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Abstract

A fundamental class of solutions of symmetric Hamiltonian systems is relative equi-
libria. In this paper the nonlinear problem near a degenerate relative equilibrium is
considered. The degeneneracy creates a saddle-center and attendant homoclinic bi-
furcation in the reduced system transverse to the group orbit. The surprising result is
that the curvature of the pullback of the momentum map to the Lie algebra determines
the normal form for the homoclinic bifurcation. There is also an induced directional
geometric phase in the homoclinic bifurcation. The backbone of the analysis is the
use of singularity theory for smooth mappings between manifolds applied to the pull-
back of the momentum map. The theory is constructive and generalities are given
for symmetric Hamiltonian systems on a vector space of dimension (2n + 2) with an
n—dimensional abelian symmetry group. Examples for n = 1,2,3 are presented to
illustrate application of the theory.
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1 Introduction

A fundamental class of solutions of Hamiltonian systems with symmetry is relative
equilibria. A relative equilibrium (RE) is a solution which travels along an orbit of
the symmetry group at constant speed. They are pervasive in applications such as
celestial mechanics, molecular dynamics, rigid-body dynamics, and fluid mechanics.
An introduction to the theory of RE can be found in Chapter 4 of MARSDEN [16].

Consider a Hamiltonian system z; = Xpy(z) on a symplectic manifold (M, ) with
Hamiltonian function H : M — R. Let G be an n—dimensional abelian Lie group
acting symplectically on M with Lie algebra g. A RE is a solution of the form z(t) =
exp(t€)y for some & € g. The point z(0) = ¢ € M is a critical point of the augmented
Hamiltonian

He(z) := H(z) — (J(2) — 1, €) , (1.1)

where J : M — g* is the momentum map, x4 € g*, and (-,-) : g* x g — R is the
pairing between g and the dual of the Lie algebra g*.

A RE is said to be non-degenerate when the second variation of H at a critical
point is a non-degenerate quadratic form on the subspace consisting of vectors that
are tangent to J7!(x) and transverse to the group orbit (cf. SMALE [33] and Chapter
5 of MARSDEN [16]; see also PATRICK & ROBERTS [29] for a generalization of non-
degeneracy).

There are three ways that an RE can become degenerate and they are clarified in §2 and
§9. The first two are by failure of the so-called G-Morse ! hypothesis: the dimension
of the kernel of the second variation of H, is greater than the dimension of the group.
There are two ways that the G-Morse hypothesis can fail and for the purposes of this
paper they will be called degeneracy of type Il and degeneracy of type III. Type II
degeneracy is a failure of the G-Morse hypothesis that arises naturally without external
parameters, and type I1I degeneracy is failure of the G-Morse hypothesis due to external
parameters in the Hamiltonian (both of these degeneracies are discussed in §9). The
third form of degeneracy (which for the purposes of this paper will be called degeneracy
of type I) is when the derivative of the pullback of the momentum map by ¢ is not
surjective. Other characterizations of this degeneracy are given in §2. Degeneracy of
type I is the main topic of this paper.

There is a fourth form of degeneracy that arises when u € g* is a singular value of the
momentum map (cf. ORTEGA & RATIU [26]). However, this degeneracy is distinct from
types I, II and IIT and is not considered here. Indeed, a blanket hypothesis throughout
the paper is that pu € g* is a regular value of the momentum map.

A critical point ¢ of He in (1.1) can be viewed as a mapping from gR* to M, where gt*®
is the subset of g for which critical points of H exist. Define the pullback P : gfF — g*
of the momentum map by P = Jo . (There is an orbit of critical points so the image
of ¢ should be viewed as lying in a slice.) Then, taking coordinates ¢ = (cy,...,¢p)

1 G-Morse is also called “equivariant Morse” and is a special case of Morse-Bott [25].



for g, a RE is non-degenerate if and only if it satisfies the G-Morse hypothesis and
det(DP(c)) #0, cc gt®. (1.2)

Satisfying the G-Morse hypothesis eliminates degeneracy of types II and III. Therefore,
with the G-Morse hypothesis, a RE is degenerate if and only if det(DP(c)) = 0.

Since the main topic of the paper is the implication of type I degeneracy, the G-Morse
hypothesis is assumed throughout the paper. However, some discussion of the failure
of the G-Morse hypothesis is given in §9 to illustrate how it is complementary to type
I degeneracy.

The nonlinear consequences of degeneracy of RE do not appear to have been studied
before. Degenerate RE have been widely observed, particularly in the N —body problem
(cf. PALMORE [27], MEYER [20]), and in fluid mechanics (cf. BRIDGES [4], BRIDGES
& DONALDSON [6]). PALMORE [27] characterizes the subset of the space of masses in
the N—body problem where degeneracy occurs, and shows that such degeneracies are
plentiful. The “degenerate relative equilibria” discovered by PALMORE [27] are however
type III degeneracies (see discussion in §9).

The first implication of a type I degeneracy is that additional zero eigenvalues are gen-
erated in the linearization about degenerate RE. The connection between degenerate
RE and zero eigenvalues has been observed in the literature before (e.g. MEYER [20]).
Here a new proof and generalization of this result is given using symplectic Jordan
chain theory. Effectively, a degenerate RE generates a saddle-center bifurcation of
eigenvalues in the linearization transverse to the group orbit. Given a saddle-center
in the linearization, it is well-known in Hamiltonian bifurcation theory that the non-
linear system nearby has a homoclinic bifurcation [3,21,23]. The idea is to combine the
geometry of degenerate RE with this homoclinic bifurcation.

The geometry of the mapping P : g’* — g* is the backbone of the analysis. The theory
is local, so P can be interpreted as a mapping from an open subset of gt* into g*.
Degeneracy of the form det(DP(c)) = 0 of a smooth mapping P between manifolds is
a well-studied problem in singularity theory (cf. Chapter 2 of ARNOLD, GUSEIN-ZADE
& VARCHENKO [2], Chapter VI of GOLUBITSKY & GUILLEMIN [10]). The subsets of
g"F where the condition (1.2) fails are called the Thom-Boardman singularities of the
mapping and are denoted in singularity theory by

Y¥P)={ceg : DP(c) hasrank n —k } .

In this paper, attention will be restricted to the case k = 1. There can however be
singular subsets in the image of ¥!(P) in g*. The simplest such set is denoted by

El@’)) |

has a one-dimensional kernel. Geomet-
SL(P)
rically this is the set where the kernel of DP(c) lies in the tangent space of ¥!(P). This

yH(P) =3t (P

That is, the set where the differential of P




classification can be continued until the dimension is exhausted [2,10]. In this paper,
attention will be restricted to a study of the implications for P(c) of the hypersurface

Y1(P) and its subset X}(P).

The main result of this paper is the connection between the geometry of the manifold
¥1(P), its image in g*, and the homoclinic bifurcation that occurs in the dynamics
transverse to the group orbit in phase space. In particular suppose there exists a family
of RE with ¢ € ©1(P) C g®F but ¢ ¢ XM (P). Then, in the reduced system transverse
to the group orbit the nonlinearity which generates the homoclinic orbit is determined
by the curvature of the graph of P in g x g*, and the homoclinic bifurcation transverse
to the group induces a directional geometric phase along the group.

Precise hypotheses are stated in §2. These hypotheses are not the most general un-
der which the phenomena occurs. Indeed, the hypotheses are chosen to highlight the
simplest possible setting. Generalities are discussed at the end of the introduction.

The curvature of the pullback of the momentum map arises as follows. When ¢ € %!(P)
the kernel and cokernel of DP(c) are one dimensional. Define h = Ker(DP(c)) and
decompose the vector spaces g and g* as follows

g=2T.g=hdT.S(P) and g*XTpg" =TpP(Z'(P)) &h*,

where P(X1(P)) is the image of ¥!(P) in g*, which is locally a hypersurface in g*.
Introduce the mapping on h x h*,

t A (c,t):=(P(c+tn),n), cecX'(P), neh. (1.3)

There are several identifications in this construction, and they are unravelled in §3.
With the definition (1.3), #;(c,0) = 0 when ¢ € X*(P). It is the curvature of the graph
(t, 2 (c,t)) € h x b* that appears in the normal form for the homoclinic bifurcation.
The curvature of a graph in the plane at any ¢ takes the standard form

K
(1+ 427

However at points with J#; = 0, the denominator reduces to unity, making the second
derivative itself invariant under coordinate change. This observation is a special case of
the intrinsic second derivative * of the mapping P. The function J#(c,t) is quadratic
in ¢ for ¢ small when ¢ € 2}(P),

A (c,t) = 2 (c,0) + 1 t*(D°P(c)(n,m),n) + -~ . (1.4)

The quadratic term is precisely the intrinsic second derivative of P (cf. PORTE-
ous [30,31], ARNOLD ET AL. [2], page 149 of GOLUBITSKY & GUILLEMIN [10]). It is
an interesting fact that ¢ € X!(P)\ X! (P) if and only if the second intrinsic derivative
is non-vanishing (a proof in the present context is given in §3).

2 T am grateful to James Montaldi for pointing out the connection with the intrinsic second
derivative.



The above curvature in h x h* is a purely geometric property of a mapping between
two manifolds with a 3X!(P) singularity. However, P can be related to the dynamics
of Xy through the momentum map and ¢, since P = J o ¢. It is via this path that
the curvature of P in the plane § x h* shows up in the normal form theory.

The singularity in the mapping P manifests itself in the linearization of Xy by a
symplectic Jordan chain. Using the symplectic Jordan chain, the linearization is trans-
formed to normal form (a variant of Williamson normal form). Then standard normal
form theory for vectorfields can be used to determine the nonlinear normal form to
leading order. The normal form is a skew-product, with one part tangent to the group
orbit, and the other transverse to the group orbit. The splitting between tangent and
normal directions here is elementary because the group is abelian.

When the group is non-abelian the splitting of the Hamiltonian vectorfield into a
component tangent to the group orbit and a component transverse to the group orbit
requires the Guillemin-Sternberg-Marle theory and its generalizations (cf. ROBERTS,
WULFF & LAMB [32] and references therein). It is reasonable to conjecture that the
theory of this paper carries over to the non-abelian case by predicting the form of the
transverse vectorfield near a degenerate RE in that case, but this generalization is not
considered herein.

