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CHAPTER 1

Groups

The topic of this chapter is groups: finite, topological and Lie groups. We
start with a quick review of basic definitions from the theory of groups and then
describe some of the foundational theory of topological and, more particularly,
Lie groups. As far as the theory is concerned, our focus will largely be on basic
examples, constructions and definitions. We usually omit proofs. A background
in differential manifolds — especially Lie brackets and integration — is required for
the latter parts of the chapter. With the possible exception of one or two of the
examples (only needed in chapter 4), readers are likely to be familiar with most of
what we survey. A good strategy is probably to skim through the chapter noting
the notational conventions which are established and used throughout the book.
Finally, we remark that there are many good introductory texts on finite groups
— one we recommend is Scott [157]. A concise graduate level text, which covers
much of what we need in this and the following chapter, is Thomas’s book [169]
which is angled towards the representation theory of finite and Lie groups and
includes basic material on induced representations and Lie algebras.

1.1. Definition of a group and examples

DEFINITION 1.1.1. A group consists of a set G with an identity element,
denoted by eg = e, together with operators of composition (or multiplication)

G x G — G; (g,h) — gh,
and inversion
G—Gg—g,
which satisfy the following properties

(Id) (Identity) ge = eg = g, for all g € G.
(In) (Inverse) For all g € G, gg ' =g g =e.
(As) (Associativity) (gh)k = g(hk), for all g,h, k € G.

The group is Abelian or commutative if gh = hg, for all g, h € G.

REMARK 1.1.2. As simple consequences of the definition we have
(1) (Cancellation law) If gh = gh (or hg = hg) then h = h.
(2) The identity element of G is unique. (That is, if ¢/ € G satisfies (Id)
then e = ¢').
(3) Every g € G has a unique inverse g~ .

1



2 1. GROUPS

(4) (gh)™' =h~1g71 for all g,h € G.
If G is finite, the order of G, denoted |G/, is the number of elements in G.

DEFINITION 1.1.3. Let G be a group. A non-empty subset H of G is a
subgroup of G if for all g,h € H, gh™' € H.

REMARK 1.1.4. If H is a subgroup then e € H and H inherits the structure
of a group from G.

Many interesting examples of groups, both finite and infinite, are obtained
as transformation groups. That is, as sets of transformations of a space, often
preserving some preassigned structure. Group multiplication is then composition
of transformations and so is automatically associative. We usually denote the
identity map of a transformation group of the set X by I or Ix.

ExAaMPLES 1.1.5. (1) Let X be a set. If we let B(X) denote the set of
bijections of X, then B(X) is a group with identity element equal to the identity
transformation of X. If X is finite, B(X) may be identified with the group
Sym(X) of all permutations of X. We refer to Sym(X) as the symmetric group
of X. If X =n=/{1,...,n}, we write B(X) = S,, — the symmetric group on n-
symbols — and have |S,,| = n! The symmetric groups are of special importance in
finite group theory; in part this is because every finite group G can be represented
as a subgroup of Sym(G) = Sig| (Cayley’s theorem).

(2) Let V' be a vector space (over R or C). The general linear group of V', GL(V'),
is the group of invertible linear transformations of V. If V' = R then GL(R) ~ R*
(the multiplicative group of nonzero real numbers). Similarly, GL(C) ~ C* (the
multiplicative group of nonzero complex numbers). If V' is of dimension d then,
after choosing a basis for V', we may identify GL(V) with an open subset of the
space M (d, d) of d x d-matrices. The group operations of composition and inverse
are then smooth — in fact, rational — functions in the components of the matrices.
We often write GL(n,R), instead of GL(R™), and GL(n, C), instead of GL(C").
(3) Let V' be a vector space over R and let ( , ) be a (positive definite) inner
product on V. Let O(V) denote the subgroup of GL(V) consisting of linear
maps A preserving ( , ): (Av, Aw) = (v,w), all v,w € V. We refer to O(V)
as the orthogonal group of (V,(, )). If V is finite dimensional, we may choose
an orthonormal basis of V' and thereby identify (V,( , )) with R" (standard
Euclidian inner product). We always write the orthogonal group of R™ as O(n).
If instead V' is a C-vector space, and (, ) is an Hermitian inner product on V/,
we obtain the unitary group U(V) of V. We write U(C%) = U(d). Both O(n)
and U(d) are compact subgroups of the corresponding general linear group. The
special orthogonal group SO(n) is the subgroup of O(n) consisting of linear maps
of determinant +1. We similarly define the special unitary group SU(n).

(4) Let (X,d) be a metric space. An isometry of X is a map f : X — X
preserving distance: d(f(x), f(y)) = d(z,y), all z,y € X. Let Iso(X) denote the
set of isometries of X. The identity map I of X always lies in Iso(X) and Iso(X)
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has the structure of a group where multiplication is given by composition.

(5) The group of isometries of R™, denoted E(n), is called the Euclidean group.
If f:R™ — R™ is an isometry, then we may write f(z) = Az +b, where A € O(n)
and b € R" are uniquely determined by f. In particular, O(n) (orthogonal
rotations about the origin) and 7'(n) (the group of all translations of R") are
naturally defined as subgroups of E(n). The group E(n) may be represented as
O(n) x T(n) (that is, all pairs (A, b)), but the group structure on O(n) x T'(n)
is not the obvious one defined componentwise. We return to this point shortly.
We let SE(n) (the special Euclidean group) be the subgroup of E(n) consisting
of orientation preserving isometries. We may identify SE(n) with SO(n) x T'(n).
(6) For n > 3, let D,, denote the dihedral group of order 2n defined (up to
isomorphism) as the subgroup of O(2) consisting of isometries of a regular n-
gon centered at the origin. Denote the subgroup of D,, consisting of orientation
preserving symmetries by Z, (or Z/nZ). Since D,, permutes the n vertices of
a regular n-gon, D,, naturally embeds as a subgroup of S,,. In case n = 2, we
define Dy to be the group of isometries of a (non-square) rectangle. The groups
Zp, n > 2, and Dy are Abelian; D,, is not Abelian, n > 3.

EXERCISE 1.1.6. Prove that Iso(R") = E(n). (Hint: In case n = 2, show that
an isometry is uniquely determined by its values at three non-collinear points.)

1.2. Homomorphisms, subgroups, cosets and quotient groups

DEFINITION 1.2.1. A homomorphism T : G — K of groups G, K is a mapping
satisfying
T(g9') =T(9)T(g"), (9.9 € G).
An isomorphism is a bijective homomorphism.

REMARKS 1.2.2. (1) If T : G — K is a homomorphism, then T'(e¢) = ek.
(2) f T : G — K is an isomorphism, then 77! : K — G is a homomorphism.
(3) An isomorphism 7' : G — G is usually referred to as an automorphism (of G).
If there exists h € G such that T'(g) = hgh™', T is an inner automorphism. The
set of automorphisms Aut(G) of G is a group under composition which contains
the set of inner automorphisms as a subgroup.

DEFINITION 1.2.3. Let H be a subgroup of G.
(1) H is a normal subgroup if
gHg™' =H, (g€ G).
If H is a normal subgroup of GG, we write H < G.
(2) The normalizer N(H) of H is the subgroup of G defined by N(H) =
{9eG|gHg' = H}.
(3) The centralizer of a subgroup H of G is the subgroup of G defined by
Co(H) = {9 € G|gh =hg VYh € H}. We call C5(G) = Z(G) the

centre of GG.
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REMARK 1.2.4. Let H be a subgroup of G. Then H<IN(H), Cq(H) C N(H)
and Cq(H)N H = Z(H) — the centre of H.

LEMMA 1.25. If T : G — K is a homomorphism then kernel(T) < G and
image(T) <1 K.

LEMMA 1.2.6. Let G/H = {gH | g € G} denote the space of (left) cosets. If
H <G, then G/H has the natural structure of a group with respect to which the
quotient map q : G — G/H is a homomorphism.

ExAaMPLES 1.2.7. (1) Give R the structure of an (additive) group under +
(so the identity is 0). For a € R*, the map M, : Z — R defined by M,(n) = an is
a group monomorphism with image aZ. The Abelian group R/aZ is isomorphic
to SO(2) by the map

cos(#%)  —sin(2?)

O ( sin(?) COS(%) ) '
We often identify R/27Z (or R/Z) with SO(2). Another representation of SO(2)
is as the subgroup S* C C* consisting of complex numbers of unit modulus. We
tend to use the symbol S1, as opposed to SO(2), when there is a direct connection
to scalar multiplication by complex numbers of unit modulus. For n > 1, the
n-torus T" is defined to be R"/27Z" ~ SO(2)" ~ (S')".
(2) If V is a finite dimensional vector space over R, then the determinant defines
a homomorphism det : GL(V) — R*. The kernel of det is the normal subgroup
SL(V') consisting of linear maps of determinant 1. In case V = R", we set
SL(V) = SL(n,R) and refer to SL(n, R) as the special linear group (of degree n).
SL(n,R) is the group of orientation and volume preserving linear isomorphisms
of R™. We have GL(n,R)/SL(n,R) ~ R*. We may similarly define SL(n,C) and
SL(n,Z) (the group of integer n x n-matrices with determinant +1).
(3) Let n > 2. Identify C* with the group of all non-zero multiples of the identity
map of C". Then C* < GL(n,C). We define PGL(n,C) = GL(n,C)/C* to be the
projective linear group. In case n = 2, PGL(n, C) is isomorphic to the group of
invertible Mobius transformations z — Zjifz of the Riemann sphere S? = CU{oco}.
We may similarly define the real projective linear group PGL(n, R).
(4) Many important examples of finite groups come from geometries defined over a
finite field (see [98] for basic material on finite fields). Let p be a prime, n > 1 and
F = F,» denote the finite field of order p". Let GL(n,F,») = GL(n,p") denote the
group of invertible n x n matrices with entries in F. Setting p" = ¢, |GL(n, p")| =
H;‘:_&(q” — ¢’) [157, 5.7.20]. We define the projective group PGL(n,p") to be
GL(n,p™)/F*. Let Aff;(IF) denote the group of affine isomorphisms of F. That
is, Affy(F) = {(a,b) | a € F*,b € F}. An element (a,b) € Aff;(F) acts on F by
x +— ax + b and it is easily shown that |Affy(F)| = q(¢ — 1).

