)C is finitely generated.

Obviously, the generators py,...,p; of Pg(V) can be chosen to be homoge-
neous. If such a set is minimal (no proper subset is a generating set), it is called
a minimal set of homogeneous generators of P(V)C.

Theorem 6.8. Pg(V,W) is a finitely generated P(V)E-module.

As for the invariant polynomials, it is possible to choose homogeneous gen-
erators of Pg(V,W): Take the homogeneous parts of any set of generators.
Again, if such a set is minimal, it is a minimal set of homogeneous generators
of Pg(V,W).

Although we do not need it for the definition of equivariant transversality, we
start with Schwarz’s theorem, since it will be necessary later on for the higher
order version. Moreover, the theorem for equivariant maps may be derived from
it.

Theorem 6.9 (Schwarz’s Theorem, [Schw75]). Let G be a compact Lie group
and V be a G-representation. If py,...,p; generate P(V)%, any f € C=(M)¢
can be written in the form f = ho P, where P = (p1,...,p;) : V. — R! and
h € C=(R!).

The next theorem is due to Malgrange and appeared first in [Poe76]. A
possible proof uses Schwarz’s theorem (see [Poe76] or [GSS88]). Another proof
is based on an equivariant version of the Stone-Weierstra$ theorem (see [FieQ7]):
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Theorem 6.10. If the equivariant polynomial maps Fi,...,Fy generate the
P(V)%-module Pg(V,W), they also generate the C>(V)%-module C (V,W).
Hence, every f € CX(V,W) can be written as

k
f@) = > @) Fi(a),

where the g; are invariant functions.

Example 6.11. Let V = W be the non-trivial Zs-representation Rz, on R.
Then every equivariant map is a product of an invariant function and the func-
tion Fy(z) = x.

Example 6.12. Let V = Rz, x R, where Zs acts trivially on the component
R, and W = Rgz,. Then every equivariant map is also a product of an invariant
function and the function Fi(z,\) = .

To define equivariant transversality, we fix a minimal set Fi,..., Fj of ho-
mogeneous generators of Pg(V,W). With respect to this choice, we define the
algebraic function

’19(33,1)1, SN ,tk) = EtLFz(I)

¥ := 071(0) is an algebraic set. Any algebraic set admits a canonical Whit-
ney stratification. Hence, there is an appropriate definition of transversality to
Y. such that the Thom-Mather transversality theorem applies.

For any function f € C(V, W), we choose a representation

k
f@) = Y si@)Fie)

and set
Ts(x) = (z,01(),...,qx(z)) € V x RE.
Then f=90TIY.
We use this to define G-transversality to 0 €¢ W at 0 € V:

Definition 6.13. f € CF(V,W) is G-transverse to 0 € W at 0 € V (f g 0
at 0) iff I'y is transverse to ¥ at 0.

Of course, it has to be shown that this is well-defined. In particular, one
has to prove the independence of the choice of the F; and the choice of the
representation of f as a linear combination of the F;, which is not always unique.
Again, we refer to [BieT7], [Fie96], and [FieQ7].

Example 6.14. In Example ¥ C Rz, x R is given by the union of the
two lines x = 0 and t = 0. The canonical stratification consists of the point
(0,0) and each of the lines with the point (0,0) omitted. Hence f : Rz, — Ry,
is Zo-transverse to 0 at 0 iff 9, f(0,0) = ¢(0,0) # 0.

Example 6.15. In Example ¥ C (Rz, x R) x R consists of the product
of the two lines x = 0 and ¢t = 0 with the A-axis. The canonical stratification
is the same but each stratum is multiplied with the A-axis. In this case, I' is
transverse to X at (0,0) if 9, f(0,0) = ¢g(0,0) # 0 or 9, f(0,0) = g(0,0) = 0 and
OO0 f(0,0) = 9xg(0,0) # 0. In the second case, the local preimage of the zero
set of f looks like a pitchfork.
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Example [6.15] illustrates the application of equivariant transversality theory
to bifurcation theory. We will come back to this in section [6.2

As explained above, Definition [6.13|is extended to the general case by choos-
ing a slice at = € M and a complement to Ty, P if f(x) € P. Independence of
choices is proved in [BieT7].

Remark 6.16. For any x € V, S = (gz)’ contains a slice for the G-action.
Hence a G-equivariant map f : V — W is G-transverse to 0 € W at « iff its
restriction to S is G,-transverse to 0 € W. Since generators of Pg(V, W) restrict
to generators of P, (S, W), this is equivalent to I'y h X at z, see [BieT7].

Based on the theory of transversality to Whitney stratified sets, the transver-
sality Theorem [6.2] can be transferred to the equivariant case:

Theorem 6.17 ([Fie07, Proposition 6.14.2 and Theorem 6.14.1]). Let M and
N be smooth G-manifolds and P C N be a smooth G-invariant submanifold.

1. If f : M — N is a smooth G-equivariant map and f thg P, then f~1(P)
is a Whitney stratified subset of M.

2. If f : M — N is a smooth G-equivariant map and f hg P at x € M,
there is a neighbourhood U C M of x such that f hg P at every y € U.

8. If M is compact, the subset T of maps that are G-transverse to P is
residual in CF (M, N) with respect to the C*-topology.

4. If AC M is compact and P is closed, the set
Ta:={feCF(M,N)| fhg P along A}
is C'*°-open.

5. If M is compact, f : M x [0,1] — N smooth, fi = f(-,t) Mg P for
all t € [0,1], then there is an isotopy of G-equivariant homeomorphisms
K:Mx[0,1] = M, K; == K(-t), with

Kt(ft_l(P)) = fo_l(P) and Ko = 1y.

Remark 6.18. Again we may omit the compactness assumption on M in[3|and
A in[4)if we replace the C*°-topology with the Whitney C'*°-topology. Then we
require A to be closed.

For our application to Hamiltonian relative equilibria, we will need the gen-
eralization of the theory to jets of functions, which is also used in bifurcation
theory to predict stability properties of the branches:

6.1.2 Higher order version

In [Bie76], Bierstone develops a theory of equivariant general position, which
includes the derivatives of an equivariant map, in order to overcome the following
problems:

1. In the definition of equivariant transversality, the degrees of the homoge-
neous generators are not taken into account. In particular, one obtains no
information about a possible degeneracy of the derivative at a specified
point.
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2. Let J9(M, N) denote the space of g-jets, which forms a bundle over M x N
(see Definition in appendix . The classical transversality theory
naturally extends to the case of a closed analytic submanifold (or more
general, a closed semi-analytic subset) @ C J9(M, N): The set of maps f
for which j9f : M — J9(M, N) is transverse to @ at a given point x € M
is open and dense in C*°(M, N).

If M and N are G-manifolds, there is an induced G-action on J¢(M, N):
gif(x) = j4(gfg 1) (gx). Hence, if f is equivariant, j¢f : M — J9(M, N)
is an equivariant section. If Q C J4(M,N) is a G-invariant analytic
submanifold, the set of equivariant maps f with j9f G-transverse to @ at
x € M is not always dense in C&F (M, N).

Bierstone ([Bie77]) gives a suitable definition of G-transversality of j7f to
@ and puts the definitions for the g-jet spaces together to give a definition of
general position of equivariant maps. For our purpose, the definition for the
g-jet suffices. For this, we adapt the term G-g-jet-transversality, which was
introduced by Field.

The definition of G-g-jet-transversality again splits into two parts, where one
part is the definition for maps between representations and the second one is
the extension to the general case via the Slice Theorem.

For the application to Hamiltonian systems, we will only need the case ¢ = 1
and N = R with the trivial G-action. Hence in the presentation of the theory,
the emphasis is placed on this case.

We start with the first part: Assume that V and W are representations.
Let p1,...,p; and Fi,..., F; form minimal sets of homogeneous polynomial
generators of P(V) and Pg(V, W) respectively. Set P = (py,...,p;). P is also
called the orbit map. An equivariant map f can be written as

k k
f(@) = 3 k@) @) Fi@) = Y L(P@) Fia).

This yields an expression of j9f(x) in terms of L = (Iy,...,1;) : Rt = RF, P,
and the maps F;. For example j!f(z) = (x, f(z),df(z)) is given by

k
(@, Y Li(P(2))Fy(x), Y (dl;(P(x)) o dP(2))Fy(z) + Li(P(x))dF;(x))

i=1 i=1

Note that in the case W = R, the module Pg(V,R) coincides with the ring
P(V)% and hence it is generated by the constant map Fj(z) = 1. In this case,
L is a real valued function and

l

§'f(@) = (2, Lo P(x), ) 9iL(P(x))dpi(x)).

i=1

Let Pq(Rl, R*) denote the space of polynomial maps of degree < g from R!

to RF. P,(R!,R¥) is a vector space and JI(R!, R¥) = R! x P,(R!,R*). The map
jif : V. — JUV,W) can be decomposed as

jif =Uqo(L,j9L o P),
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where }
JIL: R' — P,(R', R¥)

is the g-jet of L with the R!-component omitted and the map
U, : V x P,(R,R) — JY(V,R)

can be written in terms of derivatives of P and the F; and is in particular
independent of f. We give the explicit forms of U, and J9L in the case ¢ = 1
and W =R:

We write (to,t1,...,t}) for the coordinates of P;(R!,R) ~ R x R!. Then

Up:V x P(RLR) — JY(V,R)
(z,to,t1,...,t) = (z,to, Ztidpi(gc))
and

LR S RxV*
y = (L(y), dL(y))-

With these maps, we may formulate the definition for the case of representations:

Definition 6.19. If Q C J9(V, W) is a G-invariant closed semi-algebraic subset,
f e (V,W)is G-¢g-jet-transverse to @ C J4(V,R) iff (1, j9Lo P) is transverse
to U7 1(Q).

For the definition of a semi-algebraic subset of a real vector space, see ap-
pendix [A72]

Of course, it has to be shown that the definition is independent of the choice
of generators and the representation of f. The proof is given in [Bie76].

By abuse of notation, we write j9f Mg @Q in the case of equivariant jet-
transversality, even though this is not consistent with our former definition of
this notation.

Example 6.20. Suppose that we are interested in the critical points of some
G-invariant function f defined on the G-representation V. Then we have to
investigate the preimage (j!f)~1(Q), where

Q=VxRx{0}CcVxRxV*=J (V,R).
In this case, U; ' (Q) C V x R x R! is given by the product of R and the zero

set in V x R! of the function

l
(@, 1, .., th) = > thdpi(a).
=1

We omit the constant index 1 and denote this function by ¢ and its zero set
by ¥ to emphasize the analogy to ordinary equivariant transversality. Similarly
(again by abuse of notation), I'y denotes the map

x> (,0,L(P(x)),...,0L(P(x))) € V x R,

Then j'f Mg Q at z iff Ty h 2.
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Now let us consider the general case. Let us assume for simplicity that G
is algebraic. Since we are interested in local properties of an equivariant map
M — N near some point x € M, we can assume w.l.o.g. that M = G xg V,
where H = G, and V is an H-representation that is locally H-equivariantly
isomorphic to a slice at x, and define G-g-jet-transversality with respect to a
semi-algebraic subset @ C J4(G x g V, N) at the point [e, 0].

In addition, for any y € N, there is an H-representation W and an
H-equivariant local diffeomorphism (W,0) — (N,y) with the property that
any f € C(V,W) can be extended to a map f € C&¥(G xx V,N), where
f(lg,z]) = gf(z). Tt is easy to see that the map j9f(z) — j9f(x) is well-defined
on the set of jets of H-equivariant maps V — W and that the image of the set
Je(Cs(V,W)) of jets of H-equivariant smooth maps at 0 is an open subset of
the set

o (CE (G % V)

of jets of G-equivariant smooth maps at [e, 0].
If we choose a smooth local section ¢ of G — G/ ‘[ defined in a neighbour-

hood of H, f can be expressed as

flo(gH),x] = o(gH) f ().

Via this expression, f can locally be defined for any f € C>(V,W). This yields
a map

Ao : JUV,W) = J9(G xg V,N)
§1f (@) = j1f (),

which depends on the choice of o for jets of non-equivariant functions.
Let ¢ : V — G xg V be the inclusion. The map

Ay oU, : V x PAR,RY) — JUG x5 V,N)
has a unique G-equivariant extension i, to (G x g V) x P4(R!, RF):

V x PURLRY) — 21 Ja(v, W) —22s J9(G %y V,N)

o

(G xpg V) x PUR! RF)

If A, o Uy(z,t) = j2f(x), then $,([g,x],t) = j9f(gz) = g - (j9f(z)), since f is
G-equivariant.

In addition, the H-invariant orbit map P : V — R* extends uniquely to a
G-invariant map G xg V — RF, which we also denote by P. This yields the
map

(1,j9LoP): G xpg V — (G xg V) x PI(R",R¥).
Using this extension, the G-equivariant map
Jif:GxgV = JY G xg V,N)
is equal to the composition

0 (1,7L o P).
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This motivates the general definition of G-g¢-jet-transversality: Suppose that
for @ C JY(P,N) and p € P with H := G, tubular neighbourhoods G xg V'
of p and T of f(p) can be chosen in such a way that Q N J9(G xg V,T) is
semi-algebraic.

W.lo.g. we assume Q C JUG xg V,T).

Definition 6.21. If Q C J9(G xg V,T) is a closed G-invariant semi-analytic
subset, f € Cg(G xpg V,T) is G-g-jet-transverse to Q (j? ha Q) at [e, 0] iff
(1,79L o P) is transverse to 4, *(Q) at [e,0].

Remark 6.22. Even if G is not algebraic, J9(G x g V, N) is an analytic mani-
fold: By [BtDS85| chapter III, Theorem 4.1], G is isomorphic to a closed subgroup
of GL(V) for some vector space V. Thus the exponential map yields an analytic
structure on G and hence Gx gV, T, and J4(G x gV, N) are analytic manifolds.
In [Bie76], @ is required to be an analytic submanifold. In fact, the necessary
assumption is that 4 '(Q) has a canonical Whitney stratification. This holds
as well for a semi-analytic @, since u;l(Q) is also semi-analytic in that case
and semi-analytic sets admit a canonical Whitney stratification as well.

For simplicity, we restrict ourselves to the semi-algebraic case. As will be
discussed below, there is an equivalent definition based on the definition for
representations. This way, we do not need an algebraic structure on G.

As is shown in [Bie76], G-g-jet-transversality is well-defined and in particular
independent of the choice of a local isomorphism of G x V and a neighbourhood
of x € M that sends [e, 0] to x. Furthermore, the definition admits the following
generalization of Thom’s transversality theorem:

Let M and N be smooth G-manifolds and @ C J%(M,N) be an admissi-
ble G-invariant subset such that G-g-jet-transversality to ) can be defined, i.e.
there are appropriate choices of tubular neighbourhoods such that the corre-
sponding sets ﬂ;l(Q) have a canonical Whitney stratification.

Theorem 6.23 ([Bie76]). Let Q be closed and be A C M be a closed G-invariant
subset.

1. {f e C¥(M,N) | jif hg Q along A} is open and dense in CF(M,N)
with respect to the Whitney C*-topology.

2. Let M be compact, f : M x [0,1] — N be smooth and set fi = f(-,t).
If jif; hg Q holds for every t € [0,1], there is an isotopy of G-equiv-
ariant homeomorphisms hy : M — M, t € [0,1] such that hg = 1 and
he(30f7 Q) = 0S5 H(Q)-

Remark 6.24. Forany z € G x gV, j9f g Q at x iff (1, j9Lo P) is transverse
to U, 1(Q) at x, see [Bie76, Proposition 7.4].

For ¢ = 0, G-0-jet-transversality to V' x {0} C V x W is just G-transversality
to 0 e W: If 'y = (1,y) is transverse to ¥ at 0 € V, this is also true if we
extend vy G-invariantly to G x g V and replace ¥ by GX C G xg V. Moreover,
vt = Lo P, ¥ = Uy, and jOf(x) = j°f(x) imply th|, = Up. Therefore,
U5 1(0) = GX.

Remark 6.25. The other way round, we now reformulate the general defini-
tion of G-jet-transversality in a way such that the analogy to the definition of
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ordinary equivariant transversality theory becomes clearer: We consider the re-
striction of the map j9f : VxyG — J9(V xyG, N) to V. This map decomposes
as

A, o0U,o(1,j1L o P),

compare the following diagram:

(1,j9LoP) A

v V x PURLRY) — 21 Ja(V, W) —A7s J9(G xy V, N)

J o

(G x5 VIZEDIG % V) x PURE RF)

Since 41 (Q) is G-invariant, the map
(1,j9Lo P): G xyg V — (G xyx V) x PY(R' R¥)
is transverse to ;1 (Q) at [e, 0] iff it is transverse to the intersection

~1 | ok
U7H(Q) N (V x PR, RY)),
which equals (A,0U,)~(Q). Moreover, the derivative of j7LoP at [e, 0] vanishes
in the direction of the G-orbit, since P is G-invariant. Hence, j¢f g @ iff the
map

(1,j%Lo P):V — V x P4R' RF)

is transverse to (A, o U;)71(Q) at 0, equivalently, iff f|v is H-g-jet-transverse
to the H-invariant subset A 1(Q).

The image of A, o U, coincides with the set of jets of equivariant maps (i.e.
the jets that have a representation as a jet of an equivariant function) with base
points in V. Hence the image of the G-equivariant extension i, of A, o U, is
given by the set of jets of equivariant maps. That means that () may be replaced
with its intersection with this set without any difference.

In the case ¢ = 1 and N = R with the trivial G-action, the set of jets of
equivariant maps is contained in the set of jets that vanish in the direction of
the G-orbits.

More precisely, assume M = G xg V and let T C TM and T7° C T*M
denote the sets given by

T.=gx and 7T, =ann(7,).
Then, we have
im(Ay 0o Uy) = (T° xR)|, CT*M xR = J'(M,R).

In our applications, @ is of the form @’ x R with Q' € T*M and we can omit
the R-component. Then we only have to consider the intersection Q' N7T°. The
preimage of this intersection under A, consists of the derivatives in V-direction
and f is G-1-jet-transverse to @ iff f|V is H-q-jet-transverse to the projection
of @ NT° to T*V.
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6.2 Application to bifurcation theory

As Field and Richardson observe, equivariant transversality theory is quite use-
ful to describe the “branching pattern” of generic 1-parameter families f :
(x,\) = fa(x) of equivariant vector fields. Here, the term “branching pat-
tern” initially means the germ of the zero set of f near a bifurcation point:
A zero (zg,Ao) of f is a bifurcation point iff d, f(zo,Ao) is not invertible. (If
d. f(zo, Ao) is invertible, the implicit function theorem implies that the zero set
can be locally parameterized by A.)

Obviously, the zero set of f corresponds to the equilibria of the vector fields
fa. Later on, the points (z, A) near (xg, Ag) such that x is a relative equilibrium
of f\ will also be considered as part of the “branching pattern”.

This section gives a broad sketch of the main ideas of this application of
equivariant transversality theory.

Via Lyapunov-Schmidt-reduction or a centre manifold reduction, the search
for the local zeros of f can be reduced to the search for the zeros of an equivariant
map from ker d, f(zg, A\g) X R to kerd, f(xg, Ao) (where the group acts trivially
on R). As is well-known, for equivariant 1-parameter-families generically the
kernels kerd, f(zo, Ao) at bifurcation points are absolutely irreducible (see for
example [Fie(07, section 7.1.1]).