Take M to be a (2n + 2) dimensional vector space. (This is the lowest dimension in
which the phenomena occurs; extension to higher dimension is discussed at the end
of the introduction.) Apply normal form theory to Xy perturbed about a RE with
c € X}(P). The leading-order normal form for the flow transverse to the group orbit is

_dv _ L2,
dt_Il 2/<au+ 5

(1.5)

du_ “ ..
E—Sl@"’ .

where [; is an unfolding parameter which is a measure of the distance from the hy-
persurface P(X!'(P)) in the direction h*, s; = +1 is a symplectic sign, and & is a
real parameter. This normal form is the leading order normal form for a Hamiltonian
system in the plane with a saddle-center bifurcation in the linearization (cf. ARNOLD
ET AL. [3], MEYER & HALL [21], BROER ET AL. [9]). A classical formula for s can
be obtained in terms of second derivatives of the Hamiltonian vectorfield, and this for-
mula is given in §6. Remarkably, the coefficient x can also be precisely related to the
curvature of P in the plane h x h*. It is proved in §7 that

Sd2

h= oy H (c,t), (1.6)
t=

0

where a; is a positive scale factor. When n = 1 the coefficient s simplifies to
k=a’P"(c). (1.7)

This role of the curvature in the one-dimensional case was first observed by BRIDGES
& DONALDSON [6] for the case of degenerate periodic orbits. Indeed, periodic orbits of
Hamiltonian systems can be interpreted as a class of relative equilibria on the loop space
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Fig. 1. Schematic of the image in g* of the hypersurface ©!(P).

(cf. WEINSTEIN [34], IBORT & ONTALBA [12]), and so the formula (1.7) is consistent
with the present theory.

The leading order normal form tangent to the group is

dl; y
—%1 =0, j=1...,n

d

%:u_i_... (1.8)
%:ijj+"‘- J=2,.,mn.

The coordinates (Iy,...,I,) are local coordinates for the tangent space to P(X!(P))
in g*. A schematic of the surface P(X!(P)) for the case n = 3 is shown in Figure 1.

The leading order flow tangent to the group has two interesting properties. The direc-
tion of the dynamic drift along the group is determined by the symplectic signs s;,
7 =2,...,n, and these signs can be interpreted as the signs of the nonzero eigenvalues
of DP(c). The second interesting feature of the flow tangent to the group is the induced
holonomy. The planar system (1.5) has a homoclinic orbit. Coupling this homoclinic
orbit to the normal form tangent to the group (1.8) leads to a dynamic drift along
the group as well as a geometric phase shift. The dynamic drift is a familiar feature of
perturbed relative equilibria (cf. PATRICK [28]). The geometric phase is encoded in the
equation % =u+ ---, when wu is substituted from the transverse normal form. This
geometric phase can also be interpreted as a “reconstruction phase” (cf. MARSDEN,
MONTGOMERY & RATIU [17]), since it appears when the reduced system (1.5) is lifted
up to the full phase space. However, standard theory of reconstruction does not apply
since the orbit in the reduced system is not closed. The induced geometric phase is
discussed further in §8.1. A schematic of the phase shift is shown in Figure 2 for the

case when the group is one-dimensional and G = R.

A byproduct of the theory is an observation about persistence of RE: degenerate RE
create barriers in g or g* to persistence. In the case when DP(c) is degenerate with
one-dimensional kernel, the image of 3'(P) in g* locally divides momentum space into
two regions, and locally RE exist on only one side of the surface. To see this consider
the line ¢ +tn for —e <t < ¢ for some small ¢ with ¢ € X}(P) and n € b. This line
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Fig. 2. Schematic of the phase shift of the orbit which is homoclinic to the RE when the
orbit of the RE is a line and I is fixed. The projection onto the reduced space (u,v) is also
shown.

is transverse to the hypersurface 3'(P) as long as ¢ ¢ X' (P) (this is proved in §3).
However, the image of this line P(c + tn) € g* for —e < t < ¢ is quadratic in ¢ in
the direction h*, and hence locally the graph of a parabola. This barrier property is
evident in examples. Which side of the hypersurface the RE exist is determined by the
sign of k in (1.6) and the symplectic sign s; (a classification is given in Figure 3). On
the other hand when the G-Morse hypothesis fails, the barrier to persistence is in g: an
example of this phenomenon is given in §9. These observations are complementary to
existing results on persistence of RE (cf. MONTALDI [24], WULFF [36] and references
therein).

Only the leading order terms in the nonlinear normal form are considered. Global
aspects of the normal form (that is, transformation to all orders) are not considered,
nor is convergence of the normal forms or persistence of the homoclinic orbits in the
original system. However, on these latter two points there are grounds for optimism.
With the hypothesis of group dimension n and phase space dimension 2n + 2, the
systems are in principle integrable and normal forms in this case are known to be
extraordinarily robust [38].

The dimension of the phase space is restricted to 2n + 2 because it is the lowest
dimension in which the phenomena arises. Extending the dimension brings in the usual
technicalities. When the dimension of the group has dimension n and the phase space
dimension is greater than 2n + 2, but the complementary dimensions are hyperbolic —
even infinite dimensional — then one can use symplectic center manifold reduction (cf.
MIELKE [22]). With symplectic center manifold reduction, the hyperbolic directions
are eliminated and one reduces to studying an ODE on R?*"*2. One is again in the
setting of this paper.



If the complementary dimension has an elliptic component (additional pure-imaginary
eigenvalues) then formally the local normal form theory goes through but then one has
well known problems with persistence of the homoclinic orbits. In this case one can
expect — from related theory without symmetry [9,14] — that the homoclinic orbit will
have nontrivial but exponentially-small tails.

The bifurcation associated with a degenerate RE is codimension one and therefore
it should be widely observable in physical systems. The author’s motivation for this
theory was applications in water waves: this bifurcation arises in the analysis of wave
breaking [4], is the starting point for a new branch of steady dark solitary waves in
shallow water [7], and gives new results on the bifurcation of solitary waves at the
interface between two fluids [8]. Some elementary examples are given in §10, §11 and
§12 to illustrate application of the theory.

2 Degenerate relative equilibria

Let (M,Q) be a symplectic manifold with the following hypothesis:
The manifold M is a (2n + 2)—dimensional vector space. (H1)

Let [-,:] : T.M x T,M — R be the pairing at z € M. (T,M can be identified with M
but it will be useful to retain the distinction.) The symplectic form is taken to be in
canonical form

0
Qv,w)=[Jv,w], forany v,weT,M, with J= . (2.1)

The natural setting for the analysis is Hamiltonian systems with symmetry [18]. This
setting is summarized by the following hypothesis:

(M,Q,G,J, H) is a symplectic G—system. (H2)

This hypothesis is shorthand for the following facts (cf. page 43 of [16]). G is a Lie
group acting symplectically on M with Lie algebra g. Let g* be the dual of the Lie
algebra. There exists a momentum map J : M — g* associated with G and this
momentum map is Ad*—equivariant. The function H : M — R is a given smooth
G—invariant function.

The Lie group G is restricted to be abelian:
G =R* x T** for some k with 0 < k < n. (H3)

The subgroup R* is a group of affine translations in M, and T" % = S x ... x St is
a toral group acting on M and commuting with the translation subgroup.

The action of G on M is denoted by ®4(z), for g € G and z € M. For any £ € g the
corresponding infinitesimal generator of the action is the vectorfield &), on M defined



by

d
gM(Z) = % (I)exp(tf) (Z) . (22)
t=0
The momentum map J : M — g* is defined by
En(z) JQ=d((J(z),&)) foreach (eg. (2.3)
Let {&,...,&,} be a basis for g. Then the components of the momentum map are

given by J;(z) = (J(z),&;) for j =1,...,n, and they satisfy

S%J(Z)JQ:de(z), j=1,....n. (2.4)

The starting point for the analysis of dynamics is the Hamiltonian system
z=Xy(z), z€eM, with Xy |Q=dH. (2.5)
A relative equilibrium of (2.5) associated with the group G is a solution of the form

z(t) = Pexpue)(¢) for some & € g,

where ¢ : gRF — M is a (group orbit of) critical point(s) of the augmented Hamilto-
nian (1.1). The set gRE is the subset of g for which critical points of the augmented
Hamiltonian exist. In the examples in §10 and §11 gR¥ = g, but in the example in §12
g™ is a proper subset of g. It will be sufficient for this paper that gi* is non-empty
and open.

A value p € g* is regular if dJ(z) is surjective when z € J71(u), and it will be assumed
throughout that

i€ g* is a regular value, and gR" is non-empty and open. (H4)

The pullback of the momentum map by ¢ induces a mapping
P:g"" - g* definedby P=Jooyp. (2.6)

The connection between the G-Morse hypothesis and type I degeneracy is established
in the following.

Lemma 2.1. Suppose the second variation of He evaluated at ¢ satisfies the G-Morse
hypothesis and Image(J o ) consists of reqular values of the momentum map. Then
the RE is non-degenerate if and only if the differential DP is surjective.

To prove the Lemma, the terms involved need to be defined. It will be useful to in-
troduce coordinates on g, although the results are independent of this choice. Take
any basis for g with coordinates ¢ = (¢y,...,¢,); that is, any £ € g has the form
& =& + -+ &, . In coordinates a critical point of the augmented Hamiltonian is
denoted by ¢(c), the mapping P is denoted by (P;(c),..., P,(c)), and the condition
of type I non-degeneracy takes the form (1.2).

10



The G-Morse hypothesis assures that the kernel of the second variation of the aug-
mented Hamiltonian equals the tangent space of G at the RE. The tangent space of
the G—orbit of a point z € M is

T.(G-z) = {&u(z) : {€g}

(cf. §9.3 of [18]). The second variation of the augmented Hamiltonian at ¢ is defined
by

Lic)v,w] = -2

= He(p(c) + v + tow) , forany v,weT,M. (2.7)
Ot10t5

t1=t2=0

It follows from the invariance of the augmented Hamiltonian that 7,,(G-¢) C Ker(L(c)).
The G-Morse hypothesis assures equality:

Ker(L(c)) = T,(G - p(c)) (H5)

Proof (Lemma 2.1). A critical point of the augmented Hamiltonian is non-degenerate
if the quadratic form [L(c)v,w] is non-degenerate when v,w are restricted to be
transverse to the group orbit and in the tangent space of J~1(u). With the G-Morse
hypothesis, this requirement is equivalent to

L(c) KerdJogp
det | Ker” 0 0 |#0,
(dJ o)l 0 0
where the columns of Ker span the kernel of L(c). To avoid extraneous constants,

Ker is normalized so that Ker’ Ker = I. The element dJ o ¢ is col(dJy(z), - - ,dJ,(z))
evaluated at z = ¢, where col(a,...,b) is the matrix with columns a,...,b.