1.2.1. Generators and relations for finite groups. Let g4, ..., gx be non-
identity elements of the finite group G. Let (g1, ..., gr) denote the subset of G
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consisting of all finite products of the g;. Since G is finite, every g € G has finite
order. In particular, if g has order d then g has inverse ¢?~!. Consequently,
(g1,-..,9r) defines a subgroup of G. We say G is generated by ¢i,...,gx if

G = (g1,-..,9x). A finite group G may be specified precisely by a (minimal) set

g1, - - ., gi of generators together with a set of monomial relations R;(g1,...,gr) =
e, j = 1,...,£. The set of relations includes the order relations gfi =e, 1=
1,...,k, as well as relations between generators. A homomorphism h : G — J

is uniquely determined by the set of values h(g1),...,h(gx) and is well defined
provided that R;(h(g1),...,h(gr)) =€, j=1,... L.

REMARK 1.2.8. If G is infinite, we define (gi, ..., gx) to be the subgroup of G
generated by all products of g; and g; *. We caution the reader that later, when
we come to define topological groups, we use the notation (gi, ..., gx) to denote
the closure (in G) of the subgroup generated by g1, ..., gk

ExAMPLES 1.2.9. (1) The cyclic group Z, C SO(2) of order n can be gen-
erated by one element (for example, rotation through 27 /n); the dihedral group
D,, C O(2), n > 2, can be generated by two elements one at least of which must
reverse orientation. For example, if o corresponds to reflection in the z-axis and
B to rotation through 27/n, then D, = (a,3) and the defining relations are
a? =" =e, (afB)? = e (see also chapter 2).

(2) Let F = Fyn, where p > 3 is prime. Then Aff;(F) may be represented as a
subgroup of S, of order p"(p"™ — 1) [157, Chapter 10].

(3) The projective group PGL(2, p") may be represented as a subgroup of Spn 1.
This follows by noting that the associated projective space P(F) is identified
with F U {oo} (for details see [157, 10.6.7-8]).

1.3. Constructions

DEFINITION 1.3.1. Let G, K be groups. The direct product of groups GG and
K is the group G x K with composition defined by

(gl;kl)(QQakQ) == (91927k71k32)7 (91a92 € G) k17k1 c K)

EXAMPLE 1.3.2. Let T™ denote the n-fold direct product of SO(2). Then T"
is an Abelian group — the n-torus (see examples 1.2.7(1)).

DEFINITION 1.3.3. Let H,J be subgroups of GG such that H << G. The group
G is the semidirect product of H and J ift G = HJ and H N J = {e}. We write
G=HxJ (or Jx H).

REMARKS 1.3.4. (1) If G = H x J then every g € G can be written uniquely
asg=hj,he H, jeJ.
(2) If G is the semidirect product of H and J, we say G splits over H. If
G = H x J, then G/H = J and the exact sequence

e—-H—-GLG/H—e
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splits (that is, there is an isomorphism o : G/H — J C G such that ¢j = eq/n.

ExAMPLES 1.3.5. (1) Let k € O(2) reverse orientation. Then x* = e (k is an
involution). Since SO(2)<10(2), O(2) = SO(2)xZy, where Zs = (x). The product
is not direct. Similarly O(n) = SO(n) x Zg, where Z, is a subgroup of O(n)
generated by any orientation reversing involution. If n is odd, O(n) ~ SO(n) x Z
(take k = —1).

(2) For n > 2, D,, = Z,, X Zs, where Z, is generated by an orientation reversing
element of D,,.

(3) The Euclidean group E(n) consists of all pairs (A,b) € O(n) x T(n). We
define group composition by

(A,b)(C,d) = (AC, Ad + b).

This is compatible with the transformation group action of E(n) on R™ defined
by (A,b)r = Az +b. The group T'(n) = {(1,b) | b € R"} is a normal subgroup of
E(n) and consequently E(n) = T'(n) x O(n) =2 R" x O(n). A similar result holds
for SE(n) with SO(n) replacing O(n).

(4) Let ¢ = p", p prime. The group Aff;(F,) (examples 1.2.9(2)) is the semidirect
product Z, X Z,_1, where Z, < Affy(F,) is the group of translations x — x + b
and Z, ; ~ GL(F,) = F;.

The semidirect product may be defined as a product between groups — that
is, without assuming the groups are subgroups of a given group. Specifically,
suppose that H, J are groups and p : J — Aut(H) is a homomorphism (Aut(H)
is the group of automorphisms of H). Define a group operation on H x J by

(h, 5)(I', 5") = (hp(5)(R'), 55"), (h,B' € H,j,j" € J).
With this group operation, we denote the product by H x,J and refer to H x, J
as the semidirect product of H and J with respect to p. We can identify H and
J with the subgroups {(h,e;) | h € H} and {(en,j) | j € J} respectively. With
these identifications, H x,J = H x J.

ExamMPLES 1.3.6. (1) Let H = R", J = O(n) and define p : O(n) — Aut(R")
by p(A)(b) = Ab. We have R" x, O(n) = E(n). If instead we take p(A) = Ign,
we obtain the direct product.

(2) Suppose H = SO(2) and J = Zy. The automorphism group of SO(2) consists
of the identity and the involution r(0) = —0, § € SO(2). If J = (k), define
p:J — Aut(SO(2)) by p(k) = r. We have SO(2) x, Zy = O(2).

(3) Suppose G = H x J and define p : J — Aut(H) by p(j)(h) = hjh~'. Then
H xJ=H x,J. We leave it to the reader to verify that this is consistent with
the previous two examples.

(4) Suppose that J is a subgroup of the symmetric group S™ and let H be a
group. Define p : J — Aut(H") by p(j)(h1,...,hn) = (hj-10),-- -, hj-10)),
(hi,...,hy,) € H". The wreath product H ! J of H and J is the semidirect
product H x,J. Let H,, denote the group of n x n signed permutation matrices.
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Each element of P, is an n x n permutation matrix where we allow the non-zero
entries to be +1. If we let A, denote the group of all n x n diagonal matrices,
entries £1, then H, = A, X S,, & Zy1 S,,.

1.4. Topological groups

DEFINITION 1.4.1. A group G has the structure of a topological group if G is
a Hausdorff topological space and

GxG— G (g.h)—gh™, (g.h€q)
1s continuous.

REMARK 1.4.2. So as to avoid all topological issues, we generally assume
that the topology of a topological group has countable base (satifies the second
Axiom of countability). In particular, the group will be compact if and only if it
is sequentially compact.

ExAMPLES 1.4.3. (1) Every group may be given the structure of a topological
group by taking the discrete topology on G. However, this is not a particularly
interesting topology and plays no role in what follows. The discrete topology is
the only Hausdorff topology on finite groups.

(2) Euclidean space R" and Hermitian space C™ have the structure of Abelian
topological groups (usual topology, group composition addition).

(3) Let V be a d-dimensional vector space over either R or C. Then GL(V) is
a topological group. This is easily seen by choosing a basis for V' and regarding
GL(V) as the group of d x d invertible matrices.

(4) The groups O(n), SO(n) are compact subgroups of GL(n,R) and therefore
inherit the structure of compact topological groups. Similar statements hold for
the unitary and special unitary groups U(n) and SU(n).

(5) The groups E(n) and SE(n) have the topology induced from the product
topology on O(n) x R™. Both groups have the structure of (non-compact) topo-
logical groups.

LEMMA 1.4.4. Suppose that G, K are topological groups and that p: G — K
is a continuous homomorphism. Then kernel(p) is a closed normal subgroup of
G. If p is proper (inverse images of compact sets are compact), then image(p) is
a closed normal subgroup of K.

EXERCISE 1.4.5. (1) Show that if the group G is a topological space such that
the (g, h) — gh™! is continuous then G is Hausdorff if and only if {eg} is a closed
subset of G.

(2) Show that the connected component Gy of the identity of a topological group
GG is an open normal subgroup of G.

(3) Show that if H is a subgroup of a topological group G then the closure H of
H in GG is a closed subgroup of G.

(4)* Find an example of a homomorphism p : SO(2) — SO(2) which is not
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continuous.
(5) Find an example of a continuous homomorphism p : R — T? such that
image(p) is not a closed subgroup of T.

Let H be a closed normal subgroup of the topological group G. We give G/H
the quotient topology (the largest or finest topology on G/H which makes the
quotient map ¢ : G — G/H continuous). It follows from the definition that the
group operations on GG/H are continuous relative to the quotient topology.

LEMMA 1.4.6. Let H be a closed normal subgroup of the topological group
G. Then G/H has the structure of a topological group. In particular, G/H s
Hausdorff.

Proo¥r. Use Exercise 1.4.5(1). O

ExXAMPLE 1.4.7. We conclude this section with an exotic example of a com-
pact Abelian topological group that cannot be represented as a closed subgroup
of GL(V) for any finite dimensional vector space V. Although the group theoretic
aspects of this example will not play a role in the sequel, we show later that the
group can be represented as a hyperbolic attractor of a smooth diffeomorphism
of R®. Topologically, the group is locally the product of an open interval with a
Cantor set.

We start with a quite general construction. Let G be a compact topological
group. Under componentwise multiplication, the (countable) infinite product

Goo:HOOG:GN:{(gn)|gn€G,nZO}

has the structure of a compact topological group. If G is Abelian, so is G..
Suppose that p: G — G is a continuous surjective homomorphism of G. We are
interested in the case when p is not 1:1 and p has nontrivial kernel. Define

Y =1{(g9;) € G | p(gj11) = 95,5 = 0}.

Clearly ¥ is a closed subgroup of G,. We refer to ¥ as the inverse limit of

p: G — G. The homomorphism p extends to a continuous group automorphism
p: X — X defined by

,5(907917 .. ) = (p(g(])7g()7gla e )

(The inverse of p is given by p~*(go, g1,-..) = (g1,...).) If p is an automorphism
of G, then ¥ = G. If not, we can expect ¥ to be much ‘bigger’ than G.

If G =S0(2), p > 2 and p is the p-fold covering map p(#) = pd, then X is the
p-adic solenoid. We show in chapter 9 that X is topologically the product of an
open interval with a Cantor set.