Thus, as far as we are interested in bifurcation of equilibria, we only have
to consider G-equivariant maps f : V x R — V, where V is an absolutely
irreducible representation and R the trivial representation, such that f(0,0) = 0
and d, f(0,0) = 0. Since the non-symmetric case is well-known, we suppose in
addition that V is non-trivial. Then V& = {0} implies f(0,\) = 0.

d.f(0,\) =M1, o(\) €R,

since V is absolutely irreducible. In the following, we assume in addition that
the genericity condition ¢’(0) # 0 is satisfied.

The set of these maps f is denoted by C& (V xR, V). This set of functions is
considered in [FR89]. In his later publications, Field uses a reparameterization
to assume o(A) = A. The set of maps f with this property is denoted by V.
Both function spaces are endowed with the Whitney C°°-topology.

Now, an equivalent characterization of equivariant transversality, which is
closer to the original definition of Field ([Fie77al), turns out to be useful:

We first consider a slight modification, that is also considered in [Bie77]: Let
Fi,..., F}, be aset of homogeneous polynomial generators of the P(V)%-module
Ps(V, V). Note that the maps

(z,A) — Fi(x)

form a homogeneous set of generators of the P(V)%-module Pg(V x R, V). By
abuse of notation, these generators will also be denoted by F; in the following.

Suppose f =", gi(xz, \)Fi(x).
As illustrated in Example [6.15] we may replace the maps

0:VxRxRF =V
(@, A1) = Y tiF(x,\) =Y tiF(z)
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and
T;: VxR =V xRxR¥2,\) = (z,),91(2,\), ..., gul(z,\)
(again by abuse of notation) by
0:VxRF 5V
(5,8) > S i)

and
IFy:VxR—=Vx Rk(x,)\) = (z,91(z, A), ..., gr(x, A)).

If we set ¥ = 671(0) for our new definition of @, then f hg 0 € V at (0,0) €
V x R still holds iff 'y th 3 at (0,0).
Now, consider the map

vV XR = R*
(JT,)\) = (gl(xa)‘)7 s 7gk(xv)‘))'

Note that I'¢(z) = (x,7¢(x)) is the graph of 7.

Moreover the canonical stratification S of ¥ C V x RX yields a stratification
of RF = 2¢ = Y(c): For each isotropy type 7, set S; = UsesS;. By [Fie(7,
Theorem 6.10.1], S; is a Whitney stratification of 3, consisting of S-strata.

Thus, f hg 0 € V at (0,0) is equivalent to v M S(g). The next lemma gives
some insight into the stratification S(g). From now on, we fix a minimal set of
homogeneous polynomial generators F1, ..., Fy, with Fi(x) = . Then F}, is of
order > 2 for z > 2.

Lemma 6.26. Every stratum S C S(g) with codim S > 0 in R* is contained in
RF1 = {t e R* | t; = 0}.

Proof. Consider a point (0,¢) € R¥ = {0} x R* € V x R*. Since (x,t) =
> tiFi(x), we obtain d;0(0,t) = t;1. If ¢t; # 0, the implicit function theorem
yields that there is a neighbourhood U of (0,t) whose intersection with the
set ¥ = 671(0) C V x R¥ coincides with U N R*. By the construction of the
canonical stratification, U N R” is contained in a single stratum of S. O

This alternative characterization of G-transversality has some advantages:

e For a fixed choice of a minimal set of homogeneous polynomial generators
Fy, ..., Fy, the map 7y is independent of the choice of the representation
f(x,X) = >, gi(x, \)Fi(z) (see [Fie07, Lemma 6.6.3] and the definition
of v after his Corollary 6.6.1). This yields an elegant alternative to Bier-
stone’s proof of the independence of the choice of the representation. As in
Bierstone’s proof, a general G-representation V' is considered as a product
V x R?, where V& = {0} and G acts trivially on the parameter space R®.

e We would like to prove openness and density of the property f Mg 0 € V
at (0,0) within the function space that we choose for the investigation of
bifurcation problems. Openness follows from the openness in the space
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C&(V x R,R). For the proof of density, we give another equivalent de-
scription of G-transversality:

Consider the map v : f = 75 from CF(V x R, V). or Vy to C°(R,R¥).
7 is continuous ([Fie07, Lemma 6.6.7]). The image is given by the set of
functions whose first coordinate is given by o(\) or A respectively. Thus,
v7(0) € R*~1 and v; is transverse to R*~1 at 0. By Lemma inter-
secting the strata of §(g) with R*~! yields a Whitney stratification A of
RF1 and vy is transverse to S(g) if 7£(0) is contained in a stratum of A
of codimension 0.

Since this holds for a dense subset of the image of v, the preimage of this
set in CF (V' x R,R), or Vy is also dense.

e This alternative description of G-transversality confirms that a vector field
f e C¥(V xR,R), is G-transverse to 0 at (0, 0) if this is true for the d-jet
of fo, where d is the maximal degree of the F;. We will see below that in
this case the homeomorphism class of the zeros of f is stable under pertur-
bations. This yields Field’s finite (weak) determinacy result. (In Field’s
terminology, broadly speaking, a representation is weakly d-determined
if for a generic equivariant smooth family fy, the topological properties
of the zero set are stable under perturbations and determined by ;¢ fo.
Determinacy requires also hyperbolicity of the non-trivial zeros.)

If f eV xR,R), is G-transverse to 0 at (0,0), the local zero set of f
is a Whitney stratified subset of V' x R whose structure may be deduced from
that of X.

The following smoothness result for the isotropy components X is essential:

For any isotopy type 7 = (H), set

gr = dim G/H =dim G — dim H,
n, = dim N(H)/H = dim N(H) — dim H.

Lemma 6.27 ([Fie07, Lemma 6.9.2]). For each isotropy type T of V, the set
3.r is a smooth manifold with

dim¥, =k+ g, —n,.

If f g 0 at (0,0), T'y is transverse to the canonical stratification S of 3
along a neighbourhood U of (0, 0). Since for each 7, the stratification S, consists
of S-strata, I'y is transverse to S; and hence to X, along U as well. Thus the
zeros of f of isotropy type 7 contained in N form a dim g, — n, + 1-dimensional
smooth manifold of V' x R, whose closure contains the origin (0, 0) if they exist.

We first consider the case of a finite group G: In this case, we obtain 1-di-
mensional smooth manifolds, whose boundaries consist of the origin. Each of
these curves is Whitney regular over the origin. Let us call each union of the
origin and one of these curves a branch. Applying a result of Pawlucki on regu-
larity of Whitney stratified semi-algebraic sets to ¥, and a stratum in %, NR¥,
Field and Richardson even show that each branch may be parameterized as a
Cl-curve [0,6) — V x R.

If dim G > 0, the zeros of isotropy type 7 consist of G-orbits of dimension
gr. Thus, if n, > 1, we do not expect any zeros of isotropy type 7 near 0. If



112 CHAPTER 6. EQUIVARIANT TRANSVERSALITY APPROACH

n, = 1, connected components of zeros of isotropy type 7 in N consist of single
G-orbits. Since the zero set of f is Whitney stratified, by local finiteness, they
are bounded away from zero. Hence in the local sense, there are no zeros of
isotropy type 7 near zero. Only in the case n, = 0, we obtain a “branch” of
G-orbits of zeros: If py,...,p; form a minimal set of homogeneous generators of
the ring P(V)¢, the orbit map P x 1 = (py,...,p;, A) maps each of these orbits
to a single point of R! x R. As in the finite case, it may be shown that the image
in R! may be expressed as a union of C''-curves starting at (0,0).

For a non-finite group G, it seems to be more natural to include relative
equilibria. This is illustrated by the above results: Local branches of zeros
of isotropy type 7 only occur in the case n, = 0. In this case, all relative
equilibria are in fact equilibria, since the trajectory of a relative equilibrium
with isotropy subgroup H is contained in its N(H )-orbit. Moreover, in the case
ny = 1, isolated orbits of zeros may occur. As examples show, these are usually
embedded in branches of relative equilibria. The analysis of the local structure of
relative equilibria yields that this is indeed the behaviour we generically expect.

The generalization of the results for finite groups to the bifurcation of relative
equilibria first appeared in [Fie96]. For the generalization, we have to consider
also bifurcations that are caused by a pair of purely imaginary eigenvalues +ai,
«a > 0. Centre manifold reduction or a Lyapunov-Schmidt reduction in a way
used for the proof of Hopf bifurcation theorems yields an equivariant family fy
of vector fields on the real part V of the sum of the generalized eigenspaces
for +ai. Generically, the generalized eigenspaces coincide with the eigenspaces
such that dfy(0)? = —a?1. Thus, 2dfy(0)? defines a complex structure on V.
Moreover, it may be shown that V' with respect to this complex structure forms
a complex irreducible G-representation. Using the theory of Birkhoff normal
forms, we may assume that the Taylor polynomial 7). f of order r commutes
with the S'-action defined by the complex structure for an arbitrary finite r.
Field proves that for r large enough, the branches of relative equilibria of 7). f
persist if the higher order terms of f are added. (But there may be additional
relative equilibria for f.) Thus, Field restricts his analysis to the case of complex
irreducible representations of compact groups of the form G = K x.S'. For these,
he considers the set of normalized families

Vo(V,G) ={f € CZ(V xR, V) [dfr(0) = A+1)1}.

(The normalization consists of a scaling of time which corresponds to a scaling
of f and a reparameterization in the variable A afterwards.) The rest of the
argument is similar to the one for bifurcations of equilibria:

The set X is replaced by the set

¥ ={(x,t) | 6(z,t) € T,Gzx}.

Note that £* is an algebraic set, since (z,t) € ¥* iff dP(x)0(z,t) = 0:
Suppose that 2 has isotropy type 7. Since 6(-,t) is an equivariant vector
field, 0(z,t) € VG C T, V.

For every connected component V! C V,, the image P(V}) = & /G is
a smooth manifold and P : V! — & /G is a submersion (see [DKO00, Re-

mark 2.7.5]). Hence for x € V;, the kernel of dP(x)|T v coincides with T, Gx.
The isotropy components of £* also form smooth manifolds:
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Lemma 6.28 ([Fie07, Lemma 10.2.2]). For each isotropy type T of V, the set
3% s a smooth manifold with

dim¥ =k + g,.

As before, each X% is a union of strata of the canonical stratification of ¥*.

Thus, for any f € Vo(V,G) with T'y h £* at (0,0), the set of pairs (z,\)
such that x is a relative equilibrium of fy consists of branches of G-orbits (in
the same sense as above).

It only remains to show that this transversality condition is open and dense
in Vo(V,G). Openness is clear. Density is proved in a similar way as above:
We choose a minimal set of homogeneous equivariant generators Fi,..., Fy
with Fi(z) = z and Fy(z) = iz. Again, &, N R* is contained in RF1 =
{t e R* | t; = 0}. Thus, again we obtain a Whitney stratification .A* of R*~!
such that the transversality condition is satisfied if

77(0) = (0,1, 93(0,0), ... gx(0,0))

is contained in a stratum of A of codimension 0. Moreover, using iz = T,.S'z C
T,Gx, it may be shown that the stratification A* is invariant under transla-
tion in the direction of the ts-axis. As above, this yields the density of our
transversality condition.

Remark 6.29. The transversality condition can be formulated in terms of
equivariant transversality: Consider the algebraic subset

T:={(z,v) |dP(z)v=0}CV xV
and the map

Ix0:VxRF 5V xV
(.T,t) —> (.T,thFz(CC))

Then X* = (1 x )7}(T). The space V x V may be identified with the space
JO(V,V) and 1 x 6 coincides with the map Uy. The composition Uy o 'y yields
the graph of f that may be seen as the 0-jet of f. Thus, in the notation of
equivariant 0-jet-transversality, the condition is jOf g T. Equivariant 0-jet-
transversality is just a slight generalization of equivariant transversality.

Field also considers an equivariant 1-jet-transversality condition in order
to show that the bifurcating equilibria and relative equilibria are generically
hyperbolic and mormally hyperbolic respectively. For the characterization of
normal hyperbolicity in this context, the splitting f = fr + fn of a vector field
f € C¥(V,V) within a tubular neighbourhood is used, where fr is tangential to
the G-orbits and fy is tangential to the slices. The existence of such a splitting
is a result of Krupa [Kru90]. A G-orbit of relative equilibria is a normally
hyperbolic submanifold for f iff each of its elements is a hyperbolic zero of fy
restricted to the corresponding slice. Equivalently, for any element x of the
orbit and any equivariant vector field f with f(z) = f(z) that is tangential to
the G-orbits, the centre space of d(f — f)(z) has dimension dim Gz.
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Let H(V) C Endr(V) be the semi-algebraic subset consisting of hyperbolic
manifolds. In the case of a finite group G, Field sets

Zy :={(2,0,A) € JY(V,V) =V xV xEndg(V) | A¢ H(V)}.

For the non-finite case, the definition of a corresponding set Z7 is more involved.
Starting with the semi-algebraic set

Z5(r) ={(z,v) eV xV ]xeV,,veT, NG}

for any isotropy type 7, a map = from ZJ(7) into the set of vector fields
C&(V,V) is constructed such that (E(x,v)) is tangential to the G-orbits and
(2(z,v))(z) = v. Based on these maps, one obtains a semi-algebraic set Z; with
the property that the G-orbit of relative equilibrium x is a normally hyperbolic
submanifold for f iff j1f(z) ¢ Z;.

In both cases, Field proves that for dimensional reasons, j'f Mg Z; and
jrf g Z7 are equivalent to jlf(x) ¢ Z7 and jlf(z) ¢ ZF respectively. Again,
openness and density of this condition can also be shown for the sets Vo(V, G).

These methods of analysing questions in bifurcation theory have strongly
inspired the proceedings of this thesis.

As mentioned in the beginning, Birtea et al ([BPRT06]) also build on Field’s
ideas to study bifurcations in 1-parameter families of equivariant vector fields. In
particular, they investigate bifurcations of relative equilibria in the Hamiltonian
case. Their analysis relies on a variant of Field’s method proposed by Koenig
and Chossat ([KC94]): For a given equivariant vector field X on a G-represen-
tation V, we consider the projection X to the orbit space V/G C R*, given by
X (P(x)) = dP(x) X (x). The space V/G is Whitney stratified, where the strata
are given by the images of the subsets of the same isotropy type. The projection
X is a vector field on V/G, in the sense that it is tangent to the strata. If the
family f is represented by f(z,A) =Y, gi(P(x), A)F;(z) then we have

A) =Y gi(P(x), N Fi(x).
Instead of the map 6 : VxR* — V', we consider the induced map 6 : V/G xRF —
V/G given by
t) =Y tiFi(x)

Then ¥ := #~'(0) coincides with the projection of the set ¥* c V x R¥ to
V/G x R¥. Moreover, the projections of the strata of ¥* form a stratification
of ¥. The induced stratifications of R* are the same, when we identify R* with
the subsets {0} x R* of £* and 3 respectively. Koenig and Chossat say that the
projected family f is G-transverse to 0 = P(0) € V/G at (0,0) € V/G x R iff
the map v with v(A) = (g1(0, ), ..., gk (0, A)) is transverse to this stratification
of R*. This is equivalent to Field’s condition.

Now, Birtea et al formulate a Hamiltonian analogue of equivariant transver-
sality theory: They note that for a G-invariant Hamiltonian function h with a
representation h = g o P, the Hamiltonian vector field X}, is given by

Xn(x) = Bi210i9(P(2)) I Vpi(2),
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where w = (-,J-). Thus, if we redefine 6 by 0(z,t) := Zi:l t;JVp;(x) for
(z,t) € V x Rl and T, by Ty (2) := (2,019(P()),...,0g(P(x))), then X}, can
be decomposed as 6 o I'j,. This is in principle what we will do in section of
this chapter. We will give our definition in terms of 1-jet-transversality in order
to deduce directly from Bierstone’s theory that our transversality condition is
well-defined and generic — a matter that Birtea et al take no notice of when they
give their definition.

For a family f of Hamiltonian functions f(-,A), we obtain an analogous
decomposition. Alternatively, one could transfer Koenig’s and Chossat’s formu-
lation. This is the approach of Birtea et al ([BPRT06]). They observe that the
projections of the vector fields JVp; are given by

{p1,pi}

{p2,pi}

{1, pi}
Thus the map 6 : V/G xRE — V/G C R! induced by @ is given by (x,t) — A(z)t,
where the [ x[-matrix A(z) has the entries (A(x));; = {ps, p; }(x). We also define
>, and S(g) in an analogous way as for general equivariant vector fields; i.e.
¥ :=#~(0) and S(c) is the stratification of R' C % induced by the canonical
stratification of 3.

Birtea et al consider families of Hamiltonian functions parametrized by A € R
such that at A = 0 the derivative of the Hamiltonian vector field at the origin
has either an eigenvalue 0 or a pair of non-zero purely imaginary eigenvalues i
such that g is not irreducible as a G-symplectic representation. In the first
case, generically this can be reduced to the study of families f : V' x R — R,
where V' is an irreducible symplectic representation and dXy(. »)(0) = o(X\)J
with ¢(0) = 0 and ¢’(0) # 0. In the second case, the generic situation can be
reduced to the case that V' is a sum of a pair of complex duals and dX (. »)(0)
is given by a sum of four matrices, each of which is a product of a constant
matrix and a function in A. One of these functions is also called ¢ and satisfies
o(0) =0, 6’(0) # 0. (This is a result from [COR02]. See [BPRT06] or [COR02]
for the precise form.)

If f:V xR — R is such a family of Hamiltonian functions with

Xy (@) =21 ,0i9(P(2),\) T Vp;(2),

equivalently 3
Xy (@) = A(@)V payg(P(z), A),

Birtea et al set y(\) := (9,,9(0,)),...,3,,9(0,))) € R!) and call the family
Xf(.y)\) transverse to 0 € V/G at A = 0 iff v is transverse to S at 0.

Then, they consider such families that satisfy this transversality condition
and state that for a special class of symplectic representations V', the relative
equilibria form ’branches’ as they do for generic equivariant families of general
vector fields. That is, they locally form C'-curves in the orbit space V/G’ x R
that start at (0,0) and contain no point (0, A) with A # 0. The condition on V'
is, that there are indices 49,41 € {1,...,1}, such that the function {p;,, p;, } does

not vanish identically and there is ¢ € V with lim,_,,, % for all i #£ I
0P

and z in the domain of definition. The proof, however, is erroneous: The authors
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claim, that this condition implies that all strata of Sy of codimension > 1 are
contained in the subspace {t;, = 0} C R! and that it is hence possible to adapt
Field’s argument. First, such an adaption of the arguments is only possible if o
coincides with the i;-th entry of the function . Second, the proof of the claim
about the stratification relies on the assertion, that if the ig-component of map
6 vanishes for some pair (P(x0),to), then the ip-component of 0(-,to) vanishes
identically. This is obviously not true.

Moreover, if there was a G-symplectic representation V such that the relative
equilibria of a generic family of Hamiltonian systems with G-symmetry on V
form branches of this kind, a single generic Hamiltonian function would have
no non-trivial relative equilibria in some neighbourhood of the origin. This is
not the behaviour that we expect. Indeed, as we have shown in chapter [3| if
the connected component G° of the identity acts non-trivially on V', there is
an open set of Hamiltonian functions h such that G° acts non-trivially on the
corresponding centre space E. of dX;,(0). In this case, the results discussed
in chapter [5] show that we have to expect relative equilibria near 0 € V. For
example, this follows from remark

Nevertheless, it is an interesting observation that 6 takes this particular sim-
ple form. It may lead to a better understanding of the structure of Hamiltonian
relative equilibria in symplectic representations in future work. The approach
of the following sections, however, is different:

In section[6.3] we consider an algebraic set similar to that considered by Field
for his investigation of the bifurcation of relative equilibria. We only need a
suitable notion for equivariant transversality of Hamiltonian vector fields which
will be given in terms of equivariant 1-jet-transversality. As mentioned, this is
in principle equivalent to the definition given by Birtea et al ([BPRT06]).