The equation
L(c)W=dJop and Ker'W =0,

is uniquely solvable for

dp dyp
W=col| —,...,—/— K
o <8cl’ ’80n>+ e

where the addition of Ker is adjusted to satisfy Ker’ W = 0. This follows by differenti-
ating the critical point equation dHop—d(Joy, ) = 0 with respect to the coordinates
c1,-+,c, on g, and noting that dJ o ¢ is in the range of L(c).

Now, dJ o is of rank n due to the regular-value hypothesis (H4), and (dJo)?W =

11



DP(c). Hence Proposition A.1 in Appendix A can be applied to conclude that

L(c) KerdJoyp
det | Ker' 0 0 |=(—1)"""IIdet(DP(c)),
dJoy? 0 0
where II is the product of the two non-zero eigenvalues of L(c). The G-Morse hypoth-

esis (H5) assures that II # 0. Hence non-degeneracy is equivalent to det(DP(c)) # 0.
n

Corollary. Suppose the G-Morse hypothesis (H5) is satisfied and p is a regqular value
(H4). A RE is degenerate if and only if det(DP(c)) =0.

In the remainder of this section, some additional properties of RE are established.
Proposition 2.2. DP(c) is a symmetric linear operator.

Proof. Consider the pullback by ¢(c) of the augmented Hamiltonian to g,
H(c)=Heop(c), cegh®. (2.8)

Then

0 0
- =(dHop—(dTop,8) 5= — (Top.&).

But the first term vanishes identically since ¢(c) is a critical point of the augmented
Hamiltonian and the second term is —P;(c). Therefore

;A 0P,
86200]- N 80]- .

Symmetry of the Jacobian DP(c) now follows from smoothness of the family of RE
and symmetry of the second partials of 7(c). [ |

Since the group G is abelian, the momentum map is G—invariant: J o ®, = J for all
g € G and any z € M. There is an infinitesimal version of this property.

Proposition 2.3. Let & and & be any two elements in the Lie algebra g. Then

Q(&4(2), 8 (2) =0. (2.9)

Proof. Invariance of the momentum map can be expressed in the form

Ji(®y(z)) = Ji(z) forall Ji(z):=(J(z),&), i=1,...,n, andanyz € M.

12



Take g = exp(t{;) and differentiate

d

O:%

Ji (Pexpiiey) (2)) = [A7i(2), E41(2)] = [€hs(2) I 0, E44(2)] = A&y, ) -

t=0

3 Geometry of the hypersurface Y!(P)

In this section the geometric properties of the nonlinear mapping P : giF — g* are
studied with the following hypothesis:

c e XI(P). (H6)

This hypotheses ensures that the rank of DP(c) is exactly n— 1. Here and henceforth,

c € X}(P) should be interpreted at ¢ € X1 (P)NERE where €RF is an open subset of
RE
gt

Standard ideas from singularity theory of smooth nonlinear mappings between two
manifolds are used [2,10]. The main issue is establishing conditions for when the kernel
of DP(c) is transverse to T,%!(P) which is also related to when c is not in X (P),

where
) . (3.1)
sH(P)

Since g and g* are vector spaces T.g = g and Tp)g" = g*. However, it will be
useful to first maintain the distinction in the constructions and then to simplify via
identification afterwards. Introduce a pairing on Tp()g*,

YHP) :=x! (P

) Tpe" xTpee” — R,
and use the pairing (-,-) on T.g. The adjoint of DP(c) is then defined by
{(b,DP(c)a)) = (DP(c)"b,a) forany beTp, 8", acTl]g,

that is DP(c)" : Tp5,8" — T.'g. The kernel of DP(c) is a subspace of T.g and the
kernel of DP(c)" is a subspace of T%,g". With the hypothesis (H6) these subspaces
are each one dimensional. Denote these subspaces by

h = Ker(DP(c)) = span{n} and Ker(DP(c)*) = span{n*}.

With these preliminaries, it is clear that the function ¢ (c,t) in (1.3) should be defined
by

H (c,t) = (0", Plc+in)), ceI(P).
The equivalence between . (c,t) and ¢ (c,t) follows by noting that Tpne =Tcg=
g, DP(c) is symmetric (Proposition 2.2) and so Ker(DP(c)*) = §, and then transfer-
ring to the pairing on g. Henceforth, J# (c,t) will be used with the above identifications

understood.

13



Transversality of b and T,X'(P), local smoothness of the hypersurface $!'(P) and
membership of ¢ in X1(P) \ X'(P) are all related to nontriviality of the intrinsic
second derivative

d2

— | H(c,t)#0, ceX(P). (H7)
de*|,_,

Lemma 3.1. Suppose ¢ € LY(P), and assume P : g — g* satisfies hypotheses (H6)
and (H7). Then the kernel of DP(c) is transverse to the tangent space of L'(P) and

(1) XY(P) is a locally smooth submanifold of g ;
(2) g=T.g=haT.2YP);
(3) c ¢ ZH(P).

Proof. Let f(c) := det(DP(c)). Then ¥'(P) = {c €g : c € f710)} and this
hypersurface defines a smooth submanifold of g in the neighbourhood of any point
where df is nontrivial. Take 1 € h and consider

(@R ="

(df,m = flt ) det (DP(c +tn)) = Tr (DP(C)#d

DP(c+tn)> :

t=0

where DP(c) is the adjugate of DP(c). Since DP(c) is a symmetric matrix with a
simple zero eigenvalue, its adjugate has the following explicit expression (see formula
(A-2) in Appendix A),

DP(c)* H""
nn’

where II is the product of the n — 1 nonzero eigenvalues of DP(c), and so

(df,m) = Tr (DP(C)#ZZ DP(c + tn))
t=0
= T (nn" iy 2 DP(c)y)
= n ' (Ek 1 aCkDP( )Uk) n
= % Zi,j,k 5% (gf

;) M5k
= 1 (D?P(c)(n,m),n)

using DP(c); ; = g—g?. Differentiating % (c,t) in (1.3),

d2

o t:Ojg/ (c,t) = (D*P(c)(n.m),m) .

and this expression is non-vanishing by hypothesis (H7). Combining this expression
with the above calculation shows that

I d?

(df,m) = Ty 2 t:()lf(c’t).
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But IT is non-zero since DP(c) has rank n — 1 by hypothesis (H6). It follows that df
is non-vanishing and so X(P) is a smooth hypersurface in the neighbourhood of any
point ¢ satisfying (HT7). This proves point 1.

The tangent space T.3X'(P) is the tangent space to f~1(0), and every element in the
tangent space of f~!(0) is in the kernel of df. But by point 1, i is not in the kernel
of df and so the kernel of DP(c) is transverse to T.X'(P). Standard results from
singularity theory establish that the set X' (P) is distinguished by the fact that the
kernel of DP(c) is tangent to 3!'(P) [2,10]. Point 3 then follows from the definition of
YH(P) in (3.1). [ |

The Lemma combined with standard results from linear operator theory prove the
following.

Corollary. With the above hypotheses, there exists a one-dimensional subspace h* such
that

g 2 Tpg" = TpoP(E'(P)) @ h*.

Remark. If a Euclidean metric is introduced in g*, then h* can be identified with
span{n} and n defines a normal vector at each point on the hypersurface P(X!(P)).

4 Degenerate RE and symplectic Jordan chain theory

In this section the algebraic implications of degenerate RE are considered. It follows
from the symmetry properties of RE that the linearization has a zero eigenvalue of
geometric multiplicity (at least) n and algebraic multiplicity (at least) 2n.

Proposition 4.1. There exists 2n vectors v; j=1,...,2n such that

L(c)v; =0, L(c)v,y=v; 1Q, j=1,....,n. (4.1)

Proof. There is a group orbit of critical points of the augmented Hamiltonian,
dH (@4(p(c))) — d(I(D4(p(c))),§) =0, forall geG. (4.2)

Take g = exp(t1&1 + -+ - + t,&,) where {&1,...,&,} is a basis for g. Then derivatives
of (4.2) with respect to each ¢; and ¢; lead to

(D2H(®,(p(c))) — DA(I(@y(p(0))), £)) E14(@y(p(e))) = 0
(D2H (@4(ip(c))) — DXHI(D4(1p(c))), €)) @y (52) = dJ;(D4(e0))

15



With the hypothesis that the geometric multiplicity is exactly n (the G-Morse hypoth-
esis), the Jordan chain terminates at 2n precisely when the RE is non-degenerate. The
connection between degeneracy of the mapping P and symplectic Jordan chain theory
is now established.

Proposition 4.2. When c € Z1(P)

> nvas; Q€ Range(L(c)), where n € Ker(DP(c)),

j=1

and the Jordan chain continues to length 2n+ 2 : there exists vectors von11 and vo,ia,

L(c)voni1 = anvnﬂ- JQ and L(c)vauio = Vo 1. (4.4)

=1

Proof. The first equation in (4.4) is solvable if and only if the right-hand side is in the
range of L(c); that is, if

an (Vi,Vpy;) =0, foreach i=1,...,n. (4.5)

The hypothesis DP(c)n = 0 implies, for each ¢ = 1,...,n, that

0=y m2l = ¥, [AI(9), &), 52
= Sy (&) 19, 2]
=20 Vi JQ, Vi
= 251 QVi, Vien)
confirming (4.5). The algebraic multiplicity of zero is always even for a symplectic

linearization. Hence the algebraic multiplicity is 2n 4 2 and it follows that the second
equation of (4.4) is solvable. [ |

16



The condition for termination of the Jordan chain is that
L(c)Vonis = Vanio |,

is not solvable: that is, there exists a constant n—vector 3 such that
n
ZﬁjQ(Vj, V2n+2) #0.
j=1

In the present case, the restriction of the dimension of M to (2n + 2) makes this
condition irrelevant. However, a form of this condition arises in the normal form theory

with 8 =n.

Proposition 4.3. For i=1,...,n and j=1,...,n,

0P,

Q(Viavj) = 0’ Q(Viavn+j) = %
7

and  Q(v;,va,p1) =0.