More examples can be manufactured by taking nonsingular matrices A €
GL(n,R) with integer entries. These maps induce endomorphisms of the torus
T™ = R™/Z"™ which will be surjective but not bijective if det(A) > 1. For example,
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2 1
e
Both eigenvalues of T" are real and greater than 1. The map T induces a 5 : 1
covering homomorphism of T?. Taking the inverse limit, we obtain a compact

Abelian subgroup Y of I[I°°T? which may be realized as a 2-dimensional expanding
attractor of a smooth diffeomorphism of R (see [180] and chapter 9).

if n = 2, take

EXERCISE 1.4.8. Let g1,..., g, be non-identity elements of the topological
group G. Let (g1,...,gn) denote the closure in G of the set of all finite words in
91,91 gn, g7 We say g1,..., g, are a set of (topological) generators for G
if (g1,...,9n) =G.

(1) Show that (g1, ..., gn) is a topological subgroup of G.

(2) Show that if G is compact, then (gi,...,g,) is the closure of the set of
all finite words in g;.

(3) Let @ € [0,1). Show that (o) = SO(2) = R/Z if and only if « is
irrational.

(4) Show that SO(3) can be generated by two elements but not one element.
Noting Euler’s theorem and the classification of closed subgroups of
SO(3), find conditions on a pair g, h € SO(3) that imply (g, h) = SO(3).

1.5. Lie groups

In this section we review some basic facts about Lie groups. Our emphasis
will be on compact Lie groups and our approach will be similar to that given in
the book by Thomas [169, Chapter 7]. Brocker and Dieck [30] and Kobayashi
and Nomizu [103] (for the Lie bracket theory) are good alternate references.
Our emphasis will be on the differential rather than the algebraic theory (Lie
algebras). A fair slice of what we discuss will be developed further in subsequent
chapters.

DEFINITION 1.5.1. A Lie group is a topological group G such that

(1) G has the structure of a smooth differential manifold.
(2) The composition map G x G — G; (g, h) — gh™" is smooth.

REMARKS 1.5.2. (1) We emphasize that by ‘smooth’ we always mean C'*.
(2) It may be shown that every Lie group admits the structure of a real analytic
manifold such that the operations of group composition are real analytic maps.
This 1952 result follows from theorems of Gleason [78] and Montgomery and Zip-
pin [128] which imply that every connected locally Euclidean topological group
is Lie (Hilbert’s fifth problem). The result for G compact was proved by von
Neumann [133] in 1933 and for Abelian groups by Pontryagin [144] in 1939.

EXAMPLES 1.5.3. (1) Since the general linear groups GL(m, R) and GL(m, C)
may be represented as open subsets of R™ and C™, it is obvious that both groups
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have the structure of a Lie group. In this case group operations are rational func-
tions of the matrix entries. The orthogonal groups O(m), SO(m) C GL(m,R)
and the unitary groups U(m), SU(m) C GL(m,C) also have the structure of
compact Lie groups. This may be shown either directly by using Lie algebras
to construct charts or by noting that both groups are closed subgroups of a Lie
group and therefore Lie by a result we prove later in the chapter (theorem 1.5.24),
(2) If G is compact but not connected then the identity component Gy of G is a
normal open subgroup of G and G/Gj is finite.

EXERCISE 1.5.4. Show that a non-empty open subgroup H of the identity
component Gy of a Lie group is equal to Gy (Hint: The cosets of H in Gy are all
open and so H must be closed.)

REMARK 1.5.5. Using the Peter-Weyl theorem, it may be shown that every
compact Lie group is isomorphic to a subgroup of O(m), for large enough m
(for a proof see [30, Chapter III, §§3.4]). A consequence is that every compact
group has the (unique) structure of a real algebraic variety. Indeed, a compact
Lie group may be represented as the set of real points of a (complex) algebraic
group. If G is finite, G may be represented as as subgroup of O(m), where
m = |G| — this follows from Cayley’s theorem since G is isomorphic to a subgroup
of the symmetric group S,, and S,, C O(m) if regard each element of S,, as a
permutation of coordinates in R™. On the other hand there exist examples of
non-compact connected Lie groups which cannot be represented as a subgroup
of GL(m,R) for any m € N. As an example, we sketch why the universal cover
SL(2,R)* of SL(2, R) cannot be represented as a matrix group. First note that the
universal cover G* of a Lie group G carries the natural structure of a Lie group for
which the covering homomorphism 7 : G* — G is smooth. It is straightforward
to show that m(SL(2,R)) = Z. Using a complexification argument (SL(2,C) is
simply connected and the inclusion SL(2,R) < SL(2,C) induces the zero map
on ), it may be shown that every homomorphism A : SL(2,R)* — GL(m,R)
factors through 7 : SL(2,R)* — SL(2,R). Hence SL(2, R)* cannot be represented
as a subgroup of GL(m,R) for any m € N. (SL(2,R)* is not a linear Lie group.)
This example, due to Birkoff, appears in [129, page 191].

EXERCISE 1.5.6. Show that the universal cover G* of a connected Lie group G
carries the natural structure of a Lie group for which the covering homomorphism
7 : G* — G is smooth. Show that the kernel of 7 is a (discrete) normal subgroup
of Z(G™).

The group G is semisimple if G has finite centre and is simple if G' contains
no proper normal subgroups. The classical compact Lie groups SO(n), (special
orthogonal group, n > 3), SU(n), (special unitary group, n > 2), and Sp(n)
(symplectic group, n > 2), provide examples of compact connected semisimple
groups. The quotient of any one of these groups by its centre defines a simple
group (thus SO(2n + 1) is simple, all n > 1). The only other compact simple
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groups are the exceptional simple Lie groups Gs, Fy, Eg, F7, Es. If G is simple,
then the universal cover G* is compact semisimple.

If G is any compact connected Lie group, there exist m > 0, compact simply
connected groups Gy, ..., G,, with each G;/Z(G;) simple, and a finite covering
homomorphism

¢:T"x Gy x...x Gy — G,

Up to order, T™, Gy, ..., G, are uniquely determined by G. (See [30, Chapter
V, Theorem 8.1].) In case G is Abelian, the proof of this result is elementary and
we give it shortly.

It follows from Kronecker’s theorem that there is a dense full measure subset of
G of T™ consisting of topological generators: if g € G, then (g) = T™. For general
compact connected Lie groups, two generators suffice. For compact connected
semisimple Lie groups, it can be shown that there is a (Zariski) open and dense
subset of G? consisting of pairs which topologically generate G (for a proof of
this result, which is due to Ulam, see [63]).

1.5.1. The Lie bracket of vector fields. Before we discuss the Lie algebra
of a Lie group, we review some facts about the Lie bracket of vector fields (for
more details, see [103, Chapter 1] or [169, Chapter 7).

Let C*°(T'M) denote the space of smooth vector fields on the manifold M. If
X € C®(TM), let ¢;* denote the flow of X (¢;* will be defined and smooth on
a non-empty open neighbourhood of M x {0} in M x R).

The space C*°(T'M) is naturally isomorphic to the space of R-linear deriva-
tions' of C*°(M). Each X € C°°(TM) determines the derivation (or Lie deriv-
ative) Ly : C*°(M) — C*®(M) by Lxf = (df, X). The Lie bracket [X,Y] of
X,Y € C®°(T'M) is the unique vector field associated to the derivation Ly Ly —
LxLy. We recall some basic properties of the Lie bracket which may be proved
either directly from the definition or by using local coordinates.

LEMMA 1.5.7. (1) (C*(TM),[ , ]) has the structure of a real Lie al-
gebra. In particular, we have [X,Y] = —[Y, X] and Jacobi’s identity:
(X, [V, Z)| + [V, [Z, X]] + [Z.[X, Y]] =0, X Y,Z € C*(TM).

(2) If, in local coordinates, X = (X, Xn), Y = Y1,...,Y,), then

X V=%, (%5 - ¥,28).
(3) If f : M — N is a diffeomorphism, X € C*°(TM) and we define f, X =

TfXof~' € C(TN), then £.|X,Y] = [f.X, £.Y], all X,Y € C=(TM).
(4) If X, Y € C®(TM) have respective flows ¢;X, ¢Y , then

d d
[Xa Y] = %(@X)*Y’t:o = —E(be)*xhzo

LA derivation & of C°°(M) satisfies 8(fg) = gd(f) + fd(g), for all f,g € C°(M)
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1.5.2. The Lie algebra of G. Every h € G determines a smooth diffeomor-
phism Lj, : G — G defined by left translation L,(g) = hg. Similarly, we define
right translation Ry, : G — G by Rp(g) = gh. Left and right translation commute

LR, = Ry Ly, (h, ke G)

Let g = T.G denote the tangent space to G at the identity.

Let CF(TG) denote the space of (smooth) left invariant vector fields on G.
That is, X € C¥(TG) if X(gh) = TL,X(h). There is a natural isomorphism
g ~ C¥(TG) defined by mapping X € g to the left invariant vector field X on
G defined by

X(g)=TL,X, g€G.

Conversely, every left invariant vector field on G is equal to X for a unique X € g.

EXAMPLE 1.5.8. The evaluation map G' x g — TG, (g, X) — X(g), defines
a natural trivialization TG ~ G x g and so G is parallelizable. This simple
observation lies at the heart of many geometric properties of compact Lie groups.
As an example, we shall see later that the exponential map of the Lie algebra of
a compact Lie group G (to be defined shortly) is equal to the exponential map
of an invariant Riemannian metric on G (see chapter 3). We thereby obtain a
relationship between the Lie algebraic and differential geometric properties of G.

If X,Y € g, then [X, Y] is left invariant by lemma 1.5.7(3). Hence there exists
a unique Z € g such that [X,Y] = Z = [X,Y]. In this way we may define a Lie
algebra structure on g by [X,Y] = Z. In future we refer to g as the Lie algebra
of G and always assume that g is equipped with the Lie bracket [, |.

EXERCISE 1.5.9. Show that the lie algebra gl(m, R) of GL(m,R) is the space
of all m x m matrices and that the Lie algebra structure on gl(m,R) is defined
by [A, B] = AB — BA.

LEMMA 1.5.10. Let K : G — H be a smooth homomorphism of Lie groups.
Then
K,=T.K:g—b
is a homomorphism of Lie algebras (K, [X,Y]| = [K, X, K.Y], for all X,Y € ).

ProOOF. We have K¢X = ¢ for all X € g. Now use lemma 1.5.7(4). O

1.5.3. The exponential map of g. We start by establishing properties of
the flow ¢* of X, X € g. Given g,h € G, the left invariance of X implies that
g&X (h) is the integral curve of X through gh and so

(1.1) ¢ g = g¢;, for all g € G.