The analysis of torus representations of section [6.4]is similar to Field’s orig-
inal method of analysing the bifurcation of zero sets: As suggested by Chossat
et al. in [CLORO3|, we search for zeros of the augmented Hamiltonian and con-
sider the £ € g as parameter. If g is Abelian, the action on the parameter space
is trivial and thus the problem can be handled as above. The only difference is
the dimension of the parameter space, which is not an obstacle. As mentioned,
more dimensional parameter spaces even occur in the proof of the independence
of choices.

6.3 Transverse relative equilibria with continu-
ous isotropy

In an analogous way as Field’s approach in the context of bifurcation theory
for equivariant vector fields, equivariant transversality theory may be used to
study the generic structure of relative equilibria of Hamiltonian vector fields for
invariant Hamiltonian functions. In this way, the theory for free actions can
be generalized to some extent. We will see that the definition of a transverse
relative equilibrium given in [PRO0Q] is a special case of a more general definition,
which involves equivariant transversality.

In particular, we obtain that generically the results of Patrick and Roberts
(JPROQ]) for transverse relative equilibria hold within isotropy submanifolds Py
for any isotropy subgroup H C G with respect to the free action of the group
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N(H) := (N(H) / H)°. If we identify the groups N(H) of relative equilibria of
the same isotropy type via conjugation, generically the subsets of the same type
(K) within N(H) of the momentum generator pair form a smooth manifold of
dimension

dim G — dim H + 2dim Z(K) — dim K.

In addition, the set of these relative equilibria within the set of phase space
points of the same isotropy type has singularity type (I* @ ()¢, where [ is a
K-invariant complement of the Lie algebra 3 of Z(K) within £. That these
properties hold for a residual set of G-invariant Hamiltonian functions, can
also be deduced directly from the theory presented in [PR0O0], but equivariant
transversality theory yields the openness of this set. Moreover, we can conclude
in addition that the whole set of relative equilibria forms a Whitney stratified
set.

There are several possible ways how to obtain these generalizations of the
theory of transverse relative equilibria. A possible approach might be to gener-
alize the fact that equivariant transversality implies stratumwise transversality
to the jet version of transversality theory and invariant algebraic subsets of
the jet space. Then the results of Patrick and Roberts ([PR00]) may be ap-
plied to the fixed point spaces. But for algebraic sets, the subsets of the same
isotropy type are no longer manifolds and this may cause difficulties with the
implications between the transversality properties with respect to the different
occurring stratifications. (It might be necessary to modify the definition and
use a stratification which respects the isotropy type.)

However, we will show stratumwise transversality only in the relevant special
case and conclude the results in a more direct way here, which is a bit closer to
Field’s proceeding for general equivariant vector fields.

We start with a generalization of the definition of transverse relative equi-
libria: For finding relative equilibria in the Hamiltonian case, we search for
solutions (p, &) of the equation

which is the same equation as for equivariant vector fields with the only dif-
ference that we vary the vector field within the class of Hamiltonian vector
fields. This leads to the question how equivariant transversality to the subset
T =U,ep 8 p of TP should be defined for Hamiltonian vector fields.

This question can be answered by considering the dual equation

dh(p) —dJ*(p) =0 :

If K° C T*P denotes the set K° = U, cp e, dJ¢(p), the product R x K° can
be considered as a subset of J1(P,R) ~ R x T*P. Then we only have to apply
equivariant jet-transversality theory. More precisely:

Definition 6.30. A relative equilibrium p € P is transverse iff h is G-1-jet-
transverse to K° x R at p.

Ifw.lo.g. P~ GxpgV, the set K° is a semi-analytic subset of T* P and hence
transversality of p is well-defined: The analytic isomorphism w# : T*P — TP
induced by the symplectic form w maps K° to the subset 7 C TP with T, = g-z.
Since P is locally analytically isomorphic to g/[) x V', TP is locally isomorphic to
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the analytic manifold T(g/b) x TV and the subset 7T corresponds to the product
of T(8/) and the subset 7' C TV given by T/ = b - . The set T’ is even a
semi-algebraic subset of T'V. This follows in a similar way as Field’s argument,
why the set ¥* is algebraic: If p1,...,p; are polynomial generators of P(V)H
and P = (p1,--- ,p) is the orbit map, 7" is equal to union of the zero sets of
the maps dP : TV, — R!, (z,v) = dP(z)v, defined on the tangent bundles of
the isotropy subspaces. We only have to show that the tangent bundles TV, are
semi-algebraic subsets of TV. By [Fie07, Lemma 6.8.1] the subsets V. C V are
semi-algebraic. In addition, the points of V, are non-singular points of their real
Zariski closure, in the sense of [BCR9S8|, Chapter 3, Section 3]. (This was shown
by G. Schwarz, see [Fie96, Lemma 9.6.1, part (1)].) Therefore it follows from
IBCRYS|, Proposition 3.3.8] that V. can be covered by semi-algebraic subsets
whose tangents spaces are semi-algebraic. Hence TV, is semi-algebraic itself.
Thus, K° is semi-analytic. If G is an algebraic group and hence is H, K° is even
semi-algebraic.

Remark 6.31. In order to avoid to use the — far from trivial — result shown
by Schwarz, we could alternatively proceed analogously to Field: Instead of K°,
we can consider the image K° under w# of the G-invariant set 7', where T[e’x] ~
T(9/fy) xker dP(p) with respect to the local isomorphism (P, p) ~ (8/ xV, (e,0))
near p and the orbit map P: V — V/H C R! for the representation of H := G,
on the tangent space V to a slice in p. In the case of a free action, the sets K° and
K° coincide. In general, their intersections with the set 7° with T, = anngq
coincide: The vectors in the preimage (w#)~*(7,°) can locally be extended
to Hamiltonian vector fields of G-invariant Hamiltonian functions. Thus, if
q = le,z] and K := H,, then (w#)~!(7?) is contained in TPX C TP, and
the latter is locally equivariantly diffeomorphic to 9/[) X V(k). As argued above,
if v € T,,V(k), then dP(z)v = 0 is equivalent to v € hz.

From the equality of these intersections, it follows that we obtain the same
transversality condition if we replace K° by K°.

This implies, that the set MII(IC") is closed and in particular locally closed,
even though this does not hold in general for X°. Thus, the Thom-Mather-
transversality theorem [A-21] applies.

To justify the definition, we first consider the free case:

Example 6.32. If G acts freely on P, P is locally of the form G x V|, where
V is a vector space (only with a trivial group action). The corresponding map
U! is just the identity J'(V,R) — J'(V,R). Hence the map &l; is given by
the embedding G x J'(V,R) < JY(G x V,R) that maps (g,;j'fs) to j' fou
where f is the invariant extension of f. In local coordinates corresponding to
local coordinates on G and V, the embedding is just the extension by 0 in the
coordinates of the G-derivative. This means that G x J*(V,R) can be identified
with the set 7° x R, where (G x V) D T° = cgxy ann(g - p). If we omit

the R-factors, 4,1 (K°) is just the intersection ° N 7°.

Since V and R are trivial representations, invariant and equivariant poly-
nomial generators are given by the coordinate functions on V and R. Thus,
l=dimV, R ~V, k =1,V x PY(R,R) can be identified with J*(V,R) and
(1,7'ho P):V — JY(V,R) is just the 1-jet j'h. The extension to G x V of this
map may be considered as a map to 7° X R and again we can omit the R-com-
ponent and accordingly the function value of j'h. Then, if we assume w.l.o.g.
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G x V ~ P, a relative equilibrium p is transverse iff dh : P — T° is transverse
to the Whitney stratified set K£°¢ = K° N 7T° at p. This is just the definition
given in [PR0O0]. We only have to show that the canonical stratification of K°¢
coincides with the stratification by isotropy type. This will be done with the
next lemma and theorem.

Remark 6.33. Note the relation of the subsets 7°, K° of T*P and their in-
tersection K°¢ to the Witt-Artin decomposition of the tangent space at p: We
have T, P = Ty ©T1 © Ny @ N and the corresponding splitting of the dual space
TyP =15 &1y © N; & Ni. The subspace g-p = T, C TP coincides with
To @ Th. Thus 7 = ann 7, is identified with N & Ny. Since

Ko = w#(Ty) = w#(Ty ® T1) = Ny @ T}

(see Lemma [2.5( for the last equation), we obtain )¢ = Nj ~ m.

Lemma 6.34. Let K be a connected compact Lie group with Lie algebra € and
[ be a K-invariant complement of the Lie algebra 3 of the centre Z(K) with
respect to the adjoint action. Suppose that a closed subset U C I* @ [ contains
the point (0,0), all points of isotropy strata of dimension d for some d > 0,
and no points of isotropy strata of dimension greater than d. If U is a smooth
manifold, U = [* ® L.

Proof. Let S be the union of isotropy strata of dimension d. S is a d-dimensional
smooth manifold. Moreover, any x € S has a neighbourhood within U which is
contained in S. If U is a manifold, for any sequence (s;) C S approaching (0, 0),
the sequence of tangent spaces T, S converges to T(o,0)U. Since in particular for
any s € S, the sequence %s converges to (0,0) and the corresponding sequence
of tangent spaces is the constant sequence a; = TS, all tangent spaces of
the manifold S are the same. Thus, S is an open subset of a d-dimensional

subspace F of I* @[ and U = E. We only have to show that S spans [* @ [: Let
L= K/z(}() and 7 = (H) be an isotropy type of the L-representation [* & I.
Then for any isotropy subgroup H C L, 7 := (H), the dimension of the isotropy
stratum (I* @ ), is given by dim L — dim H + 2dim Z(H), see [PR00].

Let t be the Lie algebra of a maximal torus T' of L with Z(H) C T. If we
identify t and t*, the set t/ is given by the intersection W of some Weyl walls.
Moreover, dim H is determined by dimW = dim Z(H) ([BtD85], chapter V,
Proposition 2.3]). Hence, within t = {0} &t C [* & [, all points of intersections
of some specific number of Weyl walls are contained in S. Since dim S > 0, all
edges of some Weyl chamber belong to S. Thus S spans t and by L-invariance,
S spans [. Similarly, S spans [*. Thus, U =[* @ L. O

Theorem 6.35. Let P be a symplectic manifold with a free Hamiltonian action
of a connected compact group G.

1. The canonical stratification of K°¢ coincides with the stratification by
isotropy type of the momentum generator pair.

2. Any G-invariant Whitney stratification of KK°¢ is a refinement of the canon-
ical stratification.
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Proof. 1. As presented in section near a point of ICE’IC(), the stratified set
KCo¢ is locally diffeomorphic to a product of (I* @ [)¢ and a vector space E.
Therefore the canonical stratification locally coincides with the product
of the canonical stratification of (I* & [)¢ and E.

To construct the canonical stratification of K°¢, we start with the subset
of highest dimension, which consists of all points for which a neighbour-
hood of K°¢ forms a manifold of dimension dim G 4+ dim 7', where T'C G
is a maximal torus. By Lemma [6.34] these are exactly the points whose
generator momentum pair is of isotropy type (T'): For any isotropy sub-
group K of (g* @ g)¢ with (K) # (1), (I* @ )¢ C I* @ [ is not regular at
(0,0) and thus the set K°° is not regular at points of isotropy (K). Next,
we consider the set K°¢ with the points of type (T') omitted. Again by
Lemma [6.34] the set of regular points consists of the sets X2¢ of maximal
dimension, where 7 is an isotropy type of (¢" ©9)°\ (¢" ©9){). Moreover,
since the stratification by isotropy type is a Whitney stratification, the set
IC%) is Whitney regular over the set of regular points of K2¢\ IC("%). Going
on, the construction of the canonical stratification yields step by step the
stratification by isotropy type of (u, 7).

2. Let S be the canonical stratification of K£°¢ and 8’ be another Whitney
stratification of K°¢. Suppose that (K°¢); = (K°¢)" for all j > i and
(K°¢); C (K°9); (notation as in appendix [A.2]). There are two possible

%
cases:

(a) The set (K°¢);\ (K°°); consists of §’-strata each of which is contained
in an S-stratum.

(b) There is an &’-stratum S’ with S’ N ((K°¢); \ (K°¢);) # @ which
intersects at least two S-strata.

In the first case, we modify the stratification &’ by joining all strata to-
gether that are contained in the same S-stratum of dimension 7 + 1. This
way, we obtain a new Whitney stratification S” with (K°¢); = (K°¢)7 for
all j > ¢ — 1. If we continue with this procedure, we either eventually
obtain the second case or &’ was a refinement of S.

In the second case, the dimension of an S-stratum that intersects S’ is at
most ¢ + 1 since the higher dimensional strata coincide for both stratifi-
cations. For two (i 4+ 1)-dimensional S-strata form a disconnected set, S’
intersects (K°¢);. Let z € §' N (K°¢); and y € S N ((K°9); \ (K°¢);). By
topological triviality of the stratification S’ along the stratum S’, there are
homeomorphic neighbourhoods of z and y within (C°¢); | = (K°¢);41. At
y € (K°);11 \ (K°);, the set (K°¢);41 is locally a manifold. Thus, x has a
neighbourhood U whose intersection with (K°¢);41 is a topological mani-
fold. Hence (K°¢);41 is locally a topological manifold at any & € UN(K°°);
and we may assume w.l.o.g. that Z is contained in a stratum of (K°¢); of
locally maximal dimension. As shown in [PRO0], the set K°¢ is locally
diffeomorphic at & to a product of a vector space and (I* @ [)¢ at 0 for
the Lie algebra I of some Lie group L. For Z is contained in a stratum
S of locally maximal dimension within (K°¢);, there is locally no stratum
whose dimension is greater than dim .S and less than ¢ + 1. The isotropy
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type by an element £ of [ contained in a Cartan subalgebra of [ is deter-
mined by the number of Weyl walls of the Cartan subalgebra that contain
¢ (see [BtD85, chapter V, Proposition 2.3, part (ii)]). Since & corresponds
0 (0,0) € (@), (K°¢);4+1 corresponds to the set W of pairs (u, &) such
that p and € are both contained in 1-dimensional intersections of Weyl
walls within the Lie algebra t of a maximal torus T' C L¢ N L,. We now
show that W\ {(0,0)} is disconnected. This is a contradiction to the as-
sumption that (K°¢); ;1 was locally a manifold. To do this, we investigate
the projection of W to [* which consists of the L-orbits of the 1-dimen-
sional edges of Weyl walls of t*. Choose some Weyl chamber C' of t* and
consider its 1-dimensional edges. By [BtDS85l chapter V, Lemma 4.3], if
xz,y € C, w is a Weyl group element, and wz = y, then w = 1 holds.
Hence the L-orbits of the interiors of the 1-dimensional edges of C' are
disjoint. Thus the projection of W\ {(0,0)} to [* is disconnected and so
is W\ {(0,0)}. O

By the first part of the theorem, our definition is a natural extension of the
definition of Patrick and Roberts ([PRO0]) to the case of possibly non-free ac-
tions. Genericity of the property that all relative equilibria are transverse within
the space of invariant C'*°-functions with respect to the Whitney C°°-topology
follows immediately from the theory presented in [Bie76]. Moreover, if this
genericity assumption is satisfied, the relative equilibria form a Whitney strati-
fied subset.

Remark 6.36. Let us unravel the condition dh(z) € K°¢ = K°NT*° for x near
p. We identify p with [e, 0, 0] in the corresponding Guillemin-Sternberg normal
form Y = G xg (m* x N), where H = . Since dh(z) € K°¢ holds for x iff
it holds for gz for any g € G, we may assume w.l.o.g. that z € V = (m* x N).
(Recall that to simplify the notation, the symplectic normal space Ny of the
Witt-Artin decomposition is denoted by N in the Guillemin-Sternberg normal
form). The set (K°N7T°), is given by the forms dJ¢(z) with dJ¢(z) € ann(gz).
Therefore we investigate for which ¢ € g the derivative dJ¢(x) is contained in
ann(gx). The momentum map is given by

J=Jy :Gxg(m* xN)—g* (6.1)
lg,p,v] = Coadg(p + p+ In(v)), (6.2)
where Jy is the momentum map on N. Hence, for a point = e, p,v] of

V =m* x N, the derivative of J in the direction of the group orbit is equal to
dJ(z)n, = coad, (1 + p+ In(v))
for any n € g. Thus,
dI¢(@)ne = (n+ p + InW))(=[n,€]) = — coade(+ p + In (v)) (n).
Therefore, dJ¢(z) vanishes on g - z iff
coadg(u+ p+JIn(v)) =0. (6.3)

If = is close to p, ' := J(x) = p+ p+ In(v) is close to p, and hence we may
assume that G,y C G,,. Then equation (6.3) is equivalent to { € g, and

coade (p+JIn(v)) =0. (6.4)
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Next, we assume that dJ*(z) € ann(g-p) and investigate the condition dh(z) =
dJ¢(z). Since dh(z) € ann(g - p), this is true iff it holds for the restrictions h
and J¢ to V =m* x N, i.e.

dm*ﬁ(p? V) + dNB(/Oa Z/) = leg + <dNJN(V)'7]Ph§>a

where P, and Py denote the projections to m and b respectively. Since £ € g,
this yields Pné = dw-h(p,v) and for n := Py-¢

dyh(p,v) —dyJI%(v) = 0.

Thus we obtain the commutation equation (2.14]) and the symplectic slice equa-
tion (2.15)), which characterize relative equilibria.

Now, we keep the notation of remark and suppose in addition, that p is
a relative equilibrium. As illustrated in section p is a transverse relative
equilibrium if dh(p) € K°¢ = K°NT° and the restriction h|v is H-transverse to
the projection of K°¢ to T*V, which coincides with the intersection K°°NT*V.

The structure of this set may be complicated in general, but the intersection
with T*Vy is easier to analyse:

As argued above, for (p,v) € V =m* @ N, we have that

Ke,= |J  d¥pw).
E€(81)3(p,v)

Recall that
I(p,v) = Iy (lesp,v]) = p+ In(w).

Lemma 6.37. The momentum map Jn : N — b* vanishes on NH.

Proof. In general, for a Hamiltonian G-action on a phase space P with mo-
mentum map J : P — g*, the kernel of dJ(p) is given by (g -p)*~ for p € P.
In particular, dJ(p) = 0 if p € P%. Hence J is constant on P. On the
representation N, we choose Jn(0) = 0 (otherwise equation for the mo-
mentum on the model space G x i (m* & N) would contradict the requirement
J(e,0,0) = p). O

Let n(H) be the Lie algebra of the normalizer N(H) within G, ¢(H) be the
Lie algebra of the centralizer C'(H) within G, n be the Lie algebra of N(H) =

(N(H)/H)O, and 1, be the Lie algebra of (N(H)), = NGM(H)/H.

Lemma 6.38. If m is an Ng, (H)-invariant complement of b within g, (and
hence the corresponding splitting g, = m* @© b* is Ng, ((H)-invariant), then
mf ~n, and (m*)" ~n* as N(H),-spaces.