Proof. Q(v;,v;) = Q& (v), E4,(p)) which vanishes due to invariance of the momen-
tum map (Proposition 2.3). For the second equation,

T [dJ (¥) gﬂ [$0(0) 32 vais] = Qv Vi)

For the third equation
Q(Vi7v2n+1> = - [V2n+1 J Q,Vz‘] = - [L(C)V2n+27vi] = - [L(C)Vi7v2n+2] =0,

using Proposition 4.2, the fact that each v; € Ker(L(c)) and the symmetry of L(c).
|

Corollary. Suppose ¢ € 1 (P) and let wy = nyvy+---+n,v, where n € Ker(DP(c)).
Then

Q(V2n+2, W1> 7& 0. (46)

Proof. The proof proceeds by showing that

span{vy, ..., vo,41} C Ker(wy JQ) . (4.7)
Then using the fact that the dimension of span{vy,...,ve,io} = 2n + 2 and nontriv-
iality of wy (which follows from linear independence of vy, ..., v, and nontriviality

of m) the result is proved. The fact that vy,...,v, is in the kernel of w; | Q follows
from invariance of the momentum map (2.9),

n

[leka:Z v I vl =) Q(vy,vi) =0, fork=1,...,n,
7j=1
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using the first part of Proposition 4.3. For k=n+1,...,2n,

n

[WlJQVk::Z v 3@ vi] =3 0 Qvj, vi) = Z"ﬂack :

using the second part of Proposition 4.3 and the fact that n € Ker(DP(c)). For
k =2n + 1 apply the third part of Proposition 4.3

Wi 18, Vopy] = Zﬁj[Vj JQ,vopq1] = ZﬁjQ(Vj7V2n+1) =0.
j=1 =1

This completes the proof. |

5 Normal form for the linearization about degenerate RE

The linearization of the Hamiltonian system (2.5) about a degenerate RE takes the
form
Jz; = L(c)z,

where L(c) has a Jordan chain of length (2n + 2) defined by (4.1) and (4.4). The
theory for the transformation of the pair (J,L(c)) to symplectic Jordan normal form is
classical (WILLIAMSON [35]; see also DELLNITZ & MELBOURNE [19] for the equivariant
case), and the following Lemma is a special case of this theory. However, there are a few
interesting observations to be made, and in order to develop the nonlinear normal form
near a degenerate RE some precise properties of the linear normal form transformations
need to be established.

Lemma 5.1. Suppose that (J,L(c)) has the Jordan structure (4.1)-(4.4). Then there
exists a transformation ¥ such that

FL()F = L' and FTJF =7

where ) )
0 00 -+ +on «-- 0
20
0 - v -n- 01 0 --- --- 0
pref — 0--- 0100 -+ --- 0l . (5.1)

00 So
s, O
0 0 00 - --- 0 s1)
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S1,...,8, are symplectic invariants and take values +1, with the values determined
by

s1 = sign Q(vani2, W1) (5.2)
and s; for j =2,...,n are the signs of the non-zero eigenvalues of DP(c) (with any
chosen ordering of the non-zero eigenvalues).

An explicit proof of this result is given in Appendix B. The sign s; is familiar in
symplectic Jordan theory [35], it is the sign of an appropriate projection onto the top
of the Jordan chain vy, 5. The other (n — 1) signs, which appear in the Williamson
theory in a purely algebraic way, can be given a geometric interpretation in the present
context. The eigenvalues of DP(c) are related to the curvature of the pullback of the
augmented Hamiltonian .7 : g — R defined in (2.8), since

D?(c) = —DP(c).
The signs of the eigenvalues of DP(c) are therefore equal to minus the signs of the
curvatures of the graph of J#(c). The signs s, ..., s, show up in the dynamics by de-
termining the direction of dynamic drift along the group associated with perturbations

about the family of degenerate RE.

A sketch of the properties of the new symplectic basis are recorded here. The details
of their construction are given in Appendix B. Introduce new symplectic coordinates

/Z\: <¢1,...,an,u,ll,...,]n,v),
defined by z(t) = Fz(t). Or, using the definition of F from Appendix B
F = COl ({i]l; e 7wn+17 _81w2n+27 82®n+27 e 7877,‘%\/2717 Sl‘/ﬁQn-‘rl) )

the new coordinates are defined by

z(t) = 1)W1 + -+ On(t)Wn + u(t) Wiy

(5.3)
=811 (1) Wanta + 82l (t)Whpo + - + 8, L0 () Wap + 510(8) Wap g1 -
The Jordan chain associated with the new symplectic basis is
L(C)\X’]‘ZO, L(C)V/{’n+j:®jJQ7 j:]_,...7’fl,
(5.4)

L(C)W2n+1 = \X’n+1 ] Q and L(C)w2n+2 = w2n+1 ] Q.

The following property of the new symplectic basis will be needed in the analysis of
the nonlinear normal form.

Proposition 5.2.
Q(wn—&-l)an—l—l) = —Q(V/\Vl,\/ifgn_i_Q) = S1.
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Proof. For the first equality,

Q(Wpi1, Wang1) = —[Wang1 JQ, Wi
= —[L(c)W2n12, Wni1] (using Jordan chain (5.4))
= —[L(¢)Wyi1, Wonio] (symmetry of L(c))
= —[Wy JQ,Wo,42] (using Jordan chain (5.4))
= —Q(W1, Wani2)

For the second equality, use the definition of s; in (5.2) and the explicit form for W, o
given in equation (B-7) in the Appendix,

— (W1, Wapt2) = —Q(a1 W1, a1 Wanta + Xy MeWitk)
= —afQUW1, Wanya) — a1 j_y maSUWL, Witk
= 51— Q1Y p_y msz(Wb Wn+k) )

using the definition of a; in (B-4). The second term vanishes because w,, ., is a linear
combination of v,,q,..., Vs, and

Q(W1, Vi) = > 00 QVe, Visr) ZW 3 f=o,
=1 o

for each k =1,...,n using Proposition 4.3 and the fact that n € Ker(DP(c)). |

6 Nonlinear normal form near a degenerate RE

Perturb the Hamiltonian system (2.5) about the family of RE. Taking advantage of
the vector space structure of M,

z(t) = Py (plc) + Ve, 1)), g(t) = exp(ts)
Substuting into (2.5)
Do) Ve + & ( Py (0 + V) = Xu(Qyry (9 + V)
Take the interior product with €2,
Doy Vi 1 = dH(Qy1)(p + V) = d(I( Py (0 + V), ) -

Use the invariance of H and the momentum map, expand the right-hand side in a
Taylor series about ¢ and use the relation V; | Q = JV; to obtain the leading order
system for the perturbation about the family of RE

IV,=L(c)V+ iD’HV,V)+---, (6.1)
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where the third derivative D3H is evaluated at the point ¢(c) and defined by

2
D®H(a,b) := 0

= dH t tob) .
Ot,10t, t=to (ple) + hra+isb)

=0

To leading order use the linear transformation (5.3) This results in the linear Hamil-
tonian system in the new coordinates

di; :
_ngo’ j:17...,n
dv __
—at ]17
dér _
o _ (6.2)
do; .
& = silj, j=2,...,n
du __
a S1U .
The transverse system
—UVt = Il
U = S10,

is in standard form for a saddle-center bifurcation in the linearization, and the nonlinear
normal form to leading order takes the well-known form

—vy =1 — sk + - (6.3)
Uy = S+ -+,

(cf. pages 263-264 of ARNOLD, KosLov & NEISTADT [3], page 188 of MEYER &
HALL [21]). The main result of this paper is summarized in the following.

Theorem 6.1. Consider a Hamiltonian system on a symplectic manifold (M, ) with
a family of relative equilibria satisfying the hypotheses (H1) to (H7). Take c € X' (P)N
€Y fized. Then there exists a symplectic transformation with new coordinates

(¢1a"'7¢n7u7[17"'71n7v)a

such that the leading order terms in the Hamiltonian vectorfield take the form

e 0 9, 0 N
XH_ua¢1+s2IQa¢2+ +S”I"a¢n+5w8u (I 2f-eu)aer . (6.4)

with I the component of the momentum map at P(c) in the b* direction, r given by
the formula (1.6), and the symplectic signs s; defined in Lemma 5.1.

The flow tangent to the group follows from the linear normal form theory in Lemma
5.1, and the flow transverse to the group follows from (6.3). The property of I is
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established in Proposition 6.3 below. The proof of the formula (1.6) will be split into
two steps. First classical normal form theory is used to determine a formula for s in
terms of derivatives of the Hamiltonian functional (Lemma 6.2). Then the relation with
the curvature (1.6) is established in Lemma 7.3.

Lemma 6.2.

A~

R = _[DBH(‘X’nJrl; {i’nJrl)’ wn+1] - 3[D3H(\;\\71, V/€’1>7 v/€’2n+2] + 3[D3H<{i’n+17 V/\V2n+1)a Wl] .

Proof. To determine a formula for the coefficient « in the nonlinear normal form, the
strategy proposed in I00ss & ADELMEYER [13] for computing normal form coefficients
is used. The idea is to introduce a polynomial approximation in the new coordinates,
substitute into the perturbed ODE and equate terms proportional to like powers to
Z€ero.

Expand V' in a Taylor series in (¢1,...,¢n,u, I1,...,I,,v) to the order desired and
substitute into the governing equations (6.1). The key step is then to replace derivatives
of the coordinates (¢y, ... ,,®) by their normal form expressions in (1.5) and (1.8). This
strategy results is a large system of linear equations at each order, and solvability leads
to conditions for the existence of the coefficients.

Let

V(t) =Wi(t) + Valt) + -+, (6.5)
where each V; is a homogeneous power series of degree j in the coordinates (¢, ...,v)
with V; given in (5.3) and

Va(t) = ¢1(t)* Y1+ o1 (H)u(t) Yo+ 1 () 11 (8) Yo+ ¢ ()0 () Ta+ult)* Ts +u(t)o(t) Yo+ -

where T4,..., T are t—independent vectors that are determined as part of the calcu-
lation. There are %n(n+ 1) terms in V5, but only the six terms listed above are needed
to compute k. It is remarkable that the number of terms in V5 needed to determine s

is independent of n!

Substituting the expressions for V; and V5 into (6.1) results in the following coupled
system of linear equations

0 = L(c)Yy + 1D3H (W, W)
VA = L(c)Yy + D*H (Wi, W4 1)
ol =JYy = L(c)Y3 — s1D3H (W1, Wopi2) 66
biv : T — L(e) Yy + 51D H (W1, Wansr) |

u? %51KJ®211+1 +JTy = L(c)T5 + %D3H<€V”H’W”H>

uv : JT4 -+ 281JT5 = L(C)TG -+ 81D3H<V/\Vn+1, WQnJrl) .
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Add the third and sixth equations
L(C) (T3 + TG) = 281JT5 + SngH({ifl, ®2n+2> — SngH(wn+17 w2n+1) .