(This is a general property of the flow of a ‘G-equivariant’ vector field — see
chapter 2).

LEMMA 1.5.11. Let X € g.
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(1) The domain of ¢~ is (all of) G x R.

(2) The map R — G, t — ¢¥(e) is a (smooth) group homomorphism.
({oX | t € R} is a I-parameter group of diffeomorphisms of G.)

(3) Forallt,s e R, X € g, ¢:% = ¢X.

PROOF. Let v = ¢X : (a,b) — G denote the maximal integral curve of X
through e. Since, by left invariance, g7 : (a,b) — G is an integral curve through
g, we see easily that gy : (a,b) — G is the maximal integral curve through ¢ for
all g € G. Hence the domain of ¢~ is G' x (a,b). For all t, s € (a,b) we have

Y(s)(t) = 6 (e)eq () = &7 (43 (e)),
where the second equality uses (1.1). Since ¢;* (¢X (e)) is an integral curve through
¢X(e) = (s), uniqueness of integral curves implies that t+s € (a,b) for all t,s €
(a,b). Hence (a,b) = R, proving (1). Since v(t + s) = ¢, (e) = ¢X(¢7¥(e)) =
Y(t)y(s), v : R — G is a group homomorphism, proving (2). For the final

statement, rescale time (y(t) is a trajectory of X if and only if v(st) is a trajectory
of sX). O

EXERCISE 1.5.12. Show that the set of all smooth group homomorphisms
¢: R — @ is naturally isomorphic to g (we can replace ‘smooth’ by ‘continuous’
in this result).

We define the exponential map expy = exp : g — G by exp(X) = ¢F (e).

LEMMA 1.5.13. (1) exp : g — G is smooth.
(2) T.exp: g — g is the identity map.
(3) exp restricts to a diffeomorphism of an open neighbourhood of the origin
in g onto an open neighbourhood of the identity in G.
(4) exp is natural in the sense that if K : G — H is a (smooth) homomor-
phism of Lie groups then

K expg = expy K.,

where K, =T, K : g — b. B
(5) If X € g and ¢ denotes the flow of X, then ¢ (g) = gexp(tX), all
gea@qG.

PROOF. Statement (1) is a consequence of standard results on the smooth
dependence of solutions of ordinary differential equations on a parameter. For
(2), note that by lemma 1.5.11(3) we have

d
Dexp(0)(X) = 4 exp(tX) oo = 0¥ () = X,

and so Dexp(0) = I,. Applying the implicit function theorem, exp is a local
diffeomorphism at 0 € g. The naturality of exp follows from K¢ (eq) = ¢ (en),
where Y = K,(X). The final statement is a consequence of lemma 1.5.11(3)
and (1.1). O
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ExAMPLE 1.5.14. If G is a Lie subgroup of GL(m,R) and X € g then exp X =
>onto T

LEMMA 1.5.15. If G is connected then exp : ¢ — G is a homomorphism with
respect to the additive structure on g if and only if G is Abelian.

PrOOF. If G is Abelian the composition map ¢ : G x G — G, c(g, k) = gk, is
a homomorphism and T c(X,Y) = X +Y. So, by lemma 1.5.13(4), exp(X +
Y) = exp(X)exp(Y). We leave the converse to the reader (use lemma 1.5.13(3)
together with exercise 1.5.4). O

PROPOSITION 1.5.16. A compact connected Abelian Lie group is isomorphic
to a torus.

PROOF. Let G be a connected compact Abelian group. By lemma 1.5.15,
exp : g — G is a homomorphism. The homomorphism is surjective since the
image of the exponential map generates G (lemma 1.5.13(3) and exercise 1.5.4).
Since exp is a local diffeomorphism at 0 € g, the kernel I' of exp is a discrete
subgroup I' of g = R™, n = dim(G). One may show (see exercise 1.5.17(3)) that
there exist linearly independent vectors gi,...,g, € g generating I'. If p = n,
then g/T" = T" and we are done. Otherwise, complete to a basis g1, ..., g, of g,
and observe that g/T" = T? x R"? which cannot be compact unless p =n. 0O

EXERCISE 1.5.17. (1) Regard SO(n) as a subgroup of GL(n,R). Verify that
SO(n) is a Lie subgroup of GL(n,R) and that the Lie algebra so(n) C gl(n,R) of
SO(n) may be identified with the space of n x n skew symmetric matrices. (Hint:
Let A € gl(n,R) be skew symmetric: A + A" = 0. Show that exp(A) € SO(n).
Now use the fact that dim(SO(n)) = n(n—1)/2 together with the fact that exp is
a local diffeomorphism to construct a chart for SO(n) at the identity. Translate
by group elements to get a differential atlas.)

(2) Let X be a non-zero element of the lie algebra of G. Show that I'xy =
{exp(tX) | t € R} is an Abelian subgroup of G. Find (up to isomorphism) I'x in
case G = SO(3). Show that for ‘most’ X € so(4), the closure of I'y is isomorphic
to T?. Find the corresponding results for SO(2n) and SO(2n +1). (These exam-
ples are special cases of the fundamental theorem that every compact connected
Lie group has a mazimal torus T™ and that the set of conjugates gT™g~! fills
out G. There are also results for compact disconnected Lie groups [30, Chapter
IV, §4] and we return to these questions in chapter 8).

(3) Suppose that I' is a discrete subgroup of R™. Complete the proof of proposi-
tion 1.5.16 by showing that there exists a linearly independent set g;,...,g, € I’
which generates I'. (Hints: Prove by induction on n. Assume true for n — 1.
Choose g; € T'\ {0} to be of shortest length. Write R" = Rg; & V, where
V = (Rgy)*. If 7 : R™ — V denotes orthogonal projection, prove 7(T') is discrete
by showing that every nonzero element of 7(I") has length at least |/g1]/2. Now
apply the inductive hypothesis to 7(I") and thereby find a linearly independent
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subset of I" which projects by 7 onto a basis of 7(I") and extends by ¢, to a basis
of I'.)

(4) Show that if we define f : g> — G by f(X,Y) = exp(X+Y) exp(—X) exp(—Y),
then T f(0,0) = 0. In particular, exp(X+Y') exp(=Y) exp(—=X) = ec+o(||(X,Y)]]),
relative to any norm || || on g*.)

(5) Show that every connected Abelian Lie group G is isomorphic to TP x RY,
where p + ¢ = dim(G).

(6) Show that the Lie algebra sl(n, R) of SL(n,R) is the space of n x n-matrices
with trace zero.

(7) Show that even if G is connected, the exponential map exp : g — G need not
be onto. (Hint: Take G = SL(2,R) and show that the diagonal matrix (A, A1)
cannot be represented as e, trace(A) = 0, if A < 0 and A # —1.)

1.5.4. Additional properties of brackets and exp. In this subsection we
give some details on the relationship between the adjoint representation of g and
the action of g on GG via the exponential map. While we make rather limited use
of these results in the remainder of the book, we include them as they provide
a useful guide to computations that relate the bracket structure to the group
operations on G.

Given X € g, let ¢(X) € Aut(G) be defined by ¢(X)(g) = exp(X)gexp(—X).
Let ¢, (X) = T.c(X) : g — g and note that ¢, (X) is a Lie algebra homomorphism
(lemma 1.5.10).

LEMMA 1.5.18. For all X,Y € g,

(X, Y] = %C*(tX)Yh:o-

PROOF. By lemma 1.5.7(4), [X,Y] = 4(¢;%).Y |io. Since ¢;* (g) = gexp(tX),

we have
(67 )+Y (e) = Texp(tX)Y (exp(—tX))(e) = c.(tX)Y (e).

Hence [X,Y] = [X,Y](e) = L, (tX)Y |i=o. O

The adjoint Lie algebra representation of g is the map ad : g — L(g, g) defined
by

ad(X)(Y) =[X,Y], X,Y €g.
EXERCISE 1.5.19. Using the Jacobi identity, show that ad is a Lie algebra

homomorphism: [ad(A),ad(B)] = ad(|X, Y]) (the bracket on L(g, g) is the com-
mutator).

Given A € L(g,g), we define e = 37 A7/j! € GL(g) C L(g, g)-
LEMMA 1.5.20. For X,Y € g, c,(X)Y = Xy,

PROOF. Define the smooth curve X(¢) in g by X(¢) = ¢ (tX)Y. Then
X(0) =Y and X(s +t) = c,(sX)e(tX)Y, since c(tX + sX) = c(sX)c(tX).
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Differentiating with respect to s and setting s = 0 it follows from Lemma 1.5.18
that

X'(t) = [X, X(t)] = ad(X) (X (2)).

The solution of this ordinary differential equation with X (0) = Y is given by
X(t) = Y. Taking t = 1, the result follows. O

LEMMA 1.5.21. Let X(t) be a smooth curve in g. Then

T exp(X (1) 5 exp(~X (1)) = —f(ad(X (1) X'(1),

where f(z) = (e* — 1)/z.
PROOF. For s,t € R, define B(s,t) € g by

B(s,t) = Texp(sX(t))% exp(—sX(t)).

Differentiating with respect to s, we find after some work that

0B ,
5o = [X. Bl = X'(t).

The solution to this inhomogeneous linear equation in s is given by

B(s,t) = 54 (B(O,t) + / e~ X (1) du>.
0
Setting s = 1, and noting that B(0,t) = 0, the result follows. O

REMARK 1.5.22. Choose an open neighbourhood U of 0 € g so that exp
restricts to a diffeomorphism of U onto an open neighbourhood V of e € G. Let
log = (exp |U)™!. Lemma 1.5.21 is the key step towards proving the Cambell-
Baker-Hausdorff formula which gives an explicit formula for log(exp(X) exp(Y))
in terms of the Lie algebra structure on g:

1
log(exp(X)exp(Y)) = X +/ W (edX) tadM)y (y) gt
0

where ¥(z) = log z/(z — 1) and is analytic near z = 1. Using this result one may
derive a power series expansion for log(exp(X)exp(Y)) in terms of Lie bracket
operations:

log(exp(X)exp(Y)) =X +Y + %[X, Y]+ 1—12([X, (X, Y]] - [V, [V, X]]) +....