Proof. Since we may identify g and g* via a G-invariant inner product, we only
have to show m# ~n,. Since m is N(H)-invariant, m ~ gu/{) as N(H)-spaces.

We show (g/h)H = n. Then the restriction to the subgroup G, yields the
required result. We have

€] € (9/)7 & Adp¢—E€b VheH.

The right hand side is equivalent to £ € n(H), as can be shown using the Baker-
Campbell-Hausdorff-formula, see [OR04(b), Lemma 2.1.13]. Alternatively, we
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may use the fact that n(H) = h + ¢(H) (for a proof, see for example [Fie07,
Corollary 3.10.1]): The right hand side is obviously true for £ € h 4 ¢(H). On
the contrary, suppose that the right hand side holds for £ € g and choose an
H-invariant complement [ of h. If € = n+ A\, 7 € b, and A € [, then for any
h € b, the element Ad, A— A is contained in INh = {0}. Thus, £ € h+c(H). O

Lemma [6.38] shows that
TV = (N @ ())& (N)* & mlT) = N7 @ wt @ (N7)* @ n,,

For (p,v) € VH = n* @ NH we have J(p,v) = p and thus dJ(p,v |VH
coincides with the projection to n}. Hence (dJ(p |V u, &) only depends on the
n,-component &, of £ for any

E€gu zmH@(mH)L :nueanj
with respect to an N (H)-invariant inner product on g,. Indeed,
A3 (o, )| yu (95 0) = (&, )-

nTy

Hence the subspace K7°¢ (o)

Thus,

(V) is given by (n,), C N*&n, =T

(p,v) (VH)

(psv)

(ICOC

Tev) = (N7 ® (n, ®n,) )y C T*Vy. (6.5)

Let ¥* C V x R* be the preimage of K°¢ 7y under Uy (where we omit
the factor R). For an isotropy subgroup K C (N(H))u of (ny, @ mny,)°, let
(K| 1y, ) (i) be the subset K7%) with respect this action and (3 )(K) be its
preimage "under U;.

Let p1,...,p; be a minimal set of homogeneous generators of P(V)#

We now obtain a Hamiltonian analogue to [FieQ7, Lemma 6.9.2]:

Theorem 6.39. The set (X*)" is a Whitney stratified subset with strata (E*)g{)
of dimension 2dim Z(K) — dim K + [, where Z(K) is the centralizer of K. If
is a K-invariant complement of the Lie algebra 3 of Z(K) within the Lie algebra
£ of K, the set (X*)H has singularity type (I* ® )¢ at any point of (E*)g().

Proof. The map Uy : V x Rl — T*V =V x V* is given by

1
— (z, Ztidpi(z))

Since the functions p; are H-invariant, dp;(z) € (V*)# for x € V with respect
to the dual H-action on V*. Therefore U; maps VH x R! to T*VH. Moreover,
the map U; : VH x Rl — T*VH is a submersion: For any z € V¥ and a €
(V)H a(-) is an H-invariant function and hence o = a o P for some function
a:R! — R. Thus,

a=da(r) =da(P(z)) o dP(z Zaa z))dp;(z).
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By equation (6.5)) and the theory presented in [PROQ], (KC°¢
ney stratified set with strata (K°¢

T*VH) is a Whit-

ey, ) (k) of dimension

dim N +dim(N(H),) +2dim Z(K) —dim K = dim V¥ 4+2dim Z(K) — dim K.

Since U; is a submersion, its preimage (Z*)fK) is a submanifold of the same
codimension dim V# — 2dim Z(K) + dim K, hence

dim(%*)(j¢) = 2dim Z(K) — dim K + 1.

) at a point of (K°¢ T*V)(h;() is

given by (I* @ )¢, this is also true for the preimages. O

Moreover, since the singularity type of (K°¢

The next result is completely analogous to the first part of [FieQ7, Theo-
rem 6.10.1]: Let S be the canonical stratification of ¥*. By uniqueness of the
canonical stratification, every S € § is G-invariant. Thus for any isotropy type
of the H-representation V, the subset S, = S N XX is an isotropy subspace of
the G-space S. Hence S; is a manifold. Let S; denote the stratification of X%
consisting of the sets S, for S € S.

Theorem 6.40. For every isotropy type T of the H-representation T*V , S; is
a Whitney stratification of ¥%.

Since we will only need the case 7 = (H) of the theorem, we will only prove
this case. To do this, we just reproduce the proof of Field ([FieQ7]). The proof
of the general case is similar.

Proof of Theoremfor T = (H). Suppose S,T € Sy and x € SNT. We
have to show Whitney regularity: Let (p,) C S and (g,) C T be sequences
converging to z such that 7T}, S converges to a dim(S)-dimensional subspace E
of V x R! and R(p,, — g,,) converges to a line L. We show L C E: Suppose S =
SN(VHE xRY and T = TN (VH xR!) for some S, T € S. There is a subsequence
of Tpng that converges to a dim S-dimensional subspace E of V x R!. Since S
is a Whitney stratification, L C E. If V.= W @ V¥ is an H-invariant splitting
and 7 : (W @ VH) x Rl — VH x R is the projection, 7 maps any H-invariant
subspace to its intersection with V' xR!. By H-invariance of S, the spaces T}, S
are H-invariant. Thus (7}, S) = T}, S and hence E = n(E) = EN (VH x R!).
L CcVH xR yields L C E. O

Let h = h(p1,...,pi) be the H-invariant restriction of the Hamiltonian func-
tion to V. The relative equilibrium p is transverse if the map

[h: V-V xR
x> (x,00h(P(x)),...,0h(P(z))

is transverse to ¥* in 0 € V. As discussed, we may suppose VI = 0 by
considering

I'h: VxR =V xR
(x,8) — (x,01h(P(x,s)),...,0ih(P(z,s)).
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H-equivariant transversality in (0, s) may also be described in terms of the map

h : R = R
s+ (O1h(P(0,8)),...,0/h(P(0,s))).

As in [FieQT], we obtain:

Lemma 6.41. T', is transverse to X* in (0,s) € V x R® iff 7, is transverse to
Xl = (X*)H with respect to the stratification Sy in s € R®.
Proof. Suppose I'y,(0,s) =y € S € S.

Since d; P(-,s) : V. — V* is H-equivariant, d,P(0,s) = 0 and hence the
image of the x-derivative of I'j, in (0, s) is equal to V. Thus I'j, is transverse to
S in (0, s) iff dyu(s)R® + (T,S NRY) = RL. By the H-invariance of S, we have
T,S NR! = T, (SH), see the proof of Theorem O

For 7 = H, set
gr = dim G — dim H = dim G/H,
ny = dim N(H) = dim N(H) /7

Again, £ denotes the set of relative equilibria. If p is a relative equilibrium
with isotropy group G, = H, its generator may naturally be considered as
an element in n, this way, it is unique. Lemma [6.37] and Lemma [6.38] show
that its momentum may also be considered as an element of n*. Moreover, at
least locally p is also naturally an element of the quotient by h: In a tubular
neighbourhood G x g V of p, the momentum map might be modified by adding
an element of h* to the restriction to V and G-equivariant extension such that
the resulting map is still equivariant.

Let £y (k) be the set of relative equilibria with isotropy subgroup H and
isotropy type (K) of the momentum generator pair, where K C N(H). More-
over, for 7 = (H), let &, (k denote the G-orbit of £ (k. Similarly, let IC?f’(K) C
K°¢ be the set of pairs (z,& - z) with G, = H and (N(H)e N N(H)j()) = (K),
and let lef( K be its G-orbit.

Theoremm Theorem [6.39] Theorem [6.40], and Lemma [6.41] yield together

Theorem 6.42. If p € P is a transverse relative equilibrium of type (K),
K C N(H)/H, the sets (k) and Ex (ky form smooth manifolds of dimension
n, +2dim Z(K) — dim K and dimension g, + 2dim Z(K) — dim K respectively
in a neighbourhood of p. Moreover, the sets E7 and E(ry have singularity type
(@D atp.

Proof. By Lemmal6.41] the restriction of I'y, to the H-isotropy subspace is trans-
verse to E*H) with respect to the stratification Szy. By Theorem Scm)
is a Whitney stratification of Z?‘H). As we have shown in the proof of Theo-
rem .E?H) is the preimage of (IC°C|T*V)H under a submersion. Hence, X7,
is locally isomorphic to a product of a vector space and ICE’I%). By Theoremlﬁjrggi
any Whitney stratification of ICE’IC;I) is a refinement of the stratification into the
strata (Koc)g{) for isotropy subgroups K C N(H) of the N(H)-representation
n* @ n. Similarly, any Whitney stratification of (X*)# is a refinement of the
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stratification into the manifolds (E*)g(). In particular, I'j, is transverse to the
strata (E*)g(). Hence, €NV has singularity type (I* ©[)¢ at p and the same is
true for the set of relative equilibria in a neighbourhood in G x5 V¥ of p in P;.

Furthermore, the intersection £y (k) N Vg is a smooth manifold of dimension
2dim Z(K) — dim K. Since

Emxy 2 NH) xp (EmxyNVH)

and
Erry = G xpg (EmynVH),

both are smooth manifolds and

dim &y gy = nr +2dim Z(K) — dim K,
dim &, () = g- +2dim Z(K) — dim K. O

Remark 6.43. Note that near a transverse relative equilibrium, all relative
equilibria are transverse, even those of a different isotropy type.

Theorem shows that the conjugacy class of the pair (H, N(H)¢NN(H),,)
contains important information about the local structure of relative equilibria
near a relative equilibrium p with generator £ € n and momentum p € n*.

Definition 6.44. Two relative equilibria p and ¢ are of the same type iff G}, =
gGag~? for some g € G and the isomorphism N(G,) ~ N(G,) that is induced
by the conjugation with ¢ identifies the isotropy subgroups K C N (Gp) and
L C N(G,) of the momentum generator pairs.

Thus, each of the sets £, (k) is a set of relative equilibria of the same type.

Remark 6.45. There is another apparent generalization of the definition of
transverse relative equilibria for free actions to the case of non-trivial isotropy
subgroups using equivariant transversality theory: As shown in Lemma [£.7]
in the free case, transversality of a relative equilibrium p with generator £ is
equivalent to the map zZJE’K) : (P x g)fK) — T° being transverse to the zero

section of T° at (p,§), where 1/1E’K) = ¢O|(PXQ)(CK) and ¢°(x,n) = dh,(z). This

is equivalent to G-1-jet-transversality of

U:Pxg—R
(@,m) = hy(2)

to the product of R and zero section Q) of T*P x g, where we consider T*P X g
as a subbundle of T*(P x g) over P x g: The G-action on P x g is given by
the product of the G-action on P and the adjoint action on g. Since P is a free
G-space, this is also true for P x g. ¥ is a G-invariant function with respect to
this action.

If V is a slice at p for the G-action on P, V x g forms a slice at (p,¢)
transverse to the G-orbit G(p,§).

As we have seen in Remark G-1-jet-transversality of ¥ to R x Q is
equivalent to transversality of the derivative of the restriction \IJ‘VXQ to the

intersection @ NT*(V x g), i.e. the subset of @) consisting of cotangent vectors
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that vanish in the direction of the G-orbit. A cotangent vector df(,¢) is an
element of T*(V x g) iff

dfpe(n-p,[n,€]) =0 Vneg.

Moreover, dfe, ¢ € @ implies
dfpen-p,0)=0 Vneg
Hence df(,¢) € QNT*(V x g) is equivalent to
coadg dg f(pe) =0

and
de(p,E) = 0.

Thus
QNT*(Vxg)=(Va{l})x(gog) c(VaV’)x(gog")=T"(V xg).

Suppose that p is a relative equilibrium with generator £ € g and momentum
pand G, N G¢ = K. The map ¥ is G-1-jet-transverse to R x @ at (p,§) iff
d(\I/|VXg) is transverse to (V@ {0}) x (g@g*)fm at (p,§). Since dg¥(, ) = J(x)
and dJ (p)|V is a submersion to g*, this is equivalent to the transversality of the
restriction dV\Ij|(ng)§K) to V & {0}, where (V' x g)(x) := (P x g){x) N (V x g).
. . . o _ ta - -
By G-invariance of v, equivalently w(K) = dP\I’|(PX9)fK) is transverse to the
zero section of T°.

In the next section, we use this generalization to investigate relative equilib-
ria near 0 in symplectic representations of connected compact groups (but we
restrict the action to the action of the maximal torus). It might be interesting
to analyse how both generalizations are related. Anyway, both transversality
properties are generic in the class of invariant Hamiltonian functions.

6.4 Representations

We now consider the case of a symplectic representation of a connected compact
group and investigate the structure of the relative equilibria near an equilibrium
at 0. Understanding this special case may also be helpful for the theory of
bifurcations of Hamiltonian relative equilibria in general, since it is related to the
symplectic slice equation : For a fixed p € m%», the Gp-relative equilibria
for the Hamiltonian system for E(p, -) on the slice N at a relative equilibrium p
correspond to solutions of equation .

As we have seen in the case of groups of rank 1, it can be fruitful to con-
sider the action of the maximal torus, since the adjoint representation of tori is
trivial. Therefore we start with torus representations and deduce implications
for general connected compact groups afterwards.

For rank > 2, the structure of generators which possibly admit bifurcations
is more complex and we will need equivariant transversality theory to handle
this issue.
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6.4.1 Torus representations

Since symplectic representations admit a complex structure that commutes with
the group action, we can consider them as complex representations. Then sym-
plectic subrepresentations correspond to complex subrepresentations. The irre-
ducible complex representations of a torus T'=T" := Rn/zn are of dimension
1 and are determined by the elements o € t* that map Z™ to Z. These elements
are called integral forms. Under the identification t* = t = R" via an inner
product, the set of integral forms is given by Z™. An integral form « defines an
irreducible representation on C by

O : exp(€) — 2O ¢ ey,

here the exponential map exp : t — T coincides with the projection R™ —
Rn/zn. We denote this representation by C, and consider it as a symplectic
representation on R? with the symplectic form w = (-,i-), where (-, -) is the stan-
dard (real) inner product on R%. For the momentum map on C,, we compute:

—dJé(z) = w(, (- @) = (-, (i- 2mia(§)z)) = —2ma(§)(, z).

Hence J(x) = 7|z|?a is a momentum map, which is obviously equivariant with
respect to the (trivial) coadjoint action.

Now let V be a symplectic T-representation. The integral forms « that
correspond to the irreducible components of V' are called the (infinitesimal)
weights of V. (The infinitesimal weight a defines the global weight 6,. In the
following, a weight is an infinitesimal weight.) Our goal is to understand the
structure of the relative equilibria for a generic T-invariant Hamiltonian h. We
start with some simple examples:

Example 6.46. If V is irreducible and hence V = C,, every point of V is a
relative equilibrium, since the level sets of the momentum map are the circles
centred at the origin and hence coincide with the T-orbits. (Alternatively, note
that for x € V, the h(x)-level set of h consists of the norm circle of x or
Vh(z) =0.)

Example 6.47. The same holds for a sum C, & Cg with « and § linearly
independent or more generally for sums @ C,, for linearly independent «:
Since for x = > x,, € P C,,

J(z) = ZJCQ,L (Ta;) = T[T,

2
Q,

the preimages J~1(u) and the group orbits coincide and are given by the tori
that are products of norm spheres in the C,,.

Since in these examples the set of relative equilibria does not even depend
on the Hamiltonian, the set seems to be rather stable.

We now investigate the set of relative equilibria near an equilibrium at the
origin of a general T-symplectic representation. By the implicit function the-
orem, a necessary condition for the occurrence of relative equilibria near the
origin with generators ¢ near some given & € t is that Vg := ker d?(h — J%)(0)
is non-trivial.
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Suppose now that V4 has only linearly independent weights. Splitting Lemma
reduction yields a T-invariant germ g : Vp x t — R at (0,&) whose Taylor ex-
pansion at (0, &) coincides with that of H(vg, &) := h—J¢(vg) up to third order
(see section 2.4)). If dy,g(vo,&) = 0, vy corresponds to a relative equilibrium
with generator vy. This leads to the conjecture that there is a branch of relative
equilibria tangent to Vj.

Remark 6.48. The conjecture is supported by the following observation: Fac-
tor out the kernel of the torus action on Vj := @ C,, with aq,...,a, linearly
independent to obtain a faithful action of ' := T"™. We consider the Hamiltonian
system on Vj with Hamiltonian function h|V0. For each z = ) .z, € GC,,
in which no component z,, vanishes, the isotropy subgroup 7 is trivial. Hence
there is a unique generator £(x) € t of the relative equilibrium z. Since H}VUX ¢
is a T-invariant function, dy, H(z,§) is contained in the annihilator ann(tz) of
tz. The ¢-derivative of dy, H(z, &) is given by

dedyy, H(z, &) = dedy, I8(2) : t — ann(tz) C V'

0 > 2mai(n) (- xa,).
=1

Since ann(tz) is n-dimensional and «;, ..., a, are linearly independent,
dedy, H(z, &) : t — ann(tx)
is invertible, in particular for ¢ = £(z). If we consider the restrictions of Cl-maps
AV xt— ann(tx)

to some compact neighbourhood of (z,&(x)) together with the C'-norm, we
obtain a Banach space and the map (A, vg, &) — A(vg, €) is 1. By the implicit
function theorem, for A close enough to dy,H, there is a unique £ = £(A, x)
with A(£,z) = 0. Since the Splitting Lemma reduction yields a local map
g : Vo x ,(0,&) — R that is in some sense close to H near (0,zg), there is
hope that we obtain a manifold of relative equilibria tangent to Vy. Anyway,
this heuristic reasoning is by no means a proof, since we do not know if dy; g is
close enough to dy,H at any point with trivial isotropy. g is only locally defined
near the singular point (0, z¢). Equivariant transversality theory is designed for
handling difficulties of such kind and will be our way to solve this problem.

Before proving the conjecture, we will survey the set of those £ € t with
singular Hessian d?(h — J¢)(0):

By Lemma [5.11} we may consider the restriction to the centre space E. of
dX,(0). By Theorem generically E. splits into irreducible T-symplectic
representations, each of which is the real part of the sum of the eigenspaces
corresponding to a pair of purely imaginary eigenvalues. By Corollary [3.16]
then there is an appropriate choice of an inner product of E. such that the
eigenspaces of the restriction of d2h(0) are irreducible symplectic representations
and consequently are given by weight spaces.

Since we will often suppose this condition on the centre space, we give it a
name:
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Definition 6.49. The G-invariant Hamiltonian function h : V' — R satisfies the
generic centre space condition (GC) iff d X} (0) is non-degenerate and dX,(0) €
O as in Theorem [3.141

We now assume that (GC) is satisfied, where G = T. Let ¢;, i = 1,...,n
denote the eigenvalues of d?h(0) with corresponding eigenspaces C,,. Since
on C,, the matrix that represents d2J¢(0) is equal to 2ma;(€)1, the Hessian
d?(h — J¢)(0) is singular iff ¢ solves at least one of the equations

C; — 27’(0[1(5) =0.

Equivalently, £ is a zero of the product of the left-hand sides. The solution
sets of these equations form affine hyperplanes that are parallel to the kernels
of the a;. For any &, the kernel of d?(h — J¢)(0) is equal to the sum of the
C,, for those ¢ for which £ solves the i¢th equation. Thus each intersection of
hyperplanes forms an affine subspace of generators that correspond to the same
kernel. The following lemma shows that generically for all these kernels the «;
are linearly independent. (A geometric formulation of this property is that no k
hyperplanes intersect in an affine subspace of t"* dimension greater that n — k.)