This equation is solvable for (T34 Y) if and only if the right hand side is in the range
of L(c)

Sl[QJTS + D3H(®la®2n+2) - D3H(®n+l7w2n+l)7®j] = 07 .7 = 17 s, 1

The coefficient « drops out of all these equations except the case 7 = 1: only the first
equation is needed to determine k,

2005, W] = —[D*H (W1, Want2), Wi] + [D°H (W i1, Wop 1), Wi . (6.7)
The left-hand side can be recast as follows

2[JY5, wy] = —2[Jwq, 5] (skew-symmetry of J)
= —2[L(c)Wy,41, T5]  (since L(c)W, 1 = Jwy)
= —2[L(c)Y5,Wp11]  (symmetry of L(c))

— 1 o L3 17 (& o o
= —2[581/€JW2n+1 +J71, — §D H(Wyi1, Wai1), Waya],

using, in the last equality, the Y5 equation in (6.6). Substitute this expression into
(6.7), noting from Proposition 5.2 that [JWg, 1, W,11] = —$1, to obtain

ko= 2[00 2, W] — [D°H (W1, Wog1), W] 65)

~

—[D*H (W1, Wany2), Wi] + [D*H (Wyy1, Wany1), W1) -
To eliminate the Y5 term, use the second equation of (6.6),

20T, Wyt1] = —2[JW,1, To]  (skew-symmetry of J)
= —2[L(c)Wa,11, Y2| ( since L(c)Wopi1 = JWpyi1)
= —2[L(c)Yy, Won1] ( symmetry of L(c))

= —2[2]JT; — D3H(Wy, W, 11), Wa,11] (using Ty equation in (6.6))
Substitute into (6.8), using symmetry of the third derivative of H

R = —4[JT17VA\’2n+1] - [D3H(VAVn+1,VAVn+1),‘/’€’n+1] ( )
6.9

~

_[DgH(wla ®2n+2)7 Wl] + 3[D3H(wn+l7 v/€72n+1)7 Wl] .
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It remains to eliminate the Y; term, following similar lines as above

A[TY 1, Wani1] = —A[TWons1, T1]
= —A[L(c)Wapio, T1]
= —4[L(c)Ty, Wapo]
= —4[—1D*H (W1, W1), Wan 2]

= 2[D3H(wl, \,7\V1), {7\V2n+2] .
Substituting this expression into (6.9) completes the proof. [ |

At this stage, the formula for  is what one would expect for a coefficient of a quadratic
term in the normal form. It involves evaluating the quadratic nonlinearity (or third
derivative of the Hamiltonian) on eigenvectors or generalized eigenvectors.

The property of I; in Theorem 6.1 is established in the following.

Proposition 6.3. Consider the perturbation, z(t) = ®yu(p(c) + V) with g(t) =
exp(tf), of a RE with ¢ € XY (P). For |V|| small, I, is the component of the pertur-
bation of the momentum map in the direction h*.

Proof. With the usual identifications, (J(z(t)),n) is the component of the momentum
map in the direction h* C g*. Consider (J(z(t)),n) with ||V small,
(J(z(t)),m) = (J(p(c)+V),n) (invariance of momentum map)
= (J(p(c) +Vi+Va+--),m) (using (6.5))
= (J().m) + [d{I(¢(c)).m), Vi] + OV )
= (c,0) + X7, n [€,(0) 1V + O(|V|?) (definition of # and (2.4))
= K (c,0) + [w1 JQ Vi) + O(|V]]?) (definition of wy)
= #(c,0) + [wy JQ,—s111Wonia] + O(|V]|?) (using (4.7) and (5.3))
= ' (c,0) — 5121 [W1 JQ, Wanio] + O([V]?)  (definition of W)

= (c,0)+ 2+ O([V[*) (using Proposition 5.2 and s7 = +1).
Hence, to leading order I; = a1 ({(J(z(t)),n) — # (c,0)) where £ (c,0) =n JP(c). B
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7 The role of curvature of the momentum map

In this section the relationship between the formula for « in Lemma 6.2 and ¢ (c,t)
is established. Now,

H (c,t) = (P(c+1tn),n) = (J(p(c+1tn)),n),

and so
d d _ d
% (e t) = |d{I(e(c +1tm),m), (e +in)| = |En(plc+tn) 1Q, (e +tn)|
where p
EM(> = % cI)exp(tE)(') with == 7’]1&1 —+ -4 77n§2 . (710)
t=0
Differentiate again and set ¢t = 0
Sl A (et) = lEM (Zt p(c+ tn)) 19, % ele+ tn)]
t=0 t=0 t=0
+[EM< (©) 0.2, ¢<c+m>] ,
t=0
But p 5
. ©

- t — A . J—

i tZOSO(C + "7) ]z:l Ui acj ]z:l NiVo+j = Wni1,
and

ZmﬁM (€) =D njv; =wi.
j=1 =1

The completes the first step in determining a formula for d2

- H (c,t).

t=0
Proposition 7.1.

d2

) H (e, t) =[Ay 1wy + [wy 1Q, A5],
t=0

where )

dt2 gp(c +tn). (7.11)

d
Ay =Ey (dt o(c+ tn)) and Az =
t=0

To make further progress, equations for A, and As are required.
Proposition 7.2.
L(C) A2 = —éDBH(\/K\Il, ®n+1) + Al ] Q

L(C) A3 = —éD?’H(vAvnH, \/7\\/'”4_1) + 2142 ] Q s
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where

1 S , d?
L(c) Ay = —a—%DgH(Wl,wl) , with A = 7o Pexpiz)(9(C)),
t=0

and Wi and Wy, are defined in (B-7) in Appendiz B.

Proof. Consider (4.2) with ¢ — ¢ + ¢tn and the group action replaced by the action
in (7.10),

~

dH (g (p(c +1m))) = AT (Dg(s) (p(c +11))),E(1)) = 0, g(s) = exp(sE), (7.12)

and where R
E(t) = (cr +tm)&+ -+ (Cn +100)6n -
Differentiate with respect to s and ¢t and set s =t =0,

d
3
L(c)A>+D H(dt

ol m). Zule(e)) - = (Lol ) 10=0.

t=0 s=0

using the fact that D3(J(-),£) = 0. Substituting in the definitions for A;, w; and
W11, this is

L(c) Ay = —D*H(w, 41, w1) + 41 Q.
The resulting equation for A, follows by using the definitions in (B-7). The verification
of the equations for As and A; follows the same argument. |

There is now enough information to complete the analysis of % H (c,t).
t=0

Lemma 7.3. Let J (c,t) be the function defined in (1.3) with ¢ € X} (P) and p € .
Then

a:{’% %/(Cat) =3 [DgH(VA\’l,VAVnH);VAVan] -3 [DSH(W’hVAVl)sznH]
t=0
_[DgH(VAVn—O—la VAVn+1)7 V/\Vn—i-l]

Proof. Evaluate the terms in the formula in Proposition 7.2,
(wy | Q, As] = [L(c)wyy1, As
= [L(c)As, Wn 1]
_ [_éDi’)H(wnH,wnH) 1+ 24, | Q,wnﬂ}
= _;%[D3H(v?n+1,v?n+1), Woi1] + 2[A2 QW]
and so
P2

1
112 %(C,t) = 3{A2 _ QawnJrl] -

dt? =0 E[D3H<wn+l7 ‘X’n+1), VAVn+1] .
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Now consider the first term
[A2 1Q,Wyi1] = —[Wip1 €, A
= —[L(c)wap+1, A2]
= —[L(c)A2, Wap 1]
= — [ BDPH (W1, W) + AL QW
= L [DPH (W1, Wi1), Wansa] = [A1 12, wania].

but
—[A1 1, Wonp1] = [Want1 1, Ay

= [L(C)W2n+2a Al]
= [L(c) Ay, Wap 2]
— —é[DSHO/?\\/l, \/7\\/1), W2n+2]

- _;%[D3H<€V17 wl)a ‘/7\\/2”+2] .

Combining the above expressions proves the Lemma. |

Combining Lemma 7.3 with Lemma 6.2 proves the formula (1.6).

8 The bifurcating homoclinic manifold and its geometric phase

The leading order normal form is integrable, and when the higher-order terms are
neglected, an explicit solution can be obtained. The flow along the group satisfies

]1::In:07 gi)lzu, éj:Sj]j, j:2,7’L
Ii,..., I, are constant and
(1) = [utydt+a, o =siLit+d), j=2...n, (8.1

with the contribution from the homoclinic orbit u(¢) determined from the reduced
system

-y =1; — %mf and u; = s1v.
The reduced system can be explicitly solved: v = syu; and

u(t) = v — 3vsech?(yt),

—,/% if s;k <0

2n
K

with

1
vy = 5\/31/w and v =

if sk > 0.
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k<0 k>0

Fig. 3. Curves of RE of the normal form plotted in h x h* (in coordinates, the (v, I;)— plane)
as a function of s; and k. The dashed (solid) lines identify branches of hyperbolic (elliptic)
RE. The horizontal axis in each plot is the line I; = 0.

Clearly existence requires
kl; >0 and sikv>0. (8.2)

The line I; = 0 defines the local tangent space of the image of X'(P) in g*. Given
the sign of r, the first condition in (8.2) indicates whether RE persist for I; > 0 or
I; < 0. Given s; and the sign of k, the second inequality determines which branch of
RE is hyperbolic. There are four cases and Figure 3 shows them as a function of s;
and K.

8.1 The induced geometric phase

The phase to leading order can now be determined by substituting the expression for
u(t) into the ¢; equation in (8.1)

61() = vt — ?;”tanh(yt) +

with ¢o(t), ..., ¢,(t) retaining their form in (8.1). The geometric part of the phase

shift is
+oo

6 S
Ay = [cbl(t) — yt] = ——v=—1222 2x)Y* . (8.3)

o 8 K
The geometric phase has a direction in the group. This direction is clearly not invari-
ant under coordinate change. In normal form coordinates it is the ¢; direction. In
the original coordinates, the direction is determined by unwrapping the normal form

transformations.

The dynamic phase to leading order in the normal form also has a direction, v, since
to leading order it is

¢P(t) = ¢° +vt, with v = (v,s00s,...,5,1,).