The Cambell-Baker-Hausdorff formula implies that the group multiplication of
G is determined uniquely by the Lie algebra structure on g. From this it can be
shown fairly easily that every linear Lie algebra (that is, Lie subalgebra of the
space of n X n-matrices) is the linear algebra of a Lie group (the group will not
be unique).
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EXERCISE 1.5.23. Suppose the neighbourhoods U,V are chosen as in the
previous remark. Let C(t) = loge!?e®?, where A, B € U are chosen sufficiently
small so that e'‘e® € V, [t| < 1. Show that e“@Le=C¢(") = — 4 and hence
A = f(ad(C)(t))C'(t) (lemma 1.5.21). Now use the fact that f(logz)¥(z) =1
to find a differential equation for C' and deduce the Cambell-Baker-Hausdorft
formula.

1.5.5. Closed subgroups of a Lie group.

THEOREM 1.5.24. If H be a closed subgroup of the Lie group G, then H is a
Lie subgroup of G (that is, H is a closed submanifold of G).

PROOF. It suffices to find an open neighbourhood D’ of ¢ € G such that
HND'is a submanifold of G since we can translate charts for H N D’ by elements
of H to obtain a differential atlas of H. The proof proceeds by constructing the
Lie algebra b of H (strictly Hy) and using the exponential map restricted to b to
construct a chart with domain D’.

Choose an open neighbourhood U of 0 € g such that exp restricts to a dif-
feomorphism of U onto an open neighbourhood D of e € G. Let log : D — U
denote the inverse map.

Fix a norm || || on g. Set U" = log(H N D). If (v,) C U"\ {0} is a sequence
converging to 0, choose a subsequence so that v,/|v,|| converges to X € g,
|X|| = 1. We claim exp(tX) € H, allt € R. To this end, fixt # 0. Let m,, denote
the integer part of ¢/||v,|. Then lim,, o my||v,|| = ¢ and so lim,, o myv, = tX.
Hence lim,, ., exp(m,v,) = exp(tX). But exp(m,v,) = exp(v,)™ € H and so,
since H is closed, exp(tX) € H.

Let L = {tX | X =lim (v,,/||vn]|), (va) C U, t € R}. We claim L is a linear
subspace of g. Since L is closed under scalar multiplication, we must show L is
closed under addition. Suppose X,Y € L. We have exp(X/n)exp(Y/n) € H for
all n € N and so h,, = log(exp(X/n)exp(Y/n)) € U’, for all sufficiently large n.
By exercise 1.5.17(4), exp(X/n)exp(Y/n) = exp((X +Y)/n + O(1/n)) and so
h, = (X 4+Y)/n+ O(1/n). Hence lim, .o hy/||hn| = (X +Y)/|X + Y] and
X+Yel

Let L' be an open neighbourhood of the origin in L. We claim that exp(L/)
is a neighbourhood of the identity in H. Certainly exp(L’) C exp(L) C H.
Let E be a vector space complement to L in g and define f : L & E — G by
f(X,Y) = exp(X)exp(Y). Since T(o0)f(A,B) = A+ B, (A,B) € L&E, fis
a local diffeomorphism at the origin of g. Suppose that every neighbourhood of
e € G contains points of H not in exp(L’). Then we may choose a sequence
(Xn, Yy) of points in L' @ FE such that (X,,,Y,) — 0,Y, #0, and f(X,,Y,) € H.
Choosing a subsequence, we may suppose that Y, /||Y,|| — Y, ||Y] = 1. Since
exp(X,) € H and H is a subgroup, we have exp(Y;) € H and so Y € L,
a contradiction. Since exp |L is a local diffeomorphism at the origin, we may
choose L’ so that exp maps L’ diffeomorphically onto an open neighbourhood D’
ofee€ H. O
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1.6. Haar measure

We conclude the chapter by recalling the simple proof of the existence of Haar
measure for a compact Lie group.

THEOREM 1.6.1. Let G be a compact Lie group. There exists a unique Borel
probability measure on G which is invariant under both left and right translations.

PROOF. We prove existence and leave uniqueness to the reader. Suppose that
dim(G) = m. Let 75 : T*G — G denote the cotangent bundle of G (bundle of
1-forms). Then A"™T*G — G is a line bundle over G. The fibre of A"T*G — G
over the identity e € G is precisely A™g*. Let ¢ € A"g* be non-zero. We define
the smooth left invariant section w of A™T*G by

w(g) = (N"TL;) (), g€G.

Since w is non-vanishing it defines a volume form on G. Multiplying ¢ by a
non-zero constant we may assume that wa = 1. Since w is left invariant, the
associated Borel probability measure dh on G is left invariant. To prove right
invariance of dh, it suffices to show w is right invariant. Let £ € G and set
w = Rjw. Since A"g* is 1-dimensional, there exists a € R such that w(e) = aw(e).
Since left and right multiplication commute and w is left invariant, @ is left
invariant and so w(g) = aw(g), for all g € G. Certainly [,© = a [,w. On the
other hand, it follows from standard properties of the integral of m-forms that
Jo@ = [, Riw = [,w. Hence a = 1 and w is right invariant. O

REMARKS 1.6.2. (1) If G is finite, then dh = ﬁ >_gec 0(g), where 6(g) is the
Dirac probability measure supported at g.
(2) If G is a compact topological group then G admits a unique left and right
invariant probability measure. If we allow G to be non-compact then it can be
shown that there exist both left and right invariant Borel measures on G but not
necessarily a measure which is left and right invariant. Proofs can be found in
any text on topological groups (a proof for compact topological groups may be
found in [169, Appendix A]).



CHAPTER 2

Group Actions and Representations

2.1. Introduction

The topic of this chapter is group actions and the geometry of linear G-
spaces (representations). Our emphasis will be on basic constructions, such as
the twisted product, representation theory, and on the stratification of a linear G-
space by isotropy type. We also include some preliminary definitions and results
on smooth invariant and equivariant maps (a topic we develop much further in
subsequent chapters). As the chapter is intended to be introductory, most of the
examples we give will involve linear actions by finite groups and we defer the
more general non-linear theory of smooth actions by compact Lie groups to the
next chapter.

2.2. Groups and G-spaces

Let X be a set and B(X) denote the group of all bijections of X. We have
an action of B(X) on X defined by

B(X) x X — X; (9,2) — g(x) = ga.
More generally, if G is a group then a homomorphism p : G — B(X) deter-
mines an action of G on X by
G x X — X; (9,2) = plg)(2).

Usually, we just set p(g)(x) = gz. Note that the identity e € G always acts as
the identity transformation of X and that for all g,h € G, x € X we have

(gh)x = g(h).
We call X, together with an action of G on X, a G-set.

DEFINITION 2.2.1. Given G-sets X,Y, amap f: X — Y is G-equivariant if
flgz) =gf(x) forallz € X, g € G.

DEFINITION 2.2.2. Let p1,py : G — B(X) be homomorphisms. The asso-

ciated G-actions on X are isomorphic or equivalent if there is a G-equivariant
T € B(X). That is, a bijection T : X — X such that

Tpi(g9) = p2(9)T, (9 €G).

We say T intertwines p; and py. More generally, the G-sets X and Y are equiv-
alent if there is a G-equivariant bijection between X and Y.

19
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ExAMPLES 2.2.3. (1) Let (X,d) be a metric space and Iso(X) C B(X) de-
note the group of isometries of X (see chapter 1). Every isometry is a home-
omorphism of X. If X is compact, we can define a metric p on Iso(X) by
p(f,9) = sup,ex d(f(x),g(x)). The group operations of multiplication and inver-
sion are continuous with respect to p and Iso(X') has the structure of a topological
group. The associated action Iso(X) x X — X of Iso(X) on X is continuous.
(2) Let X = S' the unit circle in C, and O(2) denote the orthogonal group
of transformations of C ~ R?. As metric on S' we take arc length. Then
Iso(S*) ~ O(2). Represent SO(2) C O(2) as the group of rotations Ry through
angle 6, 6 € [0,27). Define actions py, py : SO(2) — Iso(S!) by p1(0)(z) = Ry(z),
p2(0)(2) = R_y(z). The actions pi, p2 are isomorphic since Tpi(0) = po(6)T,
where T : S — S! is complex conjugation. (The map T is an isometry and we
usually require that the intertwining map preserves the underlying structure.)
(3) If we take X = S™ C R™"! with the metric induced from the Euclidean inner
product on R™*! then Iso(S™) = O(n + 1) — the orthogonal group. (For general
results on isometry groups of (Riemannian) manifolds, we refer to Kobayashi &
Nomizu [103, pages 306-309].)

2.2.1. Continuous actions and G-spaces. Suppose that X is a topologi-
cal space and G is a topological group (always assumed Hausdorff). We call X,
together with a continuous action G x X — X, a G-space. If X is a G-space,
then every g € G defines a homeomorphism g : X — X. For equivalence of
G-spaces we require that the intertwining map is a homeomorphism.

EXAMPLES 2.2.4. (1) Let f : X — X be a homeomorphism. We define a

Z-action on X by
ZxX —X, (nx)— f*(x).

With respect to this action, X has the structure of a Z-space. Conversely, every
continuous Z-action on X is generated by a homeomorphism of X.
(2) Let V be a smooth vector field on R™ and suppose that solutions to the
differential equation ' = V' (z) are defined for all time. Given z € R", let ¢,(t)
denote the solution with initial condition x. Define ¢, : R" — R"™ by ¢ (z) =
¢.(t). Then ¢, is a smooth diffeomorphism of R™ and ¢; 0 ¢ = ¢y, It follows
that {¢;} gives R™ the structure of a (smooth) R-space. We call {¢; |t € R} a
flow on R™. Conversely, if {¢;} gives R™ the structure of a smooth R-space, we
have an associated vector field V on R™ (the infinitesimal generator of the action)

defined by V(z) = L¢4(x)|i—0.

dt
2.3. Orbit spaces and actions

Throughout this section we assume that X is a metric space (the results hold
if X is a Hausdorff topological space). Suppose that X is G-space.
If Y C X, then Y is G-invariant if

gy =Y, (g€@).
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Given A C X, the G-orbit of A is defined by
GA)=GA={ga|geG,ac A}.
If z € X, Gz is the G-orbit through z. A G-orbit is a G-invariant subset of X.

LEMMA 2.3.1. If G is compact, then the action p : X x G — X s closed (p
maps closed sets to closed sets). In particular, if A C X is closed, then GA C X
1s closed and the G-orbit through x € X s compact.