Lemma 6.50. Let T be a vector space and let oy, ..., ay, be linearly dependent
elements of T*. For any a € R, let X;(a) denote the affine subspace of T of
solutions of

a;(z) = a.
There is an open and dense subset Og C R™ such that for ¢ = (¢1,...,¢p) € Og
the set (; Xi(c;) is empty.
Proof. Consider the linear map
T — R"
z = (ar(x), ..., an(x)).

This map is not surjective, because the «; are linearly dependent. For any
¢ = (c1,...,¢,) € R™ contained in the complement of the image of this map,
the intersection (), X;(c¢;) is empty. O

From now on, we assume this generic condition which we call non-resonance
condition (NR):

Definition 6.51. Suppose that condition (GC) holds for h. Then the non-
resonance condition (NR) is satisfied iff for every £ € t"*, the kernel of Hessian
d?(h—J%)(0) consists of a sum of spaces C,,, 1 = 1,..., k, such that the weights
aq,...,qp are linearly independent.

Let @ denote the quadratic part of h:

1
Qn(z) == §d2h(0)($71’)-
Then X, is a linear vector field and coincides with linearization of X, at the
origin.
Lemma 6.52. An element x € V is a relative equilibrium of the vector field

Xq, with generator & € t iff x € ker d?(h — J¢)(0).

h
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Proof. Since J¢ and @y, are quadratic forms and d2Qy,(0) = d?h(0), the critical
points of Qp, — J¢ are given by ker d?(h — J¢)(0). O

The above considerations give the structure of nontrivial kernels d?(h—J¢)(0)
in the generic case, which correspond to relative equilibria of X, :

Theorem 6.53. Suppose that the conditions (GC) and (NR) are satisfied for
h:V —=R.

The zero set of & + detd?(h — J¢)(0) consists of a union of affine hyper-
planes, whose underlying subspaces correspond to the kernels of the weights of
E., such that there is a bijection between the hyperplanes and the weight spaces
Ca, of some specific splitting E. = @, Ca, -

For each & € t, the space ker d2(h — J¢)(0) is given by the sum of the weight
spaces that are associated to the hyperplanes that contain &. The corresponding
weights are linearly independent.

Conwversely, for each linearly independent subset {«;}icy for some J C I,
there is a £ € t with ker d*(h — J¢)(0) = @, Ca, -

If v € @,;c i Ca, for some minimal set K C I, then the isotropy subgroup of
x coincides with the intersection of the kernels of the 0,, with i € K.

Proof. The first two statements follow from the above reasoning. If the set
{@;}ics is linearly independent, then the linear system

ci —2ma;(§) =0 Vield

(where, as above, the ¢; are the corresponding eigenvalues of d?h(0)) has a
non-empty solution set X C t. For every superset L 2 J, either L is linearly
independent and thus the solution set for L is a lower dimensional subset of X
or L is linearly dependent and thus the corresponding solution set is empty by
the non-resonance condition (NR). Since there are only finitely many subsets of
the finite set I, there is £ € t such that

C; — 27’(&1(5) =0

is satisfied iff i € J.
The statement about the isotropy subgroups is obvious. O

Since for a generic T-invariant function h, the kernels of all augmented
Hamiltonians have linearly independent weights, the above conjecture suggests,
that the set of relative equilibria of X} near the origin is locally homeomorphic
to the one of its linearization X¢,. Indeed, we will prove the following theorem:

Theorem 6.54. Let T be a torus and V' be a T-symplectic representation. Let
h:V — R be a smooth T-invariant Hamiltonian function with equilibrium at 0.
Suppose that h satisfies the genericity assumptions (GC) and (NR), that is:

1. dXn(0) is non-singular.

2. For each pair £51 of purely imaginary eigenvalues of dX,(0), the space
E4gi is an irreducible T-symplectic representation.

3. For every € € t, the weights of ker d?(h — J¢)(0) are linearly independent.
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Then the local set € of relative equilibria near 0 has the same structure as the
one of the Hamiltonian Qp, : V — R defined by Qn(v) = d?h(0)(v,v). More
precisely, for every & € t, there is a T-invariant manifold of relative equilibria
tangent to ker d2(h — J¢)(0) with generators near &, and € consists of the union
of these manifolds. (Note that the set of critical points of Qn — J¢ is given
by ker d2(h — J%)(0).) Moreover & is locally homeomorphic to the local set of
relative equilibria of Xq, via a T-equivariant local homeomorphism.

Theorem relies on the following lemma which is proved with the help
of equivariant transversality theory:

Lemma 6.55. Suppose that for some &y € t, we have
Vo := ker d?(h — J%)(0) = @!_,C,,

such that aq,...,q; are linearly independent. Let Vi be a T-invariant comple-
ment of Vo in V.

1. The set of pairs of relative equilibria of X}, and their generators is locally
T -equivariantly homeomorphic to the one of X, at (0,&) € V x t.

2. Moreover, there are neighbourhoods Uy C Vi of 0 € V, Uy of 0 € V7, and
O C t of & and a smooth T-equivariant map my, : Uy = V of the form

vg — Vo + v1(vo, {(v0)),

where £ : Uy — O and vy : Uy x O — Uy are smooth, such that the image
of my, coincides with the set of relative equilibria of Xy in (Uyx Uy) x O.

3. If there is some no with Wy := ker d?(h — J™)(0) C Vj, then the germs of

mv0|WOmU0 and myy, coincide.

Proof. 1. We restrict the function H : (v,£) + h — J%(0) to Vg x t. Then we
check for equivariant (1-jet)-transversality of H to 0 € V at (0,&). To
be precise, we consider the subset

Q:=Rx {0} CRx Vg =J"(Vp,R)

and characterize the functions h such that H is T-1-jet-transverse to @ at
0, but we omit the factor R and the R-components of the reduced 1-jet
J'L and the map U;. To stress the similarity to ordinary T-transversality,
we denote the remaining components of the maps 1 x (51L o P) and U
by I', and ¢ respectively.

As is common in bifurcation theory, we moreover can omit the t-component
and replace the space Vy x t x R! by V) x R, since T acts trivially on t.

A minimal generating set of invariant homogeneous polynomials on Vj is

given by
2

Dii=(Tays - Ta;) = |Tay

Since T acts trivially on t, the functions p; : (z,€) — p;(x) form such a
set on Vj X t.
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We identify Vi and V} via the invariant inner product and since Vp;(z) =
2x4,, we obtain the universal polynomial

9: Vo x RE = 1
l
I, t) =2 Ztixai
i=1

and the universal variety > :=971(0). Let P be the function

P(z) := (p1(x),...,pi(x)).

By abuse of notation, let H, h, and J¢ also denote the functions on R!
whose composition with P is equal to the corresponding functions on Vj.
For 'y, we obtain

Iy Voxt— Vo xR
FH(.T,E) = (x78p1,H(P<m)’§>7 s ’apz/H(P(x)’f))'

Now, we test for T-1-jet-transversality of H to 0 at (0, £) for some arbitrary
et

By definition, we have to check transversality of I'y; to the canonical strat-
ification of ¥. As usual, the image of the z-derivative of I'y is equal to
Vo.

Since for (x,€) € Vp, we have
H(w,€) = h(z) - I*(x)
= h(P) -7 3 pile)a(8).

the &-derivative of I'y is independent of the Hamiltonian function and we
obtain
dedp, H(P(x),8) = —ded,, I*(P(x)) = —may;.

Since the a; are linearly independent, this yields d¢I'3(0,€)t = {0} x RL
Thus the image of the total derivative dT'# (0, £) is the whole space Vj x RL.
Hence H is always T-1-jet-transverse to 0 € V at (0,&p).

As presented in chapter [3] by the Splitting Lemma or Lyapunov-Schmidt-
reduction, for an invariant complement V; of V|, we obtain an equivariant
smooth local map vy : Vy xt" — V; and a local function g : V xt* — R at
(0,&o) such that vy is a critical point of g(-, &) iff v1(vg, &) + vg is a critical
point of H(-,£) : V — R and the 3-jets of g and the restriction of H to
Vo xt™ at (0, &) coincide. Since the local functions tH+(1—t)g all have the
same 3-jet at (0,&p), they form an isotopy of functions that are T-1-jet-
transverse to 0 at (0,&). Thus from the Thom-Mather Transversality
Theorem (Theorem, part |4l we obtain a local T-equivariant homeo-
morphism between the zero sets of of the families (x, &) — dyog(z, &) and
(x,8) — dyoH(z,§) in Vo x t near (0,&p). Altogether, we have a T-equiv-
ariant continuous embedding (Vp,0) < (V,0) that maps the local set of
pairs of relative equilibria of X}, and their generators (vg,&) C Vp X t of
the Hamiltonian vector field of the restriction of h to Vj to the local set
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of these pairs of X}. Since H is always T-1-jet-transverse to 0 € Vj at
(0, &), this also holds, if we replace h by th + (1 —t)Q), for any ¢ € [0, 1].
Thus, the local sets of these pairs in V[ x t are also locally T-equivariantly
homeomorphic for the restrictions of h and Qp to V5. Hence the vector
fields X}, and Xg, have locally homeomorphic sets of pairs (z,£) € V x t
of relative equilibria and their generators.

. Looking closer at the differentiable structure, we can even show slightly

more: The above calculation yields that I'y; (respectively I'y) is not only
transverse to ¥ C R! but also to 0 € R'. Thus the preimage 1";1(0) forms
a manifold. W.l.o.g. we assume that 7' = T" (otherwise we factor out the
kernel of the T-action on Vj, see Remark . By the implicit function
theorem, Fg_l(O) is the graph of a local smooth function £ : Vg — t. If
vy : V x t— Vi is as in the Splitting Lemma [2.9] the map

my, : Vg ’Ul('UO>§(UO)) + Vo

is a local equivariant smooth embedding (Vp,0) < (V,0), which maps a
neighbourhood Uy of 0 € V{) to a manifold of relative equilibria, which is
tangent to V. Actually, this manifold consists of all relative equilibria near
0 that admit a generator near y: As we have seen in Remark 211} if vy €
V¥ for some subtorus S C T with Lie algebra s, then vg is also a critical
point of g(-,n) for any n € £(vo) + s and vy (v, n) = v1(vo,&(vo)). Now
we only have to show that locally dy, g(vo, &) = 0 implies & € t,,, + &(vp).
To see this, notice that the isotropy subspaces of Vy = @ﬁleai are given
by sums @®;cpCq,; for subsets M C {1,...,1}. In particular x = ) z,,
has trivial isotropy iff x,, # 0 for every i. In this case, I'y(x,§) € &
implies I'y () = (x,0) and hence & = &(x). The same reasoning holds
for « in some proper isotropy subspace VOT“”, we only have to restrict to
this subspace and factor out the kernel T}, of the T-action again, hence we
can assume that T, is trivial. Since there are neighbourhoods U; C V; of
0 € V3 and O C t of & such that all relative equilibria of X}, in Uy x Uy
with a generator in £ € O are of the form vg + v1(vg, &) with vy € Uy and
v1(v0, &) = v1(vo, &(vp)), all pairs of relative equilibria and their generators
in Up x Uy x O are contained in the image of my,.

First, we argue that the germ my, does not depend on the choice of £, with
ker d?(h — J%)(0) = V,: The image of the corresponding map contains all
relative equilibria in Uy x U; with a generator in a neighbourhood O of &.
Suppose that &; also satisfies ker d?(h — J1)(0) = V5. Then d2J%1~%(0)
vanishes on V{; and hence the Lie algebra element &; — & acts trivially on
Vo. Thus every relative equilibrium in the image of my; has the generator
& € O iff it also has the generator & — &y + &1, which is contained in the
neighbourhood O — &y + &; of £;. Hence it holds as well, that my; maps
Uy x (O — &y + &1) onto the set of all relative equilibria in Uy x Uy with
generator in O — &y + ;.

Thus for kerd?(h — J7)(0) = Wy C Vp, we may assume w.l.o.g. that
1o C O. By Theorem Wo = V& for some isotropy subgroup S C 7.
Thus by equivariance, the image of myy, is contained in VS, A complement
of Wy in V¥ is given by V;°. Therefore, if wg € Wy is small, myy, (wo) is a
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relative equilibrium that has a generator in O and the Vj-component wy
with respect to the splitting V' = Vp @ V5. Hence myy, (wp) = my, (wo).
O

Proof of Theorem[6.5] Since h satisfies the genericity assumptions (GC) and
(NR), the set of ¢ € t with kerd?(h — J¢) non-trivial consists of a union of
hyperplanes as in theorem [6.53] We assume w.l.o.g. that the T-action on E.
is faithful. (Otherwise we consider the quotient of t and the Lie algebra of
the subgroup that acts trivially on E..) Then there are finitely many points
&,...,& in t which coincide with the intersection of a particular subset of
hyperplanes. By Lemma for each &;, there is an &; > 0 such that the
map my; : vg — vo + v1(vo,§(vo)) is defined on an e;-neighbourhood U; of
0 € V§ := kerd?(h — J%)(0) and my;i(U;) contains all relative equilibria of
norm less than ; that have a generator £ with || — &|| < &;. We can find such
an ¢; for any choice of the norm on t and here we choose the following one:
The weights of Vi define a linear coordinate system on t, where the coordinates
are given by the values of the evaluation maps divided by 2w. We choose the
supremum norm with respect to these coordinates. Thus our choice of the norm
depends on i; we denote it by ||-||,. Then ||{ — &, < &, iff all eigenvalues of
d?(h — Jf)(O)’VJ have absolute value less than ;.

Now, we set € := min; ¢; and define a map ¥ from the set of relative equilibria
of X, within B.(0) to the set of relative equilibria of X}: The set of relative
equilibria of X¢, is given by the union of the kernels ker d?(h —J¢). If z € V =
kerd?(h — J¢) N B.(0), we set

U(z) = my,(z).

Since Vp C (V{) for some i and the germ myi restricts to my, by Lemma
the map my, can indeed be defined on B.(0) NV, and moreover, the map ¥
is well-defined since my, (x) is independent of the choice of the kernel V4 that
contains z. By Theorem [6.53] there is an isotropy subgroup S C T such that
Vo = (V§)®. Since my is T-equivariant, the image of its restriction my, to
the fixed point set of S contains all relative equilibria in B.(0)° that have a
generator ¢ with the property that all eigenvalues of d?(h — Jé)(O)‘VO,- have

absolute value less than €.
We now consider the eigenvalue structure of d%(h —J £+’7)(0)“/.1. correspond-
0

ing to alternative generators of the form ¢ + i with 5 contained in s, the Lie
algebra of S: The group S is given by the intersection of the kernels of rep-
resentations defined by the weights of V. With respect to the coordinates on
t given by the weights of V{, the subset s hence corresponds to the subspace
on which the coordinates given by the weights of Vj vanish. Thus all diagonal
matrices for complex linear maps Vi — V{ that vanish on Vj are of the form
d2J’7(0)|VOi for some 7 € s. Hence my;, (B-(0)°) contains all relative equilibria
of X}, in B.(0)® with generators &, such that the eigenvalues of d(h — Jf)(O){V0
have absolute value less than e.

U is obviously a T-equivariant homeomorphism onto its image. Thus we
only have to show, that there is a § > 0 such that all relative equilibria of X},
in Bs(0) are contained in the image of W.
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To see this, we note that
d(h — J%)(z) = d%(h — J)(0)x + Rp(z), (6.6)

for some map R, : V — V* with R,(0) = 0 and limmﬁoRh—(I) = 0. If

[E]]
2(h—JEV(0)z
W has a positive lower bound for all  # 0, there is thus a neigh-

bourhood of the origin that contains no relative equilibria with generator £.

Let Eg, denote the real part of the sum the eigenspaces of dX},(0) corre-
sponding to eigenvalues with non-vanishing real part. Then Eg, is a T-invari-
ant, d2(h — J¢)(0)-invariant complement of E.. We now argue, that there is an
¢’ > 0, which is independent of &, such that for z € Eg, with ||z] = 1 we have
|d2(h — J%)(0)z|| > &’: We split Eq, into isotypic components for the T-action.
Each isotypic component is d?h(0)-invariant and dJ¢(0)-invariant. Choosing a
T-invariant inner product and the corresponding norm, we only have to find such
a number on every isotypic component, then &’ is given by the minimum of these
numbers. On each isotypic component, d2J¢(0) = A1 for some A = A(¢) € R.
Obviously ||d?h(0)x — Az|| is bounded away from 0 for large absolute values of
A and z in the unit sphere S* of the isotypic component (of dimension k). Since
by Lemma the linear map d?(h —J¢)(0) is invertible on Eg, for every &, we
can also find a lower bound for d?(h — J¢)(0)z for all z in S* and ¢ such that
d2J%(0)x = Az for some A contained in a given compact interval. Hence there is
indeed such an &’. If d?(h —J¢)(0) has eigenvalues of absolute value less than &',
the sum of the corresponding eigenspaces is hence contained in E.. Replacing
¢’ by a possibly smaller €”, we can force the corresponding sum of eigenspaces
to be contained in one of the V.

Now, we choose 6 < e such that % < &” := min(e”,e) for every
2 € Bs(0). Suppose that z € B;s(0) is a relative equilibrium with generator €.

We consider the sum Vj of the eigenspaces corresponding to eigenvalues of
d?(h — J%)(0) of absolute value < &”’. By & < ¢ and the assumption on &”,
we have V, C Vjj for some i.

Let S C T be an isotropy subgroup with Vy = (V{)®. For any choice of a
T-invariant inner product, the vector field V(h — J¢) is T-equivariant and thus
sends V¥ to V. Let W denote the orthogonal complement of V' and consider
only the W-component of equation (where we identify V and V* via the inner
product). It depends only on the W-component zy of z. Since all eigenvalues

of d2(h — J%)(0 have absolute value greater than ¢ and IEa@wll om0
w & zwl] ’

conclude zy = 0. Thus, 2 € V5. Since ¢ satisfies that the eigenvalues of the
restriction of d2(h — J¢)(0) to Vo = (V{)? all have absolute value less then ¢,
the relative equilibrium x is contained in the image of my,, which is a subset of
the image of . O

Definition 6.56. If Vj = kerd?(h — J%)(0) for some &, and ¥ is the T-equiv-
ariant local homeomorphism between the local set of relative equilibria of Xg,
and &, we call ®(Vp) the manifold that bifurcates at Vp, or at &y, or at the affine
set X := {¢ et|VyCkerd?(h—J%)(0)}. Similarly, we refer to the stratum of
minimal isotropy of ®(V}) as the stratum that bifurcates at Vg, &y, or X.

Remark 6.57. Let My be the stratum that bifurcates at the affine subset X C t.
Then for each relative equilibrium in My the corresponding set of generators is
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a parallel translation of X: Let Vj denote the corresponding subspace and s
be the underlying subspace of X. Then for any 7 € s, the linear map d2J"(0)
vanishes on V{) and s is the maximal subset of t with this property. Equivalently,
s is the Lie algebra of the minimal isotropy subgroup S C T of elements of V.
Thus the isotropy subgroup of any element of My is S and equivalently the
underlying subspace of its set of generators is s.

Moreover, My contains all relative equilibria in some neighbourhood of 0
with this property whose set of generators is contained in a particular s-invariant
neighbourhood of X. Indeed, if Vo = kerd?(h — J%)(0), then by Lemma m
® (1)) contains all relative equilibria near 0 with a generator contained in a
neighbourhood O of §y € X. Thus My = ®(V})(s) contains all relative equilibria
near zero with with isotropy subgroup S whose set of generators is contained in
O +s.