The terms “geometric phase” and “reconstruction phase” are used here informally.
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After normal form transformations the geometric and dynamic phases can be explicitly
determined, to leading order, so formalization of such phases is not pursued here.

In order to give a general theory for the fully nonlinear problem in a neighborhood
of the degenerate RE, there are two issues that need to be addressed. First, existing
theory of reconstruction (e.g. Chapter 5 of [17]) would have to be modified to take into
account that the orbit in the reduced space is a homoclinic orbit — not a closed orbit.
The second issue is the more familiar issue of introducing an appropriate connection
that would enable precise distinction between the horizontal and vertical subspaces in
the definition of geometric phase.

9 Intermezzo: failure of the G-Morse hypothesis

This section is a slight digression from the main theme of the paper. The purpose
is threefold: to give a mechanism for failure of the G-Morse hypothesis (the type II
degeneracy) showing that it is complementary to the type I degeneracy of DP(c);
secondly to give a simple example illustrating the mechanism; thirdly to show that the
degeneracies that have been studied in the N—body problem correspond to failure of
the G-Morse hypothesis but by the type III degeneracy.

Consider the type III degeneracy first. When the Hamiltonian function depends on ad-
ditional parameters, the matrix representation of the second variation of the augmented
Hamiltonian is a parameter-dependent matrix. Generically, in such a multi-parameter
family of matrices, additional zero eigenvalues can arise, resulting in failure of the G-
Morse hypothesis. This degeneracy is called type III in this paper. Determination of
the codimension and a precise characterization of the above observation can be ob-
tained using the theory of versal deformation of matrices (cf. ARNOLD [1]). It is this
type III degeneracy that is called “degenerate relative equilibria” in PALMORE [27],
in the context of the N—body problem. In [27], the value of the momentum map is
fixed (see definition of S,, on page 423 of [27]), and it is the masses my, ..., m, which
are varied. Hence the second variation is a matrix dependent on the mass parame-
ters and PALMORE determines subsets of the mass parameter space where the RE are
degenerate.

The other way that the G-Morse hypothesis can fail — called type II degeneracy here —
without any additional parameters in the Hamiltonian, that is natural in applications,
is when the mapping (¢, P(c)) € g x g* fails to be a graph. To see this re-parameterize
the RE as (c(u), ) € g x g*; that is, take the values of the momentum map as the
parameters.

Lemma 9.1. Suppose the family of RE is parameterized by p € g* and det(Dc(p)) =
0. Then
dim Ker(D?He(p)) > dim T,(G - ¢) .

Proof. It is already clear that T,,(G - ¢) C Ker(L(c)). Hence the statement is proved
if there exists at least one additional independent eigenvector in Ker(L(c)). With the
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hypothesis det(Dc(p)) = 0 there exists a vector v € T),g* satisfying

De(p)y =0.

Consider the equation satisfied by ¢ but considered as a function of p,

dH (p) = d(I(p),&(w)) = 0. (9-1)

Take a basis for g and a dual basis for g*; in terms of this basis p = (u1,..., in).
Differentiate the equation (9.1) with respect to p;,

8(,0 L aCk

9k a7
o kzl% k().

L(p) o=

where L(p) is the second variation of the augmented Hamiltonian parameterized by

.

Consider .
Z%a v € Ker(De(p)) .
Then
L(p)V =37 17 (u)%
= 30175 et e dJi()
= S (S5 2 ) dJi(e)
=0.
This proves that V is in the kernel of L(g). It remains only to show that the (n+ 1)
vectors vy,...,Vv,, V are linearly independent. This set is linearly independent if and
only if there exists real parameters aq, ..., a,. such that
avi+ o, v+, 1 V=0 = ao=--=a,1=0,
which is equivalent to
vy 1Q++a,v, 1240,V 1Q=0 = a=-=a,,1=0. (9.2
Now, the set vi,...,v, is linearly independent, hence the result will follow if (9.2)

implies ay, 1 = 0.

Consider the following property of the momentum map

Op Op ]
F () ik [ () aﬂk] l Vj e
Hence
Iy
Z%@k = Z \Zn Qe —|=— [V J Qﬁvj} :
k=1 8/%
Now pairing (9.2) W1th each v;, using Proposition 2.3 (or the first part of Proposition
4.3) and noting that - is not identically zero proves that a; = -+ = a1 = 0. |
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Fig. 4. A parametric representation of the mapping (c(u), P(u)), parameterized by u € RT,
in g x g* for RE of the Hamiltonian system (9.3).

9.1 An example with G-Morse degeneracy

The following example illustrates the failure of the G-Morse hypothesis. It is a model
for water waves constructed by ZUFIRIA & SAFFMAN [37]. It is an S'—equivariant
Hamiltonian system on R* with coordinates z = (q1, ¢2, p1, p2) and standard symplectic
structure. It will be easier to work with the complex coordinates

1

aj:ﬁ(%’+ipj)v j=12.

In these coordinates, the Hamiltonian function is

o) = o509 + oz + )
(9.3)
9m2u + ahs + i) (200~ v + o)) ),

where () denotes complex conjugation. The Hamiltonian is S'—invariant with the
action of S' given by (ea;,e??ay). The Lie algebra is R and the momentum map is

J(z) = ayay + 2a9a5 .

It is straightforward to construct families of RE for this system (see [37]) and a para-
metric representation of (¢, P) for one of the families is shown in Figure 4. When
¢ = 3 there is a point where the slope is vertical and by Lemma 9.1 this corresponds
to a point where the dimension of the kernel of the second variation of the augmented
Hamiltonian is greater than one. Note that the point of degeneracy creates a local
barrier in g for the persistence of RE: locally, RE exist in g for ¢ < 3.

One can vary the coefficients in the Hamiltonian for this example to also find points

where the standard degeneracy P’(c) = 0 occurs as well as examples where both types
of degeneracy occur in the same family of RE.
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10 Creating solitary waves via a degenerate RE

When the group is one-dimensional and the manifold is a vector space of dimension
four the theory simplifies dramatically and most details can be worked out explicitly.
It is however an instructive example, highlighting in the simplest possible context some
features of the theory, and at the same time its use in applications can be illustrated.

Consider the following system of PDEs, an example of a Boussinesq system which
model water waves in shallow water [7]

oh oh ou 10%u __

(10.1)
Gu 4 §oh 4 udt =0

The functions h(zx,t) and wu(z,t) represent the depth and velocity of the fluid layer,
and ¢ is a given strictly positive constant representing gravity. Scale coordinates so
that ¢ can be taken to be unity. Then steady solutions of this system satisfy

d

2
dx(hu—l—%um)zo and h—}—%u =R,

for some strictly positive constant R. Integrating the first equation and substituting for
h from the second equation leads to a planar system for u(z) which can be analyzed
completely. This planar system has a homoclinic orbit which represents a solitary wave
solution of the Boussinesq system, which in turn models the famous Korteweg-DeVries
solitary wave solution of the water wave problem [7].

These solitary waves (homoclinic orbits) can be related to degenerate RE as follows.
Introduce new coordinates z = (q1, g2, p1, p2) with u = ¢o and

dq dgs 1 dp>
:E’ p2=—17 plzqu—qu’—f

& 3da’ 2 dr

The above steady system can be represented by the Hamiltonian system
7z, = Xy(z), z€M=R*, (10.2)
with Q = dg; Adpy + dge Adps, H(z,R) = piga — 3p3 — 3 Rg3 + £¢5 and so

0 0
Xu(z) =qpn— — 3p287q2 + (Rgz —p1 — %C]g)

oq 87]92 '

This Hamiltonian system has a one-parameter affine translation symmetry G = R with

generator &y/(z) = %, and momentum map

The family of RE associated with this group is z(x) = ®(,) (). The family of critical
points of the augmented Hamiltonian is

¢(c) = (0,¢,cR — $¢%,0).
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Fig. 5. Graph of the pullback of the momentum map P : g — g* for RE of the Hamiltonian
system (10.2) taking R > 0 fixed.

This family exists for all ¢ € R and so gi** = g. The pullback of the momentum by ¢
is

P(c)=Joyp= Rc—

1
2

¢ and DP(c)=R— 202.

Degeneracy occurs when ¢? = %R and so

$1(P) = {j: (23)1/2}

and there is no further degeneracy as long as R > 0. The graph of the mapping P(c)
is shown in Figure 5 for ¢ > 0. The image of X'(P) in g* consists of the two points
j:gR?’/? Figure 5 shows in a simple context how the image of ¥!(P) is a barrier in
g* to the continuation of the family of RE. When ¢ > 0 RE exist only in the region
P < %R?’/ 2 This barrier is local, since globally there exist RE with P > %R‘g/ 2 when
¢ is negative.

The leading-order nonlinear normal form when ¢ € X!(P) is given by Theorem 6.1
with n =1 and

k=a’P"(c) = =3dlc, ceXY(P), (10.3)

for some positive constant a;. Hence sign(x) = —sign(c). From this normal form, the
homoclinic orbit representing the solitary wave can be constructed, and the local region
in parameter space where it exists identified. Further detail, particularly the sign s;
requires computation of the eigenvectors.

10.1  Constructive aspects of the case n =1

To illustrate the constructive aspects of the theory, an explicit computation of the
linear normal form will be given. First reduce the formulas from Appendix B to the
case n = 1. The starting point is the Jordan chain {vy,...,v4} satisfying (4.1)-(4.4)
with n = 1. The differential DP(c) is one-dimensional and so 7 is unity and the
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transformed symplectic basis is

{VAVh Wa, —81 Wy, 51W3 }

with

Wi = a1V, Wy=aVsy,

V/il'g = a1Vs3 + mivy, \/7\\/4 — A1V4 + mivy,
with

a; = |Q(V1,V4)\_1/2 , 81 =signQ(vy, vy),
and

my = %sla? Q(Vg, V4> .
Apply this theory to the system (10.2) perturbed about a degenerate RE. The elements

of the Jordan chain vy,..., vy are easily computed,

0 0 10 10

= —, Vo=—, V3= y V4= oo
v 8611’ ? g2 ’ 3 Opy ! 3 Opy

The parameters are m; = 0,

1 _
s1 = —sign2(vy, vq) = —sign (3) =1, a; =[Q(v4, V1) V2 =3,

Hence the scaled vectors which generate a symplectic basis are

o’ T 3o T 3 op

VAVl:\/ga&, VAVQZ\/gi W V3 0 W V3 0
1

Since a; = \/3, k= —9v3c. For ¢ >0 RE persist for 1 < 0 which is consistent with
Figure 5. The other critical parameter in (8.2) is s;kv. For ¢ > 0, s15 > 0 and so it
is the right P’(¢) < 0 branch of RE which is hyperbolic in Figure 5.