PROOF. Let Z C X x G be closed and suppose z € p(Z). There exists a
sequence (T, g,) C Z such that p(x,,g,) = z, converges to z. Taking subse-
quences we may assume that g, — ¢, since GG is compact. It follows that z, =
p(gn (), 67) comverges to p(z,g~) = g1z, Hence (v,gx) — (9-'2,9) € Z,
since Z is closed. Therefore z = p(g7'z,9) € p(Z). O

REMARK 2.3.2. If G is not compact, then Gz will generally not be closed.
Examples are easily constructed using R- or Z-actions.

DEFINITION 2.3.3. The orbit space for the action of G on X is the quotient
topological space X/G.

LEMMA 2.3.4. Suppose that X is G-space and G is a compact topological
group. Let q : X — X/G denote the orbit map. Then

(1) q is an open, closed and proper mapping (inverse images of compact sets
are compact).

(2) X/G is Hausdorff.

PROOF. Let U C X be open. Then p(U) is open if and only if p~'(p(U))
is open (quotient topology). But p~!(p(U)) = UyeggU is a union of open sets
and therefore open. If A C X is closed then GA is closed by lemma 2.3.1 and
so, since GA = p~1(p(A)), it follows by definition of the quotient topology on
X/G that p(A) is closed. Let A C X/G be compact and {U; | i € I} be an
open cover of p~!(A). Since p~!(y) is compact for all y € X/G (G-orbits are
compact), it follows that for each y € A, we may choose a finite subset I, C I
such that the corresponding {U; | i € I} cover p~*(y) and y € p(U;), each i € I,.
Let Vj, = p(Nier,Us). Since p is open, V, is an open neighbourhood of y for all
y € A. Hence {V, | y € A} is an open cover of A. Choose a finite subcover, say
{V,, | 7=1,...,k}. Since {p"(V},) | j = 1,..., k} covers p~'(A), it follows that
{U;|iel,,j=1,...,k} is a finite subcover of p~'(A).

It remains to prove that X/G is Hausdorff. Suppose z,y € X and Gz # Gy.
Since Gz, Gy are disjoint compact sets we can choose an open neighbourhood U
of z such that U N Gy = 0. Tt follows that p(U), X/G \ p(U) are disjoint open
sets separating p(z) and p(y). d

REMARK 2.3.5. If G is not compact, X/G need not be Hausdorff. Highly
pathological examples may be constructed using smooth R-actions.
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EXAMPLE 2.3.6. Regard the 2-torus T? as R?/Z?. Given a € R*, define the
R-action ®; : T? — T? by ®,(6,v) = (0 + t,v + at), mod Z?. If « is irrational,
then every orbit of ®; is dense in T?. In this case the orbit space T?/R has only
one non-empty open set: T?/R. For this, observe that if ¢ : T> — T?/R denotes
the orbit map then U C T?/R is open if and only if ¢~!(U) is an open and ;-
invariant subset of T2?. Since every orbit of ®, is dense in T?, every orbit must
meet ¢~ 1(U) and therefore, by ®-invariance, be a subset of ¢~ (U).

EXERCISE 2.3.7. Verify that if X is a G-space and f : X — Y is a continuous
map which is constant on G-orbits (f(gz) = f(z), all ¢ € G, z € X), then f
induces a continuous map f*: X/G — Y. Interpret in case Y = R and X is the
R-space defined in the previous example.

DEFINITION 2.3.8. Given x € X, the isotropy subgroup at x is the subgroup
G, of G defined by

G, ={9€G|gr=rz}

REMARK 2.3.9. The isotropy group at x measures the ‘symmetry’ of the point
x. The most symmetric points have isotropy G — for example, the origin of a linear
G-space.

EXERCISE 2.3.10. (1) Show that G, is a closed subgroup of G.
(2) Show that if y = gz, then G, = gG,g'. (Isotropy groups of points on the
same G-orbit are conjugate subgroups of G.)
(3) Show that if H is a closed subgroup of the compact group G and we give
G/H the quotient topology, then G/H has the structure of a compact G-space
where the action of G is given by left translation: g(k[H|) = gk[H]. What is the
isotropy group at [H] € G/H? (The space G/H is called a homogeneous space.)
(4) Show that if X is a G-space and « € X then the natural map o : G/G, — Gz
defined by a(gG,) = gx is a homeomorphism. (This result uses the compactness
of G — strictly G/G,.) Show also that « is G-equivariant with respect to the
natural left actions of G on G/G, and Gz.
(5) Suppose we are given an R-action on X (as in examples 2.2.4(2)). What are
the possible isotropy groups for the R-action? Dynamical interpretation?

DEFINITION 2.3.11. The action of G on X is

(1) free if G, is trivial (that is, the identity element) for all z € G,

(2) effective (or faithful) if NyexG, = {e}. That is, if no element of G \ {e}
acts as the identity on X (equivalently, the map p : G — B(X) is
injective).

(3) transitive if Gz = X for any (all) z € X.

EXAMPLE 2.3.12. The action of SO(2) = R/27Z on the unit circle S' ¢ C
defined for p € Z by (6, 2) + €%z is free and faithful if and only if p = +1. If
p # 0, the action is transitive and the isotropy group of the action is constant
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and equal to Zp,. The action of SO(2) on C is never free or transitive but is
always faithful provided p = +1.

DEFINITION 2.3.13. Points z, y € X have the same isotropy type it G, G, are

conjugate subgroups of G. That is, if there exists g € G such that G, = gG,g~ .

REMARKS 2.3.14. (1) If G is Abelian, points have the same isotropy type if
and only if they have the same isotropy group.
(2) There are only finitely many isotropy types for the action of a finite group.

EXERCISE 2.3.15. For p > 1, let SO(2) act on S! by 2z — eP?2. Let X = I1S!
denote the countable infinite product of S* and let SO(2) act on X by

(2. .., Zpy..) = (€2, ... ,epwzp, cl).

Give X the product topology and note that X is compact by Tychonoft’s theorem.
Show that the action is continuous and that there are infinitely many different
isotropy groups (types) for the action.

The next extended set of examples describes how the Hopf fibration arises
from a free SO(2) action on S3.

ExXAMPLES 2.3.16. (1) For p,q € Z, we define an SO(2)-action p,, on the
2-torus T? = S* x S! by

0, (21, 22)) — (e”’ezl, €Zq022>.

Just as in examples 2.2.3(2), the actions pi, ., are all equivalent and so it is
no loss of generality to assume p,q > 0. The action p,, is free if either p = 1
or ¢ = 1. In case p = q = 1, we refer to the action as the diagonal action on
T2. The actions P11, P10, Po are all equivalent. For example, if we define the
homeomorphism 7" of T? by T(z1, z2) = (21, 2227 '), then

Tp11 = p1ol.

Geometrically speaking, what we are doing here is cutting the torus along z; = 1,
untwisting through an angle of 27 and then rejoining.

(2) Let D? denote the unit disk in C. For p,q € N, we define an SO(2)-action
Pp.q O the solid 2-torus T? = D? x S* by

zq022) )

Just as in the previous example, the actions p;; and pg 1, are equivalent. It follows
that the orbit space of D? x S' under the action defined by p; 1 is homeomorphic
to the orbit space of the action defined by po; which is D?. Note that the action
P11 is not equivalent to p; o: the action p; o is not free.

(3) For p,q € Z, we define an SO(2)-action 7,, on C* by

(0, (z1,22)) — (e’pazl, 6“1922).

The actions 74, .+, are all equivalent so it is no loss of generality to assume
p,q > 0. In this case, 111 is not equivalent to 1. Indeed, 1, acts freely on

(07 (217 22)) = (elpezh €
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C?\ {0}, while 7 fixes all points lying on the zj-axis. Let S® denote the unit
sphere |z1]* 4 [22]> = 1 in C?. All of the actions 7, , restrict to give actions on
S3. Of these actions only 7, ; is free. If ¢ # 1, the action 7, has two isotropy
groups — the trivial isotropy group and Z,. If (p, ¢) = 1, the action 7, , has three
isotropy groups, Zy,, Zq, and Z,,.
(4) (The Hopf fibration) The free-action ;1 on S? is of particular interest in
topology. We shall shortly show that the orbit space S2/SO(2) is diffeomorphic
to S2. The resulting quotient (orbit) map h : S* — S? is called the Hopf fibration.

In order to understand the free-action 7, ;, it helps to start with the observa-
tion that S can be viewed as the union of two solid tori D? x S! identified along
their boundaries — T2. More precisely,

S3=D*x S'u, D? x S,

where a : 9(D? x S') — 9(D? x S') identifies boundary points and is defined
by a(z1,22) = (22,21) (note the change in order, without the change in order
we would get S? x S! since the union of two copies of D? along their boundary
is just S?). Observe that the SO(2) action p;; extends from D? x S! to a free
SO(2)-action on D? x S'U, D? x S1. Rather than give a geometric proof of this

result, we give an analytic proof. For this, we start by defining the following
parameterization of S* C C?:

P(6,5,1) = (cos(s)e’ ™) sin(s)e! ) = e™(cos(s)e™, sin(s)e "),

where 6 € [0,27), s € [0,7/2], ¥ € [—m,m]. We remark that multiplication €™
corresponds to the py j-action of SO(2). If we take s = 0 or 7/2, the image of P
is a circle (in the z;-plane and zy-plane respectively). For s # 0, 7/2, the image
of P is the torus T? C S® given by |2 |> = cos? s, |2|> = sin? s. When s = /4 we
obtain the Clifford torus in S®. This is a (flat) torus which divides S* into two
(isometric) solid tori (the D? x S' tori we defined above). Specifically, one solid
torus is P([0, 2] x [0, w/4] x [—m, 7]), the other is P([0, 27| x [7/4, /2] X [—m, 7]).

The orbit space 5/SO(2) is homeomorphic to S2. This can be seen in several
ways. First of all we can consider the map F : C? — C defined by F(z,z5) =
29/21, 21 # 0. This restricts to a map on S® which is defined everywhere except
21 = 0. Note that F is constant on SO(2)-orbits. It follows that F’ induces a map
F : 5%/S0(2) — C U {oco} = S? which is easily seen to be a homeomorphism.
Alternatively, observe that the p; ;-action on D? x S' is isomorphic to the Po1-
action on D? x S' (example (1) above). Obviously the orbit space of D? x St by
SO(2) is just D?. Since S = D? x S* U, D? x S, it follows that the orbit space
is two copies of D? identified along their boundary. That is, S2.