6.4.2 Representations of connected compact groups

Fortunately, our results about torus representations are derived from explicitly
given generic conditions. This is not always the case when dealing with equiv-
ariant transversality, because it is often hard to specify the open and dense
subset of equivariant smooth maps that are G-transverse to some invariant set.
In that case, the results for some specific group do not help to understand the
generic behaviour of maps with higher symmetry. But in our results for tori, our
assumptions on the Hessian of the augmented Hamiltonian imply the necessary
T-transversality condition. This circumstance makes it possible to apply the
method to representations of connected compact groups. In general, we will not
be able to investigate the generic structure of all relative equilibria, but never-
theless, the method yields some branches of relative equilibria that generically
exist:

Let G be a connected compact Lie group and V' be a G-representation. To
apply the results about torus representations, fix a maximal torus T C G and
consider V' as a T-representation. If £ is a generator of a relative equilibrium =z,
then every element of the adjoint orbit of £ is a generator of a relative equilibrium
in the G-orbit of x. Since all adjoint orbits intersect the Lie algebra t of T', we
only have to find the solutions of d(h — J¢)(x) = 0 with z € V and £ € . Then
all relative equilibria are contained in the G-orbits of these solutions.

Again, we start with an investigation of the kernels of the Hessians of the
augmented Hamiltonians for generic Hamiltonian functions. The reasoning is
similar as for torus representations: By Lemma for any £ € t, the kernel
of d?2(h — J¢)(0) is contained in the centre space E. of dX;(0). Moreover,
we assume that E. splits into G-symplectic irreducible spaces corresponding to
pairs of purely imaginary eigenvalues. Recall that this is our generic centre
space condition (GC). Then E. admits a complex structure i and a (real) inner
product (-,-) such that w is represented by the multiplication with i and the
quadratic form d2h(0) is represented by a real multiple of the identity on each
space E1g; of dX},(0) (see Theorem and Corollary. We fix this choice
of an inner product in the following.

Recall that for torus representations the generic situation is that exactly each
sum of weight spaces corresponding to linearly independent weights forms such a
kernel (see Theorem. Here, the structure of the kernels is more complicated
and depends on the weights of the G-symplectic irreducible subrepresentations
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of E.. The kernels are characterized by the following lemmas:

Lemma 6.58. Suppose that the generic centre space condition (GC) is satisfied.
Then E. splits into a sum of G-symplectic irreducible eigenspaces U; of d?h(0).
For each & € t, we have

ker d?(h — J%)(0) = @D ker d*(h — J)(0))|

U;’

For each U; the kernel of the restriction d?(h—J¢)(0) ’Ui is of the form @, cs, Ca
for some subset S; of the weights of U; which is mazimal within aff(S;) and such
that 0 ¢ aff(S;). (Here, we allow multiple weights in S;. Mazimality of S; in
aff(S;) implies that every weight of S; occurs with the same multiplicity in S;
as in the set of all weights of U;.)

Proof. Consider each eigenspace U; of d2h(0)|g, as an irreducible complex G-rep-
resentation. Then U; splits into irreducible T-representations C,:, its weight
. J
spaces with corresponding weights a. The momentum map J restricted to t is
the same as the momentum map corresponding to the T-action on V. Thus for
any ¢ € t, the endomorphism that represents d2J¢(0) on E, with respect to our
choice of the inner product has the eigenspaces C,: with eigenvalues 2ma ).
J
Since the function h — J¢ is T-invariant, Vg := ker d?(h — J¢)(0) is T-invariant
and splits into a sum of weight spaces. Let ¢; be the eigenvalue of d2h(0) on
the eigenspace U;. Then V; is given by the sum of those weight spaces C,: of
J

the eigenspaces of th(O)’]E such that
277043‘ ) =c

is satisfied. For each £ and each eigenvalue c¢;, the set of solutions a € t* of the
equation 2ra(€) = ¢; is affine. Since d2h(0) is non-degenerate, 0 is not contained
in any of these affine subsets of t*. Thus the solution set S; of weights of U; is
maximal in its affine span aff(.S;), which does not contain 0. O

For torus representations, the non-resonance condition (NR) is generic. This
is no longer true for representations of general connected compact groups G, as
we will see soon. We replace condition (NR) by a more general condition:

Definition 6.59. Let T be a real vector space and S = [JI_; S; be a union of
subsets S; C T*. Then S is full iff for every vector (ci,...,¢,) € R™, there is
an z € T with
Vi:Va € S, a(zr) =¢.

Remark 6.60. Equivalently, S is full iff for every k € {1,...,n} there is a
solution for the k-th standard vector e of R™. Let Wj be the underlying
subspace of aff(Sy). Then z € T satisfies a(z) = 0 for all o € |, S; and
a(z) = p(x) for all a, § € Sy iff

z e (| S+ W)t
ik
where () denotes the span and AL c T the zero set of a subspace A C T*.
Hence there is a solution for e, iff

(U Si) + W)t & (Se)h,

i#k
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equivalently,

(Sk) € (|J Si) + Wi
ik
In other words, in the quotient T/[/V,€7 the projection of (Sy), which is a single

element of T/Wk, is not contained in the span of the image of J, Zk S; under
the projection.

Definition 6.61. Suppose that G-invariant Hamiltonian function h satisfies
condition (GC). Then h satisfies the generalized non-resonance condition (NR’)
iff for each union S = [J;S; of sets S; of linearly independent weights of
eigenspaces U; of d?h(0) and the vector ¢ = (cg,...c,) of the corresponding
eigenvalues, there is an x € T with

Vi:VaeS;:a(x)=c¢
iff S is full.

Since there are only finitely many such sets S, condition (NR’) obviously
holds for all h contained in a dense open subset of C& (V') (with the C*°-topology
or Whitney C*°-topology).

Now we can formulate a converse of Lemma which holds for generic
G-invariant Hamiltonian functions h:

Lemma 6.62. Suppose that h : V — R satisfies conditions (GC) and (NR’).
Let U C E. be an eigenspace of d2h(0) with corresponding eigenvalue ¢ and
S C t be a subset of the weights of U with the property that S is maximal in
aff(S) and 0 ¢ aff(S). (See the comment in Lemma about the multiplicity
of weights.) Then there is a & € t such that

ker d*(h — J¢)(0) = @ Co C U.
aeS

Proof. Use a G-invariant inner product to identify t* and t and consider the
perpendicular s from 0 € t to aff(S). The inner product with any point of s is
constant along aff(S). Moreover, if we vary the point of s, we may obtain any
real number as the result of the inner product. In particular, there is a é with

2ra(€) = ¢ for any a € S C aff(S). Thus,

P Ca € kerd?(h — 3%)(0). (6.7)

a€sS

The same inclusion holds if we add any point of the orthogonal complement
of the span (S) to £ IfS C S for some subset S of the set of weights of U,
the maximality of S yields aff(S) C aff(S). Suppose that 0 € aff(S). Then by
Lemma @D.c5Ca is not contained in kerd?(h — J*)(0) for any £ € t. If
0 ¢ aff(S), then (S) C (S). Thus, we obtain a lower dimensional solution set
for £ if we replace S by S in the inclusion Hence, for £ contained in an open
dense subset of solutions of the above inclusion, we obtain

P Ca = ker d*(h — 3)(0) |-

a€esS
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If we consider the whole kernel ker d?(h — J)(0), it is a sum of the kernels of
the restrictions of d?(h — J¢)(0) to irreducible subrepresentations U; of E. with
d2h(0)|Ui = ¢;1 , where wlo.g. U = U;. By Lemma W, for each U;, the
kernel ker d?(h — JE)(O)’Ui is given by a sum P, g
weights which is maximal within its affine span aff(S;) and 0 ¢ aff(S;). Now,
genericity assumption (NR’) implies that the dimension of the set of solutions
& of the system

C,, where S; is a set of

Vi:Va e S;: 2ra(§) =¢

is less then the dimension of the set of solutions £ of the system
Va € 51 : 2ra(§) = c.

Since there are only finitely many choices for |J; S;, there are values of £ € g
with
P Ca = kerd®(h — 3%)(0). O

a€eS

The following corollary now shows, that non-resonance condition (NR) is not
generic in general. Again, we consider V' as a complex G-representation. If G has
rank > 2, all but a finite number of the irreducible complex G-representations
have linearly dependent sets of weights whose affine span does not contain 0.
See (See [Hal03| Theorem 10.1]).

Corollary 6.63. Let U C V be a complex irreducible subrepresentation and
suppose that S C tis set of weights of S with S mazimal in aff (S) and 0 ¢ aff(S).
Then there is an open subsetU C C>(V)E (OC®- or Whitney C>-topology) such
that for every h € U there is a £ € t with

d*(h — 3%)(0) ~ @B Ca.

aeS

Proof. By Theorem there is an open subset U C C>(V)% such that for
every h € U, the centre space E, of dX »(0) contains a subspace isomorphic to
U. Then Lemma [6.62] implies the existence of such a £ for h in a dense open
subset U of U. O

However, our results for torus representations apply to kernels of d?(h — J¢)
with linearly independent weights. We obtain:

Theorem 6.64. Let G be a connected compact Lie group with maximal torus
T and V be a symplectic G-representation. Suppose that h : 'V — R is a
smooth G-invariant Hamiltonian function with critical point at 0 that satisfies
the genericity assumptions (GC) and (NR’), that is:

1. dX,(0) is non-degenerate.

2. E. = ®iel U;, where each U; is irreducible and U; = Fig; for a pair of
purely imaginary eigenvalues £6;i of dX},(0).

3. Consider subspaces U; C E. and the vector ¢ = (c1,...,¢,) such that
d2h(())|U’_ = —JdXh(O)|U’_ = ¢; 1y, for a representation matriz J of w
with respect to a G-invariant inner product on 'V such that J?> = —1. For
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each union S = J; S; of sets S; of linearly independent weights of U;, we
have a solution x of
Vi:Va € S;: a(z) = ¢.

iff S is full (see Definition and Remark .

Consider (possibly empty) subsets S; of weights of U; such that each S; is maz-
imal in aff(S;) (in particular, the elements of S; occur with multiplicity 1 in
the set of weights of U;). If S := J;c; Si is linearly independent, there is a
T-invariant manifold of T-relative equilibria whose tangent space at 0 is given
by the sum of the corresponding weight spaces of the elements of S: For a € S,
we obtain the summand C, C U;.

Proof. We show first that for a linear independent set S, there is indeed a
¢ € t such that kerd?(h — J)(0) consists of the corresponding weight spaces
of the weights contained in S: Since the S; are linearly independent, we have
0 ¢ aff(S;). Thus by Lemma there are nonempty subsets X; C t such
@P.cs, Ca is contained in kerd?(h — J)(0) if £ € X;. Since S = J;_; S; is
linearly independent, the intersection X := (), X; is non-empty. Moreover, as
argued in the proof of Lemma the condition [3| (which is condition (NR’))
implies, that there is a £ € X with kerd?(h — J¢)(0) = @ .4 Ca-

Now the result follows from Lemma [6.55 O

Let us consider again the affine subset X C t related to the subspace
Vo :=kerd?(h — J)(0). We have X := {¢ € t | V) C kerd?(h — J%)(0)}. Sup-
pose that X is contained in k hyperplanes of t consisting of zeros of the map
€+ detd?(h — J¥)(0) and that dimt = n. (Here, we distinguish hyperplanes
corresponding to different weight spaces even if they coincide.) Then the weights
of Vjy are linearly independent iff dim X = n — k. In this case, we call X regular.
Moreover, we use the same terminology as in Definition [6.56] then.

As explained above, the G-orbits of these bifurcating manifolds of T-relative
equilibria consist of G-relative equilibria. Now, we investigate the structure of
these group orbits.

For torus representations, points of Vy = @ C,,, for linearly independent «;
are contained in the same group orbit exactly if their momenta coincide. Hence
by equivariance of my;, the orbits of relative equilibria in the stratum tangent
to @ C,, are given by the preimage of the canonical stratification of J(€P C,, ).
In contrast, when we consider the G-action, different T-orbits may be contained
in the same G-orbit.

For example, this happens in the following case:

Lemma 6.65. Let X,Y C t be reqular affine subsets of
Z:={¢et|detd®(h—J%)(0) =0}

with the same W-orbit, where W = W(QG) is the Weyl group of G. Then the
manifolds that bifurcate at X and Y respectively are contained in the same
G-orbit.

Proof. If Y = wX for w € W and w € N(T) is a representative of w, multipli-
cation by w maps the manifold M of T-relative equilibria that bifurcates at X
to a manifold WMy of T-relative equilibria with generators near the elements of
wX. By uniqueness (see Remark , WMy coincides with the manifold that
bifurcates at wX. O
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Remark 6.66. Note that the Weyl group W permutes the weights of E. and
hence the corresponding affine hyperplanes of t, which form together the zero
set of & + detd?(h — J¢)(0). Obviously, an intersection X of some of these
affine hyperplanes is regular iff this holds for every wX for w € W.

To identify the relative equilibria of the same G-orbit in general, we consider
them together with their generators. The set of pairs (v,£) € V x g of a relative
equilibrium and an admissible generator is given by the G-orbit of its intersection
with (v,8) € V x t.

If two elements (v, &) and (v, £’) of this intersection are contained in the same
G-orbit, we have in particular £ = Ad, & for some g € G. Since the intersection
of the adjoint orbit G¢ with t coincides with the Weyl group orbit W¢, there is
aw € W with ¢ = Ad,, £&. We already know that for regular affine subsets that
have the same W-orbit, the bifurcating strata have the same G-orbit; we only
want to find additional relations between the G-orbits of strata. Thus we choose
some representative @ € G of W and replace (v/,¢') by (v~ 'v',Ad,'¢") =
(wv', £), which is also contained in the G-orbit. Hence we assume in the following
that £ = ¢’. Then v and v’ are contained in the same G¢-orbit.

Ge # T iff € is contained in some Weyl wall ([BtD85, chapter V, Theo-
rem 2.3]). If we consider only relative equilibria whose generator £ is contained
in some small neighbourhood of some &, with detd?(h — J%)(0) = 0, we may
deduce that £ must also be contained in this Weyl wall and G¢ = G¢,. Hence,
if two relative equilibria v and v’ near 0 with generators in t are contained in the
same G-orbit but not in the same T-orbit, they must necessarily be contained
in the manifold tangent to ker d?(h — J)(0) for some Weyl wall element &.

We now investigate the intersection of group orbits with such a manifold:
Since h—J% is a G¢-invariant function, Vp := ker d(h—J%)(0) is G¢-invariant.
Hence, the Splitting Lemma yields a G¢-equivariant local map

v (Vo X g¢,(0,&0)) = Vi,
where V1 is a Gg¢-invariant complement of Vg, such that v; solves
dy, (h — J%)(v1 + o) = 0.
By uniqueness, v; extends the corresponding local map
v (Vo x £,(0,&)) — V4.
Similarly, the Ge¢-invariant function g : (Vo X ge, (0,&)) — R given by

9(v0,&) = (b — J%)(v1(vo, &) + vo)

is an extension of the T-invariant function g defined on a neighbourhood of
(0,&o) in Vo x t. Since V5 and Vj are Ge-invariant and vy is G¢-equivariant, the
pairs (v1(vo, ) +vo,&) and (v1(vy, &) + g, §) are contained in the same Gg¢-orbit
iff this is true for (vp, &) and (v(,£). Hence we only have to understand the
Ge-action on Vj.

(Note that we do not require that Vj has linearly independent weights at
this point. Nevertheless, we will investigate the G¢-action on Vj later on only
for the case hat the weights of Vj are linearly independent. It will turn out,
that this suffices to describe the G-orbits of the strata of T-relative equilibria
that bifurcate at regular affine sets.)
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Remark 6.67. If two pairs (z,§), (2/,¢’) € V x t are contained in the same
G-orbit, this is obviously also true for the points x and z’. Conversely, if two
T-relative equilibria z and 2’ are contained in the same G-orbit and £ € tis a
generator of z, it is an interesting question if there is generator a & € t of 2’
such that the pairs (z,£) and (2/,¢’) are contained in the same G-orbit. Since
x = g’ for some g € G implies that Ad, &’ is a generator of z, this is true
if there is an element h € G, with Ad,(Ady¢’) € t. The following lemma
describes a situation when this happens.

Lemma 6.68. Let X C g be the set of generators of the G-relative equilibrium
z and X := X Nt. If X is not contained in a Weyl wall, then each Gy-adjoint
orbit of an element of X contains an element of X.

Proof. To see this, note that X is a G-invariant affine subset of g of the form
Mo + gz, where we can choose 79 to be contained in g (with respect to an
invariant inner product on g). Since X is Gy-invariant, G, fixes 1o and hence
[€,m0] =0 V¢ € g,. Consider the Lie algebra [ = g, @ (1n9). Suppose that ¢ is a
Cartan subalgebra of [. Then all G -orbits in [ intersect ¢: There is a splitting ¢
= ¢ @ (no), where ¢’ is a Cartan subalgebra of g, and thus intersects all adjoint
orbits in g,.

Since [Nt is an Abelian subalgebra of [, it is contained in a Cartan subalgebra
¢ C I If [Nt = ¢, every element of X has an element of [Nt in its Gg-orbit. Then
the G-invariance of X implies that it is contained in X Nt = X. If [Nt C
there is a Cartan subalgebra t' # t of g that contains ¢. Thus the elements of
[Nt are contained in the two different Cartan subalgebras t and t' of g and hence
they have to be contained in a Weyl wall of t (see [BtD85, Proposition 2.3, part

(iv)]). O
Together with the consideration in Remark [6.67] we obtain:

Corollary 6.69. Let X C Z be a reqular affine subset that is not contained in
a Weyl wall and M be the stratum that bifurcates at X. Then M intersects the
G-orbit of a T-relative equilibrium x iff for every generator £ of x there is g € G
with gx € M and Adgz € t.

Remark 6.70. Notice that G¢ is the union of all tori whose Lie algebra contains
¢ and hence G¢ is connected ([BtD85, chapter IV, Theorem 2.3, part (ii)]).
T C G¢ is also a maximal torus of G¢ and hence the subspaces of V of the form
C, are also weight spaces of the G¢-representation V. The Weyl group W (Ge)
is generated by a subset of the reflections of W(G).

Since V is Ge-invariant, the set of weights of Vj is W(G¢)-invariant. The
following lemma shows, that there are two possible cases:

Lemma 6.71. Let S := {aq,...,ar} C t* be a subset of the weights of some
complex G-representation V, ¢ € R\ {0}, and X C t mazimal with

a()=c VEEX,Vi=1,...,k

such that S is the mazimal set of weights of V' with this property for X. Let
Z C G be a connected subgroup with T C Z and W (Z) its Weyl group. The
following conditions are equivalent:
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1. W(2)S =S,
2. W(2)X = X.

If the conditions hold, each reflection w € W (Z) acts trivially on exactly one of
the sets S and X. Hence either S or X is contained in the corresponding Weyl
wall.

Proof. [[]= [2 By invariance of S,
@;(Ady,(€)) = Coady—1 i (§) = ¢ V€ € X, Vi, Yw € W(Z).

By maximality of X, W(Z)X = X.

= [} Similar.