11 Re-interpretation as a two-dimensional group

The example of §10 has an additional parameter, R. This parameter can be interpreted
as an element of a larger dimensional momentum map. In this section the example in
810 is re-interpreted as a Hamiltonian system with no external parameters, but a two-
component momentum map.

Introduce new coordinates z = (q1, ¢2, q3, D1, P2, P3) With u = g3,

oot 1dn
3 dl" 3 3dx7
and y . 4
Ao a1y dp
D1 = I + 543, P2 = DPi1g3 2Q3 dr
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The coordinate p; represents the parameter R in §10 and it satisfies the trivial equation

% = 0, but there is additional geometry due to its presence in the momentum map.

The Hamiltonian vectorfield, representing the steady part of (10.1), is

0 0 0 0
XH( ) (pl_ §Q3)07+Q3a " —3]?38734—(]71%—]? — §q3)ap3. (11.1)

with the standard symplectic structure and Hamiltonian function

1

1
~pgs + gq?,-

1,
*p1_2

H(z) = paqs — %p§+ 5

The group G is a two-parameter affine translation symmetry with generators

0 19)
1 _ 2 _
SM (Z) aql and 5M(Z) an )

associated with a basis {&;,&} for g. The symmetry group R? represents the fact that
H is independent of ¢; and ¢o. Now

&y JQ=dp and & JQ=dps,
and so the momentum map, using the dual basis {£],£5}, is

J(z) = 1(2)&] + Jo(2)&5, with  Ji(z) =p; and  Jo(z) = pe.

The family of RE associated with this group is

Z($> = (I)eXP(xé)(SO) , with £ =16 + @,

and ¢(c) = (0,0, ¢z, ¢1 + 363, ¢1,¢2,0) and so

Pl(C) = + lcg and PQ(C) = (C1Co, (112)
with Jacobian
1 Co
DP(c) =
C 1

The family of critical points ¢(c) exists for all ¢ € g and so giF = g.
The Jacobian is degenerate when c3 = ¢; and so
Y P)={ccg:c—c=0}.

The Jacobian DP(c) has rank 1 as long as 1+ ¢; # 0. But ¢ € }(P) implies ¢; > 0
and so the rank can not drop to zero.

In this example the set X1 (P) is not empty. The tangent space of X1(P) is

T.x'P)={span| | } cTog,
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Fig. 6. The set ¥!(P) in g and its image under P in g*

For ¢ € ¥1(P),

1 —Cy

Ker(DP(c)) =spanin}, m="a===1|

The geometry of the curve of degeneracy in momentum space is illustrated in Figure 6.
The kernel of DP(c) is in 7.2 (P) when ¢ = 0. Hence 2" (P) = {c = (¢1,0)}NZH(P)
which consists of just the origin in g. As shown in Figure 6, the image of the point in
YH(P) is the cusp point in the g* plane. This is an example of the Whitney cusp (cf.
Chapter 1 of [2]).

The leading order nonlinear normal form for ¢ € X(P)\ X! (P) is given by Theorem 6.1
with n = 2. The signs s, and the sign of k can be computed without the eigenvectors.
sy is the sign of the nonzero eigenvalue of DP(c) and Ay = Trace(DP(c)) =14c¢; >0
and so sy = +1. To determine k,

H(c,t) =m((cr 4+ tm) + 3 (ca +t02)%) + ma(cr + tm) (2 + o) -

Hence
|, (c,t) = 3mmn;

and so

d? a ’

3 2 3 1
kK=a—| JH(c,t)=3mnya] = —3c ( ) :

dt2 =0 vV 1 “+ 1

and so sign(k) = —sign(cz). To go further and compute an explicit expression for a;

and to determine the symplectic sign s;, the eigenvectors need to be computed.
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11.1  Constructive aspects of the case n = 2

Given the Jordan chain vi,...,vg and the kernel of DP(c), the normalized Jordan
chain is constructed using the theory in Appendix B with n = 2,

Wi = a1(mvi +mve), W =as(—navi+mva),
W3 = a1(mvs + n2va)

Wy = ax(—1M2Vs + MmVa) + Bra(mvi + 12va)

W5 = a1Vs + my(mivy + 12Va) + ma(—n2vi + 1n1V2)

W = a1Ve + My (Vs + 172Va) + mao(—1m2vs + 11V4)

with the parameters determined by

a1 = [Qmvi + Ve, ve)| TP, s = sign Q(ve, mvi + m2va)
az = || V2, sy = sign(Ay)
aj

Biy = sjajay Q(—=m2vs + MV, V6), Mg = —729(—772V1 + M1 Va, Vi)

my = isiaq (a3 Q(vs, ve) — Aom3) |

Apply this theory to the RE of the Hamiltonian system (11.1) with ¢ € 3'(P). The
natural eigenvectors associated with the basis {&;, &} for g are

_ 0 — 90 _ 0 0
Vi = Oq1 ’ V2 g2’ \E Op1 + Op2
_ 0 0 0 _ 1, 0 _ 1, 0

Vi = 5g + 25, + 1o, Vs = 7325, V6 = 3725, -

whence

1
Q(mvy 4+ n2ve, V) = 5773 ;

and so
V3

s1=—-1, a1 = , Sy =sign(Ag) = +1.
|72
The other parameters are
Ui N2
B12:O, m, = ———— nd mo = ——F————.
2v/3]12| A2 VEIARY
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The normalized eigenvectors are therefore

Rr. — 9 4 0 S U 9
Wl_\/g( C2aql+3tI2)’ W2 =75 (3Q1+C2aq2>’

S — 9o &, — 0 9 _ . 0
w3 = V3 Wy = A2 Og3 Ip1 C2 Opa

~ V3e 0 0 1 0
ws = =05 ((L+ )i +eds) — fan

*r. — _V3ca el 0 0 1 0
We = 6 2 (62 g3 + 2)\28;01 + 262)\2 3102) + V3 0p2

The full formula for x is now

R = —mal = —9\/§CQ .

Note that this expression for x agrees with that found in (10.3) in §10 as it should,
since the reduced system is the same, with only the dimension of the group changing.
As with the one-dimensional example, the RE persist for I; < 0 when ¢; > 0, and the
branch of RE with v > 0 is hyperbolic.

12 Creating dark solitary waves: an example with G = R? x S!

In this section a Hamiltonian system on R® is considered which has a three-dimensional
symmetry group consisting of a direct product of S' and a two-dimensional group of
affine translations. This example is a simplified version of a problem that appears in
the theory of water waves, where degenerate relative equilibria are associated with the
concept of criticality in fluid mechanics and the creation of a new class of dark solitary
waves coupled to a mean flow [7].

The following simplifed system of differential equations is a variant of the steady
Benney-Roskes equation modelling water waves introduced in [5]

aAge + 2ibA, + B|APPA = —2(Chy, + mu,) A
Tlhxa: + r3ULy = €(|A|2)$ (121>
7”Bhaca: + Tolyy = m(|A|2)a: )

where a, b, 3, £, m, r;, ro and r3 are given real parameters with riry — r2 # 0 and
i =+/—1. The function A(x) is complex valued and the functions h(x) and u(z) are
real valued.

The first equation in (12.1) is a steady nonlinear Schrédinger equation coupled to
mean flow terms and A(x) is associated with spatial modulation of a periodic water
wave. The equations for h and u are the shallow water equations coupled to the
wave modulation, with h(x) representing the mean depth and u(x) representing the
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mean velocity. Note that the second and third equations in (12.1) can be integrated
and substituted into the first equation. However a geometric approach leads to more
information about solutions, and extends to more general systems such as water waves.

From the viewpoint of this paper, this system can be characterized as a Hamiltonian
system on R® with a 3—dimensional symmetry group. Introduce coordinates z =

(@1, --,Ga,p1,---,P4), defined by
AZQ1+iQZ> h:q3 and u:q4

and

d d d
p1=ag —bg, p3=r1G +r3 — (¢ +a3)

pQZa%—i-bQM p4:r2%+’r3%—m(q%+q§)~

The symplectic form is the standard one, 2 = dg; A dp; + -+ + dgs A dpy, and the
Hamiltonian function in these coordinates is

1 ) T3 T
He — (a2 22 13 T o
2a(p1 +p3) + 55P3 ~ 5 PaPat 55Dl
b b? ~
+5(p1Q2 — poqh) + %(Q% +q3) + iﬁ(‘ﬁ +q3)°

1
+5[(T2€ — r3m)ps + (rim — r30)pa] (@} + q3)

where
7’17’3€
~ 2
§=rry—7; and ﬁzﬁ—gdet rs re M|
¢ m 0

The governing equations are now

7z, =Xy(z) ze M:=R%, Xy |Q=dH.

An arbitrary constant can be added to g3 and ¢, and this generates the subgroup R?
of affine translations. The equations (12.1) are equivariant with respect to rotations
acting on A. This symmetry leads to the action of S' associated with (g, q2) and

(p1,p2) -

The infinitesimal generators of the group acting on M are

&ul2) = 5
&i(2) = 4
E1(2) = —Qoi + Q1 — Doy + P17

Let £7,&5, &5 be a basis for g*. The momentum map is

J(z) = J1(2)§1 + J2(2)8; + J5(2)85 (12.2)
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with
Ji(z) =ps, Jo(z) =ps and J3(z) = pogs — p1g2- (12.3)

Relative equilibria associated with this group are of the form

2(7) 1= Poxpae)(p(c)), &= 161+ caba + c3é3,

with ¢(c) a critical point of the augmented Hamiltonian
dH(p) = adJi(p) + c2dda(p) + c3dJ3(p) - (12.4)

This system consists of set of simple algebraic equations with solution

qi(c)
g2(c)
0
(c) = ’
! ~(b+ acs)de)
(b + ac3)qi(c)
(ricr + r3c2) — L(Gi(c)* + G2(c)?)
(rzc1 +12c2) — m(Gi(c)® + Ga(c)?)
where
Gi(c)* + Ga(c)? = l(ac§ + 2bcz — 20c; — 2mcy) . (12.5)

g

For real solutions the right-hand side must be positive and this restriction defines ghF
by

g® ={cecg : Blact + 2bcs — 2lc; — 2mey) >0} . (12.6)

This set is a semi-algebraic variety in g and its boundary consists of points where
momentum map is singular. Hence points ¢ € gi* automatically satisfy hypothesis
(H4).