The Hopf fibration h : S* — S? can be given quite explicitly by the Hopf
formula

h(Zl, 22) = (‘21|2 — ’2’2‘2, 2129 + 212’2, —2(2122 — 2122)).

We leave it as an exercise to check that h is constant on SO(2)-orbits and that h
maps onto S?. Finally we remark that each pair of distinct SO(2)-orbits in S? is
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linked. This is rather easy to see from the geometric picture of S* as a union of
two solid tori.

REMARK 2.3.17. The p; 1-action is induced from scalar multiplication by com-
plex numbers of unit modulus. Noting our earlier convention on the use of S*
(see examples 1.2.7(1)), we can consider the Hopf fibration as coming from the
free S'-action on S* and then write S3/St = §2.

2.4. Twisted products

For the remainder of the chapter we assume that G is compact (many of the
results we prove continue to hold if G is not compact provided that the action is
proper — see chapter 3).

Suppose that H is a closed subgroup of G and X is an H-space. In this
section we describe the twisted product construction that naturally associates
to (X, H) a a G-space — the ‘twisted product of G and X’. This construction
plays an important role in the development of the theory of smooth G-manifolds
as G-orbits have a base of neighbourhoods which can be represented as twisted
products. The construction is also intimately related to the theory of induced
representations. We indicate some of the relevant theory, including Frobenius
reciprocity, in the following subsection.

Suppose that H is a (closed) subgroup of the topological group G' and that
(X, H) is an H-space. We define a free action of H on G x X by

h(g,x) = (gh~ ', hx), (h€ H,g € G,z € X).

This action commutes with the free G-action on G x X defined by left multipli-
cation on G:

9(¢',x) = (99", 2), (9.9 € G,z € X).

The twisted product G x g X is the orbit space (G x X)/H. Since the G and H
actions on G x X commute, G' X g X inherits the structure of a G-space from that
on GxX. Let g : GXxX — G xy X denote the orbit map. Then ¢(g,z) = q(¢', 2’)
if and only if there exists h € H such that

d =gh™', o' =ha.

It is convenient to write ¢(g,z) = [g,x] with the understanding that [g,z] =
[gh™!, ha], for all h € H.

LEMMA 2.4.1. The isotropy subgroup of [g,x] € G Xy X is given by
G[g,z} = nggfl.
In particular, the G-action on G x g X 1is free if and only if X is a free H-space.

ProOF. We leave the proof as an easy exercise for the reader. U
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EXAMPLE 2.4.2. Let X = [—1,41] and Zy act on X as multiplication by =+1.
We identify Z, with the subgroup {0, 7} of SO(2) = R/27Z. The twisted product
SO(2) xz, X is homeomorphic to the Mobius band. The induced SO(2)-action
on SO(2) xz, X has one singular orbit — the centre circle of the Mobius band.

EXERCISE 2.4.3. Construct an SO(2)-action on the Klein bottle which has
precisely two singular orbits, both consisting of points with isotropy Zs,.

EXERCISE 2.4.4. Show that the projection map m : X x G — G induces

a continuous G-equivariant projection p : G xyg X — G/H, where we take the
left G-action on G/H. That is, p(k(g,z|) = kg[H], k,g € G, x € X. The fibre
p~(g[H]) is homeomorphic to X for all g[H] € G/H.

REMARK 2.4.5. If G, H are Lie groups then p: G xyg X — G/H is a locally
trivial fibre bundle over G/H, fibre X. The local triviality follows from the
existence of local sections of G — G/H (see also chapter 3).

2.4.1. Induced G-spaces. Let H be a closed subgroup of G and X be a
G-space. Noting exercise 2.4.4, let i% X = C%(G x g X) — the space of continuous
sections of the map p : Gxy X — G/H. Give i% X the compact open topology (a
base of open neighbourhoods for i% X is given by {s € i%X | s(K) C U}, where
K and U range over all compact subsets of G/H and open subsets of G xg X
respectively). We define a G-action on i% X by

gs(k[H]) = gs(g—'k[H]), (k[H] e G/H, g€ G).

The G-action is continuous and so (i% X, G) has the structure of a G-space.
There is a natural identification of i X with the space C% (G, X) of continuous
functions f : G — X satisfying

flgh) =h="f(g), (h€H,g€QG).
Indeed, if f € C%(G, X), define s; € i%X by

sf(g[H]) = [g, f(9)]-

Define a G-action on C%(G, X) by (gf)(k) = f(g7'k), g,k € G. We leave it
as an exercise for the reader to check that the correspondence f — sy defines a
G-equivariant homeomorphism between C% (G, X) and % X.

We define an ‘evaluation’ map ev : i X — X by s([H]) = [eq, ev(s)]. Equiv-
alently, if s = sy, f € C}(G, X), then ev(s) = f(eq).

If Z is a G-space, let res$Z denote the H-space obtained by restricting the
action of G to H.

PROPOSITION 2.4.6. Let H be a closed subgroup of G, X be an H-space and
Z be a G-space. There is a canonical homeomorphism

CL(Z,i%X) = C%(res? Z, X).

Here CA(Z,i% X)) consists of the continuous maps F : Z — i%X such that Fg =
gF. Similarly, C%(res%Z, X) consists of the continuous maps K : res$Z — X
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which commute with H. Both spaces of functions are given the compact open
topology.

PROOF. Suppose o € C’G(Z i%X). We define & € C%(res$;Z, X) by a(z) =
ev(a). Conversely, given 3 € C%(res$Z, X), we define  : Z — C’O(G X) b
B(2)(g) = B(g~'z). We leave it to the reader to check that 8 € C%(Z,i$X), a
that the maps a — @&, 5 [ are continuous and inverses of each other. D

REMARK 2.4.7. Proposition 2.4.6 is a general case of Frobenius reciprocity.
It is particularly important in the theory of induced representations: we assume
X and Z are representations and replace spaces of continuous maps by spaces of
continuous linear maps. We give a simple, but useful, application of this result
to representations of finite groups later in this chapter.

2.5. Isotropy type and stratification by isotropy type

Given z € X, let (G,) denote the conjugacy class of G, in G. We call (G,)
the isotropy type or the orbit type of x. If G is finite, the number of isotropy
types for an action of G on X is finite. As we shall see, finiteness will hold for a
large class of actions by compact Lie groups.

We regard the isotropy type of a point as a measure of the ‘symmetry’ of the
point. If x € X, let «(x) denote the isotropy type of z (that is, ¢(x) = (G.)).
Let O(X, G) denote the set of isotropy types for the action of G on X. For each
T € O(X,G), define

X, ={reX|ux)=r}.
The collection {X,; | 7 € O(X, G)} partitions X into points of the same isotropy
type. We refer to X, as an orbit stratum and the decomposition of X into orbit
strata as the stratification of X by isotropy type or the orbit stratification of X.

We define a partial order on O(X, @) by requiring that 7 > p if there exists
H e 7, K € psuch that H D K. The maximal elements in the partial order
correspond to points with the greatest isotropy.

REMARK 2.5.1. The partial order is a relation between subgroups of GG. Later,
we will be able to interpret the relation in terms of spatial relationships between
points in X.

Given a closed subgroup H of G, let
B —={zeX|Hr=ux}
We call X# the fized point space of H. Clearly, X is a closed subset of X. In

case H = G, X% is the set of all points in X fixed by G.
If G, € 7, X% is the set of points in X with isotropy group G,. We have

X% = X, N X% c X%,
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EXAMPLES 2.5.2. (1) We identify R? with C in the usual way. For n > 2,
B = exp(%™) defines a counter-clockwise rotation of R? through 27 /n. Let Z, =

(B) € SO(2). We have a linear action of Z, on R? =~ C defined by
2mg

2z Fz = exp( )z, 7=0,...,n—1.

The orbit stratification of R? is given by R? = (R?\ {0}) U {0}. Every point in
R?\ {0} has trivial isotropy and the origin has isotropy Z,.

(2) Let D,, denote the dihedral group of order 2n, n > 2. We define the standard
linear action of D,, on R? ~ C. Let x denote the reflection in the z-axis (z — 2)
and 3 = exp(%%) as above. Then D,, = (, 8). We claim that as a transformation
group, D,, consists of the rotations in Z,, together with the reflections in the lines
0 =m7j/n, 5 =0,...,n—1. Obviously, D, D (8) = Z,. Since k,3 € O(2),
D, € O(2). If ¢ € O(2), then ( is a rotation if determinant(¢) = +1; otherwise ¢
is a reflection in a line through the origin and determinant(¢) = —1. From this it
follows that if ( € (k, 3) then ¢ will be a reflection if x occurs an odd number of
times in the word defining ¢. Suppose ( = #’x. Then ( is a reflection and fixes
a line in R?. We claim that (7 fixes the line L; defined by § = 2. This follows
since r(L;) = L,—j and ' L,,_; = L; (lines are invariant under rotations through
7 — not just 27). See figure 1 for the case n =3, j =1, 2.

0 =2m/3 6=n/3

B fixes the line Ly

FIGURE 1. Compositions 3« in Dj

Since the square of a reflection is the identity, all that remains to be checked
is that composition of reflections in lines L;, Ly, j # k, lies in (). This follows
either directly or from the generating relation k3 = " k. We leave details to
the reader.

In order to describe the orbit stratification of R?, we need to distinguish the
cases n odd and even.
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When n is odd we have the orbit stratification
R? = (R*\ UJZ3 L;) U (U} L; \ {0}) U {0}

All points in RZ\U?:_&LJ» have trivial isotropy, points in U;‘:_& L;\{0} have isotropy
conjugate to (k) and {0} has isotropy D,,. We refer to figure 2 for the case n = 3.
Since D,, (in fact Z,) transitively permutes the axes L;, the isotropy of points

0=2n/3 6=m/3

Isotropy Z,

Typical isotropy
trivial

6=0

\Isotropy D,

FIGURE 2. Orbit stratification for standard D3 action

on different axes is conjugate (see exercise 2.3.10(2)).
When 7 is even we have the orbit stratification

R? = (R*\ UjZ3 Ly) U (USL5 Loy \ {0}) U (U5 Loy \ {0}) U {0}

7=0
The main point to notice here is that the ‘odd’ and ‘even’ axes have different
isotropy. In order to verify this, observe that D,, (or Z,) transitively permutes
the set of axes {Lg, Lo, ..., L,_2}. It follows that non-zero points on these axes
have isotropy conjugate to (k). Similarly, D,, transitively permutes the set of axes
{Ly, Ls, ..., L, 1} and non-zero points on these axes have isotropy conjugate to
(Br). We refer to Figure 3 for the case n = 4.