For the last statement, we identify t and t* via a W-invariant inner product.
Let (S) be the span of S and consider the splitting t = (S) ® (S)+. If w € W(Z)
is a reflection with wS = S, then w(S) = (S) and w(S)* = (S)L. Then
X = z0+ (S)* for some z¢ € (S)*. Since w is a reflection about a hyperplane,
w fixes either (S) or (S)* but not both. Hence either X € t* or S € t¥. O

Hence, if G¢ = G¢, is non-Abelian, either the set X for Vj is contained in
some Weyl wall or X is perpendicular to a Weyl wall, &y is contained in the
intersection of X with the Weyl wall, and the weights of Vj are all contained in
the corresponding Weyl wall.

Since we can predict bifurcations if the set {c, ..., ax} is linearly indepen-
dent, we investigate the Gi¢-action on Vj in this case now.

Now, let us investigate the W (G¢)-action on the linear independent set S if

VO = ®a65 CO‘

Lemma 6.72. Assume a set of linearly independent weights of some symplectic
G-representation is left invariant by a Weyl group reflection w. Then there is
at most one pair of different weights o and wa contained in the set and all the
other elements are fized by w.

Proof. Assume that «, wa, §, and wp are pairwise different weights. Since
w fixes a hyperplane, the image of 1 — w is 1-dimensional. Hence, a — wa
and 8 — wp are multiples of each other. Thus a, wa, 8, and wf are linearly
dependent. O

Hence, given a reflection w € W(G¢), there are two possible cases for the
linearly independent set S of weights of Vj:

1. w fixes every element of S.

2. w fixes every element of S but some pair of different weights § and wf
contained in S.

The main observation on the orbit structure of Vj is contained in the follow-
ing lemma. Here, we assume that Vj is contained in some symplectic irreducible
G-representation. To prove the general case, we will split Vj into G¢-invariant
sums of weight spaces that are contained in different irreducible G-symplectic
representations.
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Lemma 6.73. Suppose that Vo = kerd?(h — J¢)(0) is contained in an irre-
ducible G-symplectic subrepresentation of V. and has a linearly independent set
of weights S. Consider a Weyl group reflection w € W(G¢). Then there is a
connected closed subgroup Z C G¢ with T C Z and W(Z) = (w). The Z-orbits
are as follows, depending on the above two cases:

1. In case the Z-orbits coincide with the T-orbits.

2. In case[3, the space Cg @ Cyp is Z-invariant. The Z-orbits in Cg ® Cyp
coincide with the norm spheres. The complement @aes\{ﬁ’wﬁ} Cqu is also
Z-invariant. Within this space, the G¢-orbits coincide with the T-orbits.

With the help of Lemma[6.73] we can deduce the relations between the G-or-
bits of strata that bifurcate at regular intersections of hyperplanes in t:

Theorem 6.74. Assume that the G-invariant Hamiltonian function h: V — R
satisfies the genericity assumptions (GC) and (NR’). Consider the strata of
T-relative equilibria of X that bifurcate at reqular affine subsets of Z. Then
the union of these strata is contained in the G-orbit of the union of those strata
that bifurcate at reqular affine subsets of Z that are not contained in a Weyl
wall.

If X, Y C Z are regular affine subsets not contained in a Weyl wall, the
strata that bifurcate at X and Y respectively have the same G-orbit iff the Weyl
group orbits of X and Y coincide. Otherwise, their G-orbits are disjoint.

Proof. Let X C Z be a regular affine subset contained in a Weyl wall t* fixed
by the Weyl group reflection w € W. Then X is an intersection of hyperplanes
consisting of the solutions £ of equations of the form

27ra;-(§) = ¢,

where ¢; is an eigenvalue of d?h(0 ‘E and cv a weight of the corresponding
eigenspace U;. Let X, denote the 1ntersect10n of solution sets corresponding
to the eigenvalue ¢; and S; be the corresponding set of weights. Since X is
w-invariant and X C X;, we also have X C wX; and thus also X; = wX;
by minimality of X;. Thus by Lemma [6.71] each set S; is w-invariant, too.
Moreover, for each i, X; is either contained in t* or perpendicular to t*. Since
X =();X; C t¥ and X is non-empty, there is at least one particular ¢* with
X+ C t¥. Then again by Lemma S+ contains a pair 3 # wf of weights.
By Lemma all weights in « € S\ {8, wp} satisty wa = a. Now we choose

¢ € X with
kerd*(h — J%) = P €P Ca = Vo

i «a€S;
——
cU;

Since w¢ = ¢ we have w € W(G¢). By Lemma and the G¢-invariance of
Vo, we have VO = GEWO with

Wo=(EPEPcavr @B Ca)aCs

i#i* a€S; a€S;x\{B,wB}
——

cU; CU;*
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Thus the above reasoning shows that the stratum that bifurcates at Vg is con-
tained in the G-orbit of the stratum that bifurcates at Wj.

On the contrary, let Y C Z be a regular affine subsets that is not contained
in any Weyl wall. By Lemma [6.65] all strata that bifurcate at any image of Y
under the action of a Weyl group element have the same G-orbit.

Suppose that Y’ C Z is also a regular affine subset not contained in any
Weyl wall such that the intersection of the G-orbits of the strata M and M’
that bifurcate at Y and at Y’ respectively is non-empty. We have to show, that
there is a Weyl group element that maps Y to Y’. Suppose that x € M and
2’ € M’ are contained in the same G-orbit and choose a generator £ € t of x
that is not contained in any Weyl wall. By Corollary [6.69] there is g € G with
gz = 2’ and a generator £’ € t of 2’ with Ady & = &’ As argued above, we may
assume that g € G¢; we just replace Y by one of its images under the action of
the Weyl group W(G). Now, since G¢ = T and the strata are T-invariant, x
and 7’ are contained in the same stratum then. O

The content of remaining part of this section is the proof of Lemma [6.73
In order to investigate the G¢-action on Vj, we will need the following fact
about compact Lie groups:

Lemma 6.75. Let Z C G be a connected closed subgroup with T C Z. For
w € W(Z), let ()" be the corresponding Weyl wall and let G(w) := (Neg(pyw Ge
denote the mazimal subgroup that acts trivially on (t*)“. Then the Weyl group
of G(w) of the identity is generated by w. Moreover, the group Z is generated
by the groups G(w).

Remark 6.76. Note that G(w) is the centralizer of the group connected compo-
nent of 1 of the group ker 6, where « is a root corresponding to w (see below).
Thus, as for Ge¢, we obtain from [BtD85, chapter IV, Theorem 2.3, part (ii)]
that G(w) is connected.

To prove the lemma, we will use the following observation:

Lemma 6.77. If G’ C G is a closed connected subgroup of the compact con-
nected Lie group G such that G' contains a mazimal torus T of G and W (G') =
W(@G), then G' = G.

Proof. The Weyl group of G is determined by the roots of G, i.e. the non-
trivial weights of the complexified adjoint representation on g. The roots form
a root system, see [BtD85l chapter V, section 3] for the definition and proofs.
The Weyl group W(G) is generated by the orthogonal reflections that map a
pair of roots of the form o and —« into each other, where we have chosen an
appropriate inner product. There are no other roots than a and —a contained
in the span of a. Thus each of these reflections corresponds to a single pair of
roots. Since W(G) = W(G’), all (such pairs of) roots of G are also roots of
G’. Moreover, the weight space corresponding to weight 0 of the complexified
adjoint representation is (g® C)?T = t®C C ¢’ ® C. Thus g’ ® C = g® C, which
implies g’ = g and hence G’ = G. O

Proof of Lemma[6.75. In principle, this is just [BtD85, chapter V, Proposi-
tion 2.3, part (ii)]: The above observation shows that Z is uniquely deter-
mined by W(Z): If Z/ C G is a closed connected subgroup with 7' C Z’ and
W(Z') = W(Z), this implies W(Z'NZ) =W (Z) and thus Z=2'NnZ = Z'.
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Let « be a root of G and w, € W be the reflection associated to the pair of
roots o and —a (see the proof of the above lemma). Let 6, : T'— U(1) be the
homomorphism given by

exp(€) > )

and set U, := kerf, C T. Then w, fixes the Weyl wall ker o, which coincides
with the Lie algebra of U,.

Suppose that u, € U, and u, ¢ Up for any root 8 # « of G and u, =
exp &, for some small &,. Then the centralizer Z(u,) := {g € G !

guag = = U
satisfies Z(uq) = G, . Thus [BtD85| chapter V, Proposition 2.3, part (ii)] yield}s
that G(wa) = Ge, and that the Lie algebra of G(w,) is given by t& M,, where
M, is the real part of the sum of the weight spaces of @ and —« in g. Thus the
Weyl group of G(w,) is generated by wq,.

Let R™ contain exactly one of each pair a, —a of roots of Z and suppose
t € Naer+ Ua- Then by [BtD85, chapter V, Proposition 2.3, part (ii)], the Lie
algebra of Z(t) is given by t @, . g+ Ma. Thus the Lie algebra of Z(t) is the sum
of the Lie algebras of the groups G(w,) for « € R*. Hence the groups G(w,)
generate Z(t) (see [BtD85l chapter I, equation (3.5)]). Moreover, Z(t) and Z
have the same roots (and hence the same Weyl groups). Thus Z = Z(¢). O

Lemma 6.78. Assume the genericity assumption (GC) is satisfied. Suppose
Vo =kerd?(h —J%)(0) c U

for some & € t* and some complex irreducible eigenspace U C 'V of d?h(0) such
that Vo = @,cs Ca for a linearly independent set of weights of S. Suppose
further that there is some connected subgroup Z C G¢ containing T such that
S is W(Z)-invariant. Then for any W (Z)-invariant subset S’ C S, the space
DP.cs Ca is Z-invariant.

Proof. By Lemma, it suffices to show that for any w € W(Z) and any
w-invariant subset S” C S the space g Cqo is G(w)-invariant.

To show this, partition S into its (w)-orbits. Each orbit has either 1 or 2
elements. Let dzh(0)|U = ¢1, where ¢ € R\ {0}. For each of these orbits S;,
consider the maximal affine subset X; C t of solutions &£ of

2ra(€) =c¢

for all & contained S;. By the linear independence of S, X; & X; if i # j. X;
is perpendicular to the Weyl wall t* if S; has 1 element, and X is contained in
t* if S; has 2 elements. In both cases, the intersection X; Nt* is a hyperplane
of t*. By X; ¢ Xj for i # j, no two of these hyperplanes coincide. Thus, for
any 4, there is an n; € X; Nt* that is not contained in X; for any j # 4. Thus,

ker d*(h — J7)(0) N Vo = @ Ca.
a€ES;

Since G(w) C Z, Vp is G(w)-invariant. Moreover, by definition, G(w) C Gy,.
The G, -invariance of ker d*(h—J")(0) yields the G(w)-invariance of @, g, Ca-
O

We are now in the position to prove Lemma [6.73
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Proof of Lemma[6.73 Set Z := G(w). Let us investigate the Z-orbits in both

cases:

1. According to Lemma W(Z)a = o implies ZC,, = C,, for every a € S.
Since T acts transitively on the spheres of C,,, the Z-orbits of Vj coincide
with the T-orbits.

2. Since wCg = C,,3 for some representative @ of w in Z and Z is connected,
there is a path contained in a Z-orbit that connects a point of the unit
sphere of Cg with a point of the unit sphere of C,3. Because

Z(CsdCyup) =CsaCyup

holds by Lemma [6.78] the path is contained in Cs @ Cyp. On the unit-
sphere of Cg @ C,p, the T-orbits coincide with the level sets of |z4|?.
Since the path connects a point in the 1-level set to a point of the 0-level
set, it intersects all T-orbits. Hence Z acts transitively on the spheres of
Cp & Cyp. G(w)Cqy, = C,, for every a; # 8, wp yields

@Cai =Z( @ Cai) = Z(@ Ca,)-

a; Fwp ai#p
O

Remark 6.79. More generally, suppose that V; = ker d2(h—J¢)(0) is contained
in a complex irreducible eigenspace of d?h(0) and let the set S of weights of
Vo be linearly independent. If a subset S’ C S is an orbit of the action of
the Weyl group W(Z) of a connected closed subgroup T' C Z C Gg, Z acts
transitively on the spheres of the sum @, g Co of the weight spaces: This
follows from Kostant’s theorem, which states that for a connected compact
group, the projection of a coadjoint orbit to t coincides with the convex hull
of the corresponding Weyl group orbit (see for example [Ati82]): @ g Co is
Z-invariant by Lemma [6.78} Furthermore, for any point z of the unit-sphere of
C, with momentum value J(z) = p, the projection of the orbit Zu to t must
contain the convex hull of 75’. Hence Zz intersects all T-orbits in the unit

sphere of @, ¢ Ca-

6.5 Examples

In the following, we consider some representations of SU(3) and compute the
tangent spaces at which manifolds of relative equilibria bifurcate. Consider the
centre space E. of dX;(0) as a complex SU(3)-representation. The diagonal
matrices with entries in S € C and determinant 1 form a maximal torus 7'
of SU(3). Its Lie algebra t consists of diagonal matrices with entries in iR and
trace 0. We identify t and t* with the space

1 1

{€eR? | +a+a3=0}= |1
1

Then the restriction of an element in the dual space (R3)* to t corresponds to
the orthogonal projection to (1,1,1)".
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The Weyl group is the symmetric group Sz, which acts on t = t* by permu-
tations of the coordinates (see [BtD85) chapter IV, Theorem 3.3]).

Example 6.80. Let E. = C? be the standard representation of SU(3). The
weights of V' are given by the projections of (1,0,0), (0,1,0), and (0,0,1) to
(1,1,1)*. Thus the weights are oy = (%,f%,f%), Qg = (f%, 3,7%), and

az = (—%7 —%, %) Each pair of weights forms the orbit of a reflection of the

Weyl group. Thus if ¢ € R\ {0} is the eigenvalue of d?h( ’]E , the corresponding
affine lines of solutions to —2ma(§) = ¢ intersect only in the Weyl walls. See
Figure[6.1} The black lines represent the Weyl walls in t*. The black dots mark
the welghtb. The dashed lines show a possible configuration of the affine lines
when t* and t are identified.

Thus we obtain one branch of SU(3)-orbits of relative equilibria, whose tra-
jectories form periodic solutions. The branch forms a manifold tangent to the
centre space E.. Alternatively, we may deduce this from the fact that each
1-dimensional complex subspace is the fix point subspace of a group isomorphic
to SU(2).

Figure 6.1: C3 (Example [6.80)

Example 6.81. Let E. = C? @ C? be the sum of two copies of the standard
representation. Suppose the genericity assumption that dh(0 ’]E has two dif-
ferent non-zero eigenvalues c1, co with ¢; # —2c¢s and ¢ # —2¢;. This situation
is shown in Figure [6.2] The dashed lines represent the affine lines for the first
eigenvalue, the dotted lines correspond to the second one.

Then we obtain two manifolds of relative equilibria, each of which is tangent
to one copy of C3. Moreover, for any pair of two weight spaces contained in
different copies of C? and corresponding to different weights, there is a manifold
of T-relative equilibria tangent to their sum. All of these additional relative
equilibria are contained in one branch of SU(3)-orbits.

By representation theory of compact connected Lie groups G, the irreducible
representations G are uniquely determined by the Weyl group orbit of their mazx-
imal weight. A weight is mazximal iff the convex hull of its Weyl group orbit
contains all other weights of the representation. We now consider the SU(3)-rep-
resentation with maximal weight (1,0, —1). This is a complex representation of
dimension 8. The weights are given by the Weyl group orbit of (1,0, —1) and
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Figure 6.2: C3 @ C3 (Example [6.81])

the weight 0, which occurs with multiplicity 2. (See [Hal03|, section 6.5]. Note
that Hall chooses a different isomorphism t* ~ R? there, such that the weight
(1,1) in [Hal03] corresponds to our weight (1,0,—1).)

Example 6.82. Let E. = C® be the irreducible representation with maximal
weight (1,0,—1) and suppose that d2h(0) is non-degenerate. First of all, we
obtain for each non-trivial weight a manifold of T-relative equilibria with pe-
riodic trajectories which is tangent to the corresponding weight space. Since
all these weights are contained in the same Weyl group orbit, the G-orbits of
these manifolds coincide. Although we have only one Weyl group orbit of non-
trivial weights here, there are pairs of weights that do not form an orbit of some
reflection. A possible configuration of the affine lines is shown in Figure [6.3

Thus in addition to the relative equilibria contained in the above G-orbit
of manifolds, we obtain a manifold of T-relative equilibria for each such pair
that is tangent to the sum of the corresponding weight spaces. Again, all these
additional manifolds are contained in the same G-orbit.

Figure 6.3: C® (Example [6.82)
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6.6 Application to Birkhoff normal forms

Although in mechanical systems the symmetries of nature typically correspond
to isotropy subgroups of the states of at most rank 1, approximations of the
Hamiltonian functions near an equilibrium often have symmetry groups of higher
rank.

Consider for example the harmonic oscillator in n degrees of freedom. It
consists of the quadratic part ho of the Hamiltonian h near an equilibrium p
such that d2h(p) is positive definite. There are canonical coordinates

(q15- - Qns P15+ - - Pn)
such that ¢;(p) = p:(p) = 0 and

1 & 5 o .
h2:§2%(qi+pi) Ai>0i=1,...n

For each symplectic subspace C; generated by the elements of the form

(07-~~707Qi>~--7pi»07~-~70)7

the standard action of S' ~ SO(2) ~ U(1) is canonical and leaves hy invariant.
Thus the Hamiltonian system for the harmonic oscillator he has T"-symmetry.

Typically, the Hamiltonian function h is not T™-invariant. Nevertheless, we
often obtain canonical coordinates from the theory of Birkhoff normal forms,
with respect to which also higher order approximations of h are invariant for an
action of a subtorus:

The eigenvalues A1, ..., A\, of d?h(0) are called rationally independent iff the
only integer solution of Y7, a;\; = 0 is a; = 0 for all 4. In this case, the
Birkhoff normal form theorem implies that of any r € N, there are canonical
coordinates such that the Taylor polynomial h,. of A up to order r is T"-invariant
(see [ArnT78 appendix 7 A]). Then all solutions of the Hamiltonian dynamical
system for h, are relative equilibria. Hence they are quasi-periodic, that is,
their trajectories are dense in some torus. This is in general not true for the
dynamical system for the vector field X}. Nevertheless, for small time intervals,
the integral curves for h, are good approximations of the integral curves for
h. Moreover, KAM theory implies that generically there is a set of invariant
tori for the Hamiltonian system of the original Hamiltonian function h and the
ratio of the measure of its intersection with a neighbourhood of the equilibrium
and the full measure of the neighbourhood is arbitrarily close to 1 for small
neighbourhoods, see [Arn78| appendix 8 D, section 4].

If the eigenvalues Aq,..., A, are rationally dependent, this is no longer true
for arbitrary r € N in general. For example, this may occur if symmetries of the
mechanical system cause multiple eigenvalues. Nevertheless, there are canonical
coordinates such that h, is invariant with respect to a subtorus of T:

Set A := (A1,...,An) € R™. The integer vectors j € Z™ with (j, \) = 0 form
a Z-submodul J. Let k be the rank of the free Z-modul J.

As shown in the proof of [Mos68, Theorem 3], there are canonical coordinates
Q;, P; with the following properties: The quadratic part of h,. is given by

7Zn: Q2+P2

N[ —
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We may choose (n — k) integer vectors v1,...,7, that form a basis of J+tnzn.
For each v; = (71,...,7), we obtain the function

I~
Gj=5 D> Qi +P).
i=1

Then we have {G, h,} = 0 for every j and hence the G are conserved quantities
of the Hamiltonian system for h,..