The pullback of the momentum map by ¢(c) has components

Pl(C) = (7"1 -+ %) c1 + (7’3 -+ QT?M) Cy — %(an + 2b63)
Py(c) = (rg + 27?4) o1+ (7’2 + %) ¢ — % (ac3 + 2bey)
Py(c) = 45 (acd + 2bes — 2ley — 2mey) .
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Fig. 7. The image of X}(P) in g* for parameter values: a =1, b=—-.25, f=-3, (= -1,
m=125,r1=—-.5,r9=1and r3 =.25,and af = -6 <0

A straightforward calculation then leads to
b 0P 0Py
acl acz 803

= |0 0Py 0P
DP(C) 6c1 acz 803

OPs 0Py 0Py
601 862 803

B+ 202 3B+ 20m —20(b+ acs)
=5 | rsf+20m b+ 2m? —2m(b + acs)
—20(b+ acz) —2m(b+ ac3) 3(b+ ac3)? — b* — 2lac; — 2macy

and so

det(DP(c)) = 12 (5ﬁ(2a£cl + 2amey + b%) — (26 + B)(b + acs) ) :

B

For fixed values of the parameters, det(DP(c)) = 0 is linear in ¢; and ¢y and quadratic
in c3. Hence the set ¥!(P) is a simple parabola in g

Y(P) = {ceg : 2a€cl+2am02+b2—(26’;—6)

(b+a03)2:()} .

Even though Y1(P) N g is always non-empty, the set L1(P) N gR®® may be empty.
Substituting the definition of ¥!(P) into g** shows that

Y P)Ng"® is nonempty & aB <0.

The image of ¥!(P) in g* can have singularities. A typical example is shown in Figure
7. The singularities are in the image of P(c) when ¢ € X' (P). To compute L (P),
the kernel of DP(c) and the function % (c,t) need to be computed.
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The kernel of DP(c) can be taken to be a column of the adjugate matrix, since,

0P 0Py 0P 0P
BCQ 803 8(23 862 O

n= %‘?% — %% = DP(c)n =det[DP(c)] |0 | . (12.7)

oP, 0P _ 9P 0P 1
dcy Oca dco Ocy

Calculating,
2(b+ ac3)(lry — mrs)

n = Constant | 2(b + acs)(mr, — fr3)

00

Use this expression to compute the curvature

H(c,t) = ;5362(6 +58)(b+ acs) .
t=0

Hence, if the parameters a, &, § and (84 53) are nonzero, then ¢ € ¥'(P) \ L' (P)
when b+ acs # 0. On the other hand,

d2
at?

SU(P) = {ce SY(P) : Ker(DP(c)) C T.3'(P) }

:{ceg : 032—2 and €01+m02:—%}.

The set L'(P) is a line in g and the image of this line in g* is a curve of cusp
points. An example is shown in Figure 7. Note that X! (P) also corresponds with the
boundary of gR¥ and so consists of singular values of the momentum map.

For all ¢ € Z}(P) \ M (P) the theory of this paper applies to give the local existence
of a branch of homoclinic orbits which for the model (12.1) correspond to dark solitary
waves coupled to a mean flow. Details of solutions of this type are given in [7].

— Appendix —

A Properties of bordered matrices

In this appendix some elementary properties of bordered matrices are recorded for
use in the proof of Lemma 2.1 in §2. The basic ideas can be found in MAGNUS &
NEUDECKER [15], GREENBERG, MADDOCKS & ROGERS [11] and references therein.
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Let A be an m X m symmetric matrix, and let b be an m x 1 matrix. Then

Ab
det = —b'A%b, (A-1)
b” 0

where A% is the adjugate of A (transpose of the cofactor matrix of A). This is
Theorem 4 on page 43 of [15].

Suppose A has a simple zero eigenvalue with eigenvector v, then

T

# VvV
AT =T, (A-2)

A\

where II is the product of the non-zero eigenvalues of A. This is Theorem 3 on page
41 of [15].

Combining these two results: suppose A has a simple zero eigenvalue with eigenvector
v, then

Av - ) )
det = —1II||v|]*. (A-3)
v

Now, suppose that the kernel of A has dimension n with n < m and let Ker be the
m x n matrix whose columns are the normalized eigenvectors, and so Ker’ Ker = 1I,,,
then a straightforward generalization of (A-3) is

A Ker
det =—1II, (A-4)
Ker’ 0

where II is the product of the m — n non-zero eigenvalues of A.

The main result needed in the characterization of non-degeneracy of a critical point is
the following.

Proposition A.1. Suppose A is an mxm symmetric matriz with kernel of dimension
n where n < m. Let Ker be the m X n matrix whose columns are the normalized
eigenvectors spanning Ker(A). Suppose B is an m x n matriz of rank n satisfying
Ker'B = 0. Then

A Ker B
det |[Ker” 0 0| = (—1)""' I det(B"W), (A-5)
BT 0 0

where 11 is the product of the non-zero eigenvalues of A and W s the unique m X n
matriz satisfying
AW =B and Ker' W =0. (A-6)
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Proof. The condition Ker' B = 0 assures that the columns of B are in the range of
A and so (A-6) is solvable, and the second condition in (A-6) assures that W unique.
Define

— A Ker N B . A%\%
A= , B= and W =
Ker!’ 0 0 0

Then A is invertible by (A-4) and

—~

A B Ao)(L,0) (L W — .
det | _ = det R = det(A) det(—B* W).
BT 0 01,/ \BT1I, 0 -B'W

since (A-6) is equivalent to W = A~'B. The required result now follows using (A-4).H

B Williamson normal form for the linearization about degenerate RE

In this appendix, an explicit proof of Lemma 5.1 is given. The starting point is the pair
of linear operators (L,J) (suppressing the dependence on ¢) with J in standard form
(2.1) and L having a Jordan chain of length 2n + 2; specifically

LVJZO and LVnJ,_]:o]]V], j:17"‘7n7

n
Lvyn = Z anVn+j and  Lvoui2 = Jvany1,
Jj=1

for some n = (ny,...,n,) with
> 15 [Ivania, vi] # 0.
i=1

The object is to construct a transformation matrix F such that
F'JF=J and FTLF =L (B-1)
where L' is defined in (5.1), with the symplectic signs defined in Lemma 5.1.
The symplectic transformation F is decomposed into four parts
F = F FyF;F,,
with F; being the matrix whose columns are the eigenvectors of L

Fi =col(vy, -+, Vanga) -
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This first transformation results in

01, 00]
00no
LFl = JFlN y N = )
0001
_0 00 ()_
and
0 —DP(C) 0 (o]
DP(c K -0, O
FIJF, =K = (c) P (B-2)
0 ol 0 «
| —of ol —a 0
where
Q(Vl, V2n+2) Q(Vn-i-la V2n+2)
o] = — , O = — , Q= _Q(V2n+luv2n+2)7

Q (Vn ) V2n+2)

Q(Vzm V2n+2)

and K is the n x n skew-symmetric matrix with entries

—

Kij = _Q(Vn—i-ia Vn+j) )

,7=1,...,n.

The form of the entries in K in (B-2) follow from skew-symmetry of K and Proposition
4.3. The symplectic operator K is not in canonical form. The purpose of the three
transformations Fo, F3 and F, is to transform K into J while preserving the form of
the transformed Jordan chain.

The transformation Fy is chosen to diagonalize DP(c) in K. Let T be the n x n
orthogonal matrix which diagonalizes DP(c) with the first column taken to be n.

Then

TTDP(c)T = diag0,

Aoy Anl s

and Fy can be taken to be the block diagonal matrix

Define these rotated eigenvectors by wy, ..

T 0O
F,=]|0TO
0 0L

F,F, := col(wy,..
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The modified Jordan chain is

Lw; =0 and Lw,;=Jw;, j=1,...,n,
(B-3)
Lwoy,p1 = Jw,r and  Lwg, 0 = Jwa, .
The object is to introduce new vectors wry,..., W, 1o with the same Jordan chain

structure but resulting in a canonical symplectic form that is a permutation of J.

The transformation matrix Fs is the one which does the most work. It transforms the
{w,} set to the set {w;}. Let

_A B m 0_
0AOm
F; =
0 0a; O
100 0 ai]
where A = diag[ay,...,a,|, m is an n—vector and B is a nilpotent upper triangular

matrix. The following expressions are found for the entries of F3s,

1
N d = —si Q n ) B-4
a1 |Q(W1, W2n+2) |1/2 an S1 s1gn ( (Wl, Wo +2)) ( )

1
aj=—— and s;=sign();), j=2,...,n. (B-5)
A
—isiay (aal+p , mi)  j=1
25101 1 k=2 T J
m; = a, ) (B_G)
_YQ(W]# W2n+2) J 2 2 )
Y
where a = —Q(Wa,11, Wopy2). The first row of B has entries

Blj = 51@%%’ <Q<Wn+ja W2n+2) + Z )\*Q(Wk, W2n+2)Q(Wn+j7Wn+k)> , J=2.

k=2 'k
Note that Bj; is identically zero in this definition, since (w11, Wa,12) = 0 and
Q(Wpi1, Wpyk) =0 for £ =1,...,n. The other rows of B have entries

Bij = %Q(Wn-i-hwn-i-j) ) { Z 2 and j > 9.
J
With

F1F2F3 = COl({K\’h e ,\/7\\/2”+2) .
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the new vectors have the form

~

w;=a;w;, j=1,...,n

. - n .

Wiyt = 0 Wy + 201 Beiwi, j=1,...,n (B7)
ke _ n
Wontl = Q1Wapg1 + D p—g ME Wy

et n
Wont2 = A1Wapto + D 1 MWy

These vectors satisfy the same Jordan chain equations as the {w;} in (B-3).

The fourth matrix Fy is just a permutation matrix which puts the plus and minus ones

in the correct slots using the symplectic signs sq,...,s,. It is defined by
(0 0 ... ... 0 — 51_
S9 0 - 0
I,.1 O 0 s
F,= | " with S = ’ ,
0 ST

s, 0 O

UREEEEE 0 s 0

with s; defined in (5.2) and s; = sign()\;) for j =2,...,n. The complete transforma-
tion F satisfying (B-1) is then

F = F FoF3F, :=col (Wi, ..., Wpni1, =51 Want2, 9Wpt2, - - -, SpWan, S1Wony1) -
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