We claim that (fk) and (k) are not conjugate subgroups of D,,. It suffices
to show that for all ¢ € D,, Bk # grg~!. If g is a rotation, we may assume
g = (3, where 1 < j < n — 1. Dividing on the left by 3, we show x # 3 ~1k3"7.
Computing we see that 377'£3" 7 Ly is the line § = 2%(2j—1) and, since n is even,
this line is always distinct from Lq. Hence 377 'kB" 7 # k. If g is a reflection,
then g = 37k, where 1 < j < n — 1. Substitution and repetition of the previous
argument shows that grg™' # (k. Note that Bx and k are conjugate in O(2) (in
fact in Dyg).

REMARK 2.5.3. The group D,, is the symmetry group of the regular n-gon.
If we drop the edges from the regular n-gon we see that each D,, embeds as a
subgroup of the symmetric group S, (elements of D,, permute the vertices of
the regular n-gon). In case n = 3, we have D3 = S3. For n > 3, D,, # S,.
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Isotropy type (<pi>)

Isotropy D,

Isotropy type (<ic>)

FIGURE 3. Orbit stratification for standard D, action

(The equilateral triangle is the only regular n-gon, n > 2, such that the distance
between all distinct vertices is equal. Hence permutations of vertices induce
permutations of edges.)

2.6. Representations

We continue to assume that G is a compact topological group. Let F denote
the field of real or complex numbers and V' be a finite dimensional vector space
over F. Let GL(V') denote the group of invertible F-linear transformations of V.

DEFINITION 2.6.1. An F-representation (V, G) of G on V' is an F-linear action
of G on V. Equivalently, an action of G on V' defined by a continuous homomor-
phism p : G — GL(V). The degree of the representation is the dimension of V
(over ). The representation is faithful if p is injective (a monomorphism).

EXAMPLES 2.6.2. (1) Every group G has at least one representation on a
vector space V. We define p: G — GL(V) by p(g) = Iy € GL(V), for all g € G.
We call this representation the trivial representation of G on V.

(2) Suppose G is finite. Let C[G] denote the complex vector space C-valued
functions on G. Obviously, C[G] = CI¢l. The regular representation of G on
C|G] is defined by

gf = fog™ !, feC[Gl,geG.

The regular representation of G is faithful (exercise). (If G is a compact group
and not finite, it is more fruitful to look at the space L?(G, dh).)

(3) If G is a subgroup of GL(n,R), then we have an associated R-representation
of G on R™ with action defined by the restriction of the natural action of GL(n,R)
on R" to G. If G is a subgroup of O(n), we refer to the associated representation
of G as an orthogonal representation of G. The dihedral groups D,, discussed in
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the previous section were all defined as subgroups of O(2) and therefore define
faithful orthogonal representations on R?. Note that reflections in O(2) are not
complex linear and so these actions do not define complex representations.

(4) If G is a subgroup of GL(n,C) we have an associated C-representation of G
on C". In case G C U(n), we refer to the associated representation of G on C" as
a unitary representation of G. The group SO(2), acting on R? ~ C by rotation
defines a unitary representation of SO(2) (sometimes denoted U(1)). The cyclic
groups Z, discussed in the previous section were all defined as subgroups of SO(2)
and therefore define faithful unitary representations.

DEFINITION 2.6.3. The F-representations (V,G), (W,G) are isomorphic or
equivalent if there exists an F-linear isomorphism 7" : V' — W such that

gT(v) =T(gv), g€ G,v e V.

(Equivalently, in terms of the defining homomorphisms p : G — GL(V), n: G —
GL(W), we require 1n(g)T(v) = T(p(g))v, for all g € G, v € V)

REMARKS 2.6.4. (1) The isomorphism 7 is called an intertwining map.
(2) Suppose that G is a finite group with generators aj,...,a; and relations
Ri(a1,...,ar) =e, 1 <i </ Inorder to construct an orthogonal representation
p: G — O(n) it suffices to define p(a;) € O(n), such that R;(p(aq), ..., pax)) =
I (in O(n)), 1 <i<U.

EXAMPLES 2.6.5. (1) Let § = exp(2m:/3) and set Zz = (/). In the previous

section, we defined the standard complex representation pi : Zz — U(1) by
p(B) = € U(1). We may define a different complex representation p3 : Zs —
U(1) by p(B) = % As complex representations, pi is not equivalent to p?.
However, if we view the representations as real representations (on R?) then pj
is equivalent to p3: Tpt = p2T, where T is complex conjugation on C.
(2) Let s denote complex conjugation on C ~ R? and recall that D3 = (k, 3).
We defined the standard real representation p of D3 by p(k) = k € O(2), p(8) =
B € O(2). We may define the real representation n of D3 on R? by n(k) = &,
n(B) = 2. As in the first example, n and p are equivalent representations with
intertwining operator complex conjugation. We may also define a non-trivial one-
dimensional real representation of D3 by ((k) = —1, {(#) = 1 (note that { maps
all reflections to —1 and all rotations to +1.

EXERCISE 2.6.6. (1) Find eight inequivalent 1-complex dimensional represen-
tations of Zg. Which of these representations are equivalent as real representa-
tions?

(2) Find four inequivalent real representations of D4. (Three of these represen-
tations will be 1-dimensional, one will be 2-dimensional), Which, if any, of the
representations will be complex?
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(3) Show that if we define n : Dy — GL(C, 2) by

o= (1 5) mo= (" Vs

then 7 defines a complex representation of D4. Find four other inequivalent
complex representations of Dy, all of which should be of (complex) dimension 1.
(4) Find an infinite set of inequivalent 1-complex dimensional representations of
SO(2). Which of these representations become equivalent when viewed as real
representations?

2.6.1. Averaging over (. Suppose that (V, G) is a real representation and
G is compact Lie group (or finite). Let (, ) be a (positive definite) inner product
on V. Let dh denote Haar measure on GG. Define

(z,y)" = /G(g:v,gy) dh, (r,y€V).

(If G is finite, (z,y)* = ‘—C{,' > gec(97,9y).) We leave it as an exercise for the

reader to verify that (1, )* is a G-invariant (positive definite) inner product on
V:

(2.1) (97,9y)" = (z,y9)", (v,y €V,g €G).

It follows that (V,G) is an orthogonal representation with respect to the inner
product (, )* and that p: G — O(V) — the orthogonal group of V. If we choose
an orthonormal basis of V' with respect to (, )*, we may identify V' with R™ and
regard (V,G) as an orthogonal representation of G on R”. In future, we usually
regard real representations of compact Lie groups as orthogonal representations
on some R”. Similarly, complex representations of a compact Lie group G may
be viewed as unitary representations on some C". Since U(n) C O(2n) (under
the natural identification of C" with R?"), every unitary representation of G' on
C" defines an orthogonal (real) representation of G on R?".

EXAMPLES 2.6.7. (1) If G = SO(2) = R/27Z, we may define Haar measure on
SO(2) to be normalized Lebesgue measure (arc length). If A C [0,27) C SO(2)

is a Borel set, then
1
h(A) = — / dA,
27 A

where d\ denotes Lebesgue measure on R.
(2) Averaging is a powerful tool in the theory of compact Lie groups. For example,
suppose that (V,G) is an F-representation. Define the F-linear map I1: V' — V

b
y () = / avanto) = ( / aie)) @)

If k € G then kII(v) = [, kgvdh(g) = [, gvdh(g) by left invariance of Haar
measure. Hence kIl(v) = I(v), for all k& € G, and so II(V) C VY Since
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VY =1, I(V) = V¢ and TI? = II. Hence II is a projection of V onto V¢,
Consequently, dim(I1(V')) = trace(II) and so (by linearity of the integral)

dim(V%) = trace(/ngh(g)) = /Gtrace(g) dh(g).

This provides a useful formula for calculating the dimension of the fixed point
space of a compact group action.

DEFINITION 2.6.8. Given a representation (V,G), the character of (V,G) is
the function
Xwe =xv:G—C,
defined by xv(g) = trace(g : V. — V).

EXERCISE 2.6.9. Show that (a) xy is smooth, (b) if (V,G) and (W, G) are iso-
morphic representations then xv = xw, (¢) xv(ghg™?) = xv(g), all g, h € G, and
(d) xv(eg) = dim(V). (These results hold for real or complex representations.
In terms of characters, examples 2.6.7(2) reads dim(V%) = [, xv(g) dh(g).)

REMARK 2.6.10. Although we do not make much use of characters in this
book, we want to emphasize that character theory is a fundamental tool for the
analysis of group representations, especially over the complex field.

2.7. Irreducible representations and the isotypic decomposition

DEFINITION 2.7.1. The F-representation (V,G) is irreducible if the only G-
invariant F-linear subspaces of V are {0} and V. If there exist non-trivial invari-
ant subspaces, (V, G) is reducible.

EXAMPLES 2.7.2. (1) Every one-dimensional representation of a group G is
irreducible.
(2) The assumption of a fixed field in definition 2.7.1 is important. For example,
if we take the standard complex representation of Z, on C generated by multipli-
cation by —1, then this representation is irreducible as a complex representation.
However, if we forget the complex structure and identify C with R?, then the re-
sulting real representation of Z, on R? is not irreducible (as a real representation)
since every 1-dimensional linear subspace of R? is Zy-invariant. %

EXERCISE 2.7.3. (1) Show that the standard representation of D,, on R? is
irreducible if n > 2 and reducible if n = 2.
(2) Show that the standard C-representation of Z, on C is irreducible, n > 2.
Which of these representations are reducible if viewed as real representations?
(3) Show that Dy has at least four non-isomorphic real irreducible representations
(see examples 2.6.6(2)).

PROPOSITION 2.7.4. Let V' have G-invariant inner product ( , ). Suppose
that p : G — O(V) is an orthogonal representation. If W C V is a proper G-
invariant subspace of V., let 7 : V. — W, m+ : V. — W+ denote the orthogonal
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projections of V.on W and W+ respectively