The flow ¢; of the Hamiltonian vector field X, is obviously periodic. More-
over, we have {G;,Gr} = 0 for every pair i,j. Thus, the flows ¢; and ¢;
commute. Hence they define a linear 7" *-action on

R2n:{(Qla-~-aQn7P17"'5Pn)}7

which leaves h, invariant.
The weight spaces of the representation are the subspaces C; of vectors of
the form (0,...,0,Q;,...,P;,0,...,0). The weights are given by
a= (v, ,ny*k).
Since A € J*, X is contained in the image of the matrix with columns 7, which

coincides with the matrix with rows a;. Let I be a subset of {1,...n}. For an
element ¢ of the Lie algebra t of 77 %,

kerd?(h — J%) = @;¢;C;

holds iff
727’(0[1(6) = )\z

is satisfied exactly for ¢ € I. Since A is contained in the image of the matrix
formed by the «;, there is a such a & if the linear spans {a;);cr and ()¢ are
complements within the span (a1, ...,a,). This is the case if the A; for i € T
are not part of any resonance relation, i.e. for any j = (j1,...,jn) € J, we
have j; = 0 for ¢ € I. If there is a set I with this property and in addition
the set {«; |7 € I} is linearly independent, then the Hamiltonian dynamical
system for h, has a manifold of relative equilibria. This is not true for the
original Hamiltonian function h anymore. Nevertheless for small time scales,
some solutions resemble quasi-periodic motion. Moreover, the system on the
symplectic manifold of relative equilibria may be considered as a perturbation
of the quadratic system on its tangent space. Thus I also expect that generically
a dense subset of this manifold consists of tori, which have in some sense a
counterpart in the original system.
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Prospects

For future work, it might be interesting to determine the isotropy subgroups of
the relative equilibria and their momenta. Then for a given relative equilibrium
p with isotropy subgroup G, = H, the isotropy subgroups of the momentum

generator pair within the group N = (N(H) / [ )° may be computed. The fol-

lowing thought is a first idea to compute the group G,: Let My be the manifold
of T-relative equilibria that bifurcates at V. By the equivariant Darboux the-
orem, My is locally T-symplectomorphic to Vj, its tangent space at the point
0. If ¢ : My — Vj is a T-equivariant symplectomorphism and p is a element
of My with J(m) = p, the t*-components of y and J(¢(p)) coincide. For any
connected closed subgroup K C G, Kostant’s theorem (see for example [Ati82])
implies that the projection of the orbit Ku to t* contains the Weyl group orbit
of the t*-component ,u‘t of p. Thus the Weyl group of K fixes ,u‘ . Conse-
quently, K fixes u’ .- Hence G, must be contained in the isotropy subgroup
G = G3(4(m))|, and the same is true for G,,.

Another approach for the future can be to consider parameter families of
Hamiltonians on torus representations. This is interesting for two reasons:

The results for torus representations yield the local structure of the set of
relative equilibria near a non-degenerate relative equilibrium for proper actions
of Abelian groups. The global set of relative equilibria in general also contains
degenerate relative equilibria. To analyse this situation, it might be helpful to
introduce additional parameters that correspond to p.

Moreover, this may also give some insight into systems of representations
of non-Abelian groups. In this case, the Hessian d?(h — J¢)(0) can have ker-
nels that consist of sums of weight spaces corresponding to linearly dependent
weights. In this case, there may be branches of relative equilibria tangent to
the kernel, but the results of this thesis do not predict them. Kernels of this
type generically do not occur for torus representations, but this changes if we
consider parameter families of Hamiltonians. Thus, an analysis of this situation
might yield generalizations of the theory in several ways.

As Patrick and Roberts point out in [PR00], the Hamiltonian functions that
occur in mechanics are usually contained in a much more restricted set of func-
tions. It may be valuable to investigate genericity properties within a smaller
set of functions than C°(P)¢.
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Appendix A

Thom-Mather
transversality theorem

This appendix is a translated part of my diploma thesis, which again follows
[GWPLT76).

A.1 (C*- and Whitney C*°-topology

In this appendix the definitions and properties of the topologies on spaces of
differentiable functions used in this thesis are presented. In the case of smooth
functions, the spaces are mostly considered with the C'*°-topology or Whitney
C*°-topology and we are usually not too strict which one to choose. The reason
is that for the investigation of local phenomena, it does not matter: We will see
that the quotient topologies on the spaces of germs are the same.

We start with the C'*°-topology. Let V and W be finite-dimensional R-vector
spaces. For n € N and a compact subset K C V we define the semi-norm

£ = sup " f ()]
reK

Set D,, :== B, (0) C V. We obtain a metric

df.g) =3 2L ol
’ L+ I1f =gl

n=0
which induces the C'*°-topology.

Definition A.1. A locally convex topological vector X space is called Fréchet
space iff its topology is induced by a metric with respect to which X is complete.

As is easy to see, C°(V, W) together with the C*°-topology is a Fréchet
space. Thus for mappings between such function spaces, the open mapping
theorem applies:

Theorem A.2 (Open Mapping Theorem, [Rud73, Theorem 2.11]). Let V., W
be Fréchet spaces and f : V. — W a surjective continuous linear map. Then f
18 open.

155
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In a similar way, the definition can be extended to C*°(M, N) for smooth
manifolds M and N: Given a coordinate chart (U, ¢) on M, a compact subset
K C U, a coordinate chart (V,4) on N, a function f € C°°(M, N) such that
Ff(K) CcV,n €N, and ¢ > 0, we consider the set N (¢,v, K, f,n,e) of maps
g € C®(M,N) with g(K) C U and ||y (f — g) 0 6|® ) < &. Then the sets
of this type form a base of the C°°-topology.

Alternatively, we will often use the Whitney C°°-topology, which coincides
with the C*°-topology if M is compact. Following [GGT73|, we introduce the
Whitney C*-topologies on C*°(M, N). For k = oo, we obtain the finest one of
these topologies.

Definition A.3. Let M and N be smooth manifolds, p € M, and f,g: M — N
smooth maps with f(p) = g(p) =: q.

1. f and g are in contact of first order at p iff df, = dg,. f and g are in
contact of k-th order at p, denoted f ~j g at p, if df,dg: TM — TN are
in contact of (k — 1)-th order in all points of T, M.

2. Let J¥(M, N), , be the set of equivalence classes of mappings f : M — N
with respect to the relation ~j at p. Then we define

JF(M,N) := U gerrsxnd (M, N)pq.
An element o € J¥(M, N) is called a k-jet from M to N.

3. Let a : J*¥(M,N) — M denote the projection J*(M,N),, > o ~ p.
Accordingly, let 3 : J*¥(M, N) — M be given by J*(M,N), , 3 o+ q.

For open sets U C R™, V C R™, there is a bijection between J*(U, V) and
the open subset U x V x P®)(R?, R™)y C R* xR™ x PF) (R™ R™),. For smooth
manifolds M and N, the sets J*(U,V) C J*(M,N), where U C M and V C N
are domains of charts, may be used to define the structure of a differentiable
manifold on J*¥(M, N) (J[GG73| chapter II, Theorem 2.2]).

Every smooth map f : M — N defines a smooth map

§*f M — J*(M,N)
p—3*f(p),
that maps p € M to the equivalence class of f in J*(M, N).

Definition A.4. For smooth manifolds M and N, k € Ng and U C J*(M, N),
set
M(U):={f € C®(M,N) | j*f(M)cCU}.

Since M(U)NM(V) = MU NV), the sets M(U) for open subsets U C
JF(M, N) form a base of a topology on C*(M, N).

Definition A.5. The topology on C*°(M, N) generated by
{MU) |U c J*(M,N) open}

is called Whitney C*-topology. W), denotes the set of Whitney C*-open subsets
of C>*(M, N).
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For k < I, we have W), ¢ W;: Let 7t : J{(M,N) — J*(M,N) map the
equivalence class of a function f in J'(M, N )p.q to the equivalence class of f
in J¥(M,N). Then M(U) = M((xL)=1(U)) for any U C J*(M,N). Thus
U2 oWy is a base of a topology.

Definition A.6. The topology on C*°(M, N) generated by the base U2 Wy
is called Whitney C* -topology

Since J*¥(M, N) is a smooth manifold, it is metrizable. Fix a metric d that
induces the topology of J*(M, N).
For f € C*°(M, N) and a continuous function § : M — R, set

Bi(f):={g € C* | d(j* f(z),j"9(x)) < () Vx € M}.

The sets BE(f) form a neighbourhood system of f with respect to the C*-topol-
ogy: B¥(f) = M(U), where

U= {o € J*(M,N) | d(j* f(a(0)),0) < 5(a(0))} .

Since U is open, BZ;“ (f) is Whitney C*-open. Moreover, we show that for each
open set V C J¥(M, N) with f € M(V), there is a continuous function ¢ : M —
R* such that BY¥(f) € M(V). Set

m(x) := inf {d(o,jkf(x)) | o€ a_l(x) N (Jk(M,N) \ V)}

Since m is bounded below by a positive number, there is a continuous function
§ : M — R such that d(x) < m(z) for every x € M. This yields B¥(f) C
M((V).

If M is compact, every continuous function § : M — R is bounded be-
low. Thus the sets Bi(f) form a neighbourhood system for f € C*°(M, N)

of the Whitney C*-topology. Thus, a sequence f,, converges to f iff all partial
derivatives up to order k converge uniformly to the partial derivatives of f.

If M is not compact, convergence with respect to the Whitney C*-topology
is a stronger condition than uniform convergence of the partial derivatives up
to order k: A sequence f, converges to f iff there are a compact set K and
a number N € N such that f,, and f coincide outside of K for n > N and
all partial derivatives up to order k converge uniformly on K to the partial
derivatives of f ([GGT73l chapter II, §3]).

Definition A.7. Let X be a topological space. A subset of X is residual iff
it is the intersection of countably many dense open subsets of X. X is a Baire
space iff every residual subset of X is dense.

Theorem A.8 ([GGT3, Proposition 3.3]). For smooth manifolds M and N, the
space C*°(M, N) with the Whitney C*-topology is a Baire space.

Now, let us come back to the local case: Let C*°(Dy, W) be the set of
functions from Dy to W that may be extended smoothly to V. Obviously, the
restriction map C°°(V, W) to C*°(Dy, W) induces for the Whitney C'°°- and the
C*°-topology on C*(V, W) the same quotient topology on C*°(Dy,W). Thus
for the investigation of local phenomena, it does not matter, which of both
topologies is chosen.
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A.2 Transversality to Whitney stratified subsets

Here, we collect the definitions and most important facts of the theory of Whit-
ney stratified subsets. For details, we refer to [GWPLTE].

Definition A.9. A stratification S of a subset P of a smooth manifold M is a
partition of P into smooth submanifolds of M such that each point of P has a
neighbourhood that intersects only finitely many elements of S. An element of
S is called stratum. The pair (P, S) forms a stratified set.

To define a Whitney stratification, we need a topology on the set G(k,n) of
k-dimensional vector subspaces of R™ for every pair of natural numbers k > n.

Suppose W C G(k,n) and let {w1, ..., wg} be a basis of W. If {wf,..., w}}
is another basis of W, the elements wj A --- A wj, € AF(R™) and wy A -+ A
wy € N\¥(R") are multiples of each other. Moreover, w € W is equivalent to
wAw A Awp =0 e AFTHR?).

Let P(A"(R™)) be the projective space of A"(R™). Then we obtain an in-
jective map ¢ : G(k,n) — P(AF(R™)), which is called Pliicker-embedding.

Definition A.10. The image ¢¥(G(k,n)) of the Pliicker-embedding together
with the subset topology of P(A"(R™)) is called Grafmann space G(k,n).

Remark A.11. For k = 1, the GraBlimann space coincides with the projective
space P"~1(R).

To begin with, we define Whitney regularity for pairs of strata of a stratified
set that is contained in an open subset of R"™.

Definition A.12. For smooth submanifolds X,Y C R", we call Y Whitney
regular over X at x € X iff for all sequences (z;) C X, (y;) C Y with z; — x
and y; — z the following condition is satisfied: Set k := dim(Y"). If the sequence
of tangent spaces (7,,Y) converges in the Graimann space G(k,n) to a vector
subspace T' C R™ and the sequence of lines passing trough the origin spanned
by z; — y; has a limit L in G(1,n) = P""1(R), then L C T.

Remark A.13. This condition is often called Whitney condition (b). It implies
the Whitney condition (a): With the notation of the definition, 7,,Y — T
implies T, X C T.

For a triple (X,Y, x) as in the definition, the Whitney conditions (a) and (b)
are obviously local conditions that are preserved under local diffeomorphisms.
For smooth submanifolds X and Y of a smooth manifold, we call Y Whitney
reqular over X at x € X iff this holds with respect to local coordinates. Y is
Whitney regular over X iff Y is Whitney regular over X at z for every z € X.

Definition A.14. A stratification is called a Whitney stratification iff every
stratum is Whitney regular over every other stratum.

For subsets P C M and Q C N of smooth manifolds M and N with Whitney
stratifications S of P and T of @, the stratification

SXT:={SxT|SeSTeT}
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is a Whitney stratification of P x Q@ C M x N. For S € S, let § x T :=
{S X T |T €T} be the induced stratification of S x Q. If U is an open subset
of P, the stratification U NS :={SNU | S € S} is a Whitney stratification of
U.

In the literature, the definition of a Whitney stratification often contains an
additional requirement, the frontier condition: If X NY # () for a pair of strata
X,Y,then X CY.

We do not require the frontier condition here. Nevertheless, for a Whitney
stratification of a locally closed subset of a smooth manifold consisting of con-
nected strata, the frontier condition is always satisfied ([GWPLT6, chapter 2,
Corollary 5.7]). (We may suppose connectedness of the strata w.l.o.g., since the
connected components of the strata of a Whitney stratification form a locally fi-
nite partition and hence are a Whitney stratification, too ([GWPLT6l chapter 2,
Theorem 5.6]).)

Moreover, the local topological properties of the stratification are constant
along a stratum of a Whitney stratification of a locally closed set. More pre-
cisely:

Definition A.15. A stratification S of a subset P of a smooth manifold is
topologically locally trivial at x € P with = contained in the stratum X € S, iff
there are a neighbourhood U of z in P, a stratified set (F,F), a point y € F
with {y} € F, and a homeomorphism h from U to a neighbourhood W of
(z,y) € X x F such that h(z) = (x,y) and h maps each stratum of U NS to a
stratum of W N (X x F). S is topologically locally trivial iff this holds at every
zeP

Theorem A.16 ([GWPLT76| chapter II, Corollary 5.5]). Any Whitney stratifi-

cation of a locally closed set is topologically locally trivial.

Given a set which admits Whitney stratifications, the question arises which
one to choose. Of course, we would like to have one which is as coarse as
possible in the sense that any other Whitney stratification is a refinement. Such
a stratification does not always exist (see the counterexample in [GWPLTG,
chapter 1, below Result 1.4]). Nevertheless, in many cases, there is an apparent
choice that is minimal in some sense:

Definition A.17. Let S be a stratification of a subset P of a smooth manifold.
Then the associated filtration by dimension of P is given by P = U;>P;, where
P; denotes the union of strata of dimension < i.

Definition A.18. A Whitney stratification of a subset P of a smooth manifold
is called canonical iff the associated filtration by dimension is given as follows:
For every ¢ > 0, the set P; \ P,_; is the maximal subset of P, that forms a
smooth submanifold over which the set P; \ P;_; is Whitney regular for every
Jj >

Obviously, the canonical stratification satisfies the following minimality prop-
erty: If S and S’ are Whitney stratifications of the same set, let P; and P/ be
the associated filtrations by dimension. We say that S < S’ iff there is some %
such that P; = P] for all j > i and P; 2 P/. Then the canonical stratification
is minimal with respect to this partial order.

Now, we define a class of subsets of R™, which admit a canonical Whitney
stratification:
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Definition A.19. A subset M of R" is called semi-algebraic iff it is a finite
union of sets of the form {z € R™ | p(z) = 0, ¢(x) > 0}, where p and ¢ are poly-
nomials in the coordinates of R™.

Complements, finite intersections, and finite unions of semi-algebraic sets are
obviously semi-algebraic. Moreover, the following holds (see [Loj65]): If M C
R" is semi-algebraic, M, M°, and OM are semi-algebraic. For any polynomial
map p € P(R™,R™), the image p(M) is semi-algebraic. Each semi-algebraic set
consists of finitely many connected components.

Theorem A.20 ([GWPLT6, chapter 1, Result 2.7]). Every semi-algebraic sub-
set of R™ has a canonical Whitney stratification.

To construct the canonical Whitney stratification for P C R”™, the sets P, \
P,_1, Po1\ Po—1, ..., P1\ Py, and Py are defined one after another as the
maximal set with the above property.

In the following, we require the strata of the canonical stratification to be
connected. This way, it is unique.

A smooth map f : M — N between smooth manifolds M and N is transverse
to a stratified set (P, P) C N or to the stratification P iff f is transverse to every
stratum of S. For transverse maps to Whitney stratified sets, the Thom-Mather
transversality theorem applies:

Theorem A.21 (Thom-Mather transversality theorem). Let M, N be smooth
manifolds, (P, P) a closed Whitney stratified subset of N, and f € C*(M, N).

1. The set T:={x € M | f M P inx} is an open subset of M.

2. T:={feC>®(M,N)| fh P} is a dense subset C*°(M,N) with respect
to the Whitney C'*-topology. (This holds also if P is not closed.)

3. For a closed subset A C M, the set
Ta:={f€C®(M,N)| fhP along A}
is Whitney C*-open.

4. If M is compact and g € C°(M x (=0,8), N) such that g; := g(-,t) is
transverse to P for every t € (=6,0), there is an isotopy of homeomor-
phisms h : M x (=6,8) — M, hy := h(-,t) such that hg = 1) and

hi(g; H(P)) = P
for every t € (=0,9).

5 If x € M (M not necessarily compact) and g € C°(M X (—e,e),N)
for some € > & such that g; := g(-,t) is transverse to P in x for every
t € (—e,¢), there is a compact neighbourhood K of x and an isotopy of
continuous embeddings h : K x (—=06,0) — M, hy := h(-,t) such that hg is
given by the inclusion K < M and for every t € (—6,0), we have

he(K 0 fg ' (P)) = he(K) N f7(P).
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Part [1]is a consequence of Whitney condition (a).

Part [2] follows from the classical transversality theorem.

For part [3| consider the set U C J'(M,N) which is defined as follows:
o € JY(M, N) with representative f : M — N and a(o) =: z, B(0) = f(z) =1y
is contained in U iff one of the following conditions holds: = ¢ A, y ¢ P, or
df(TzM) + T,S = T,N. Then f is transverse to P along A iff f € M(U).
Whitney condition (a) implies that J'(M, N) \ U is closed.

Parts 4| and [5| may be deduced from Thom’s first isotopy lemma ([GWPLTG,
chapter 2, Theorem 5.2]).

Similar statements hold for a Whitney stratified subset @ of J*(M, N): If
R f @, we call f k-jet-transverse to Q. T’ := {f € C>*(M,N) | R f Q} is
a dense subset of C*°(M, N) and T := {f € C>*°(M,N) | g% f h Q along A} is
open if A C M and @ are closed. This follows from the above theorem together
with [GGT73, Theorem 4.9 and Proposition 3.4]. The other statements imply
their jet analogues immediately.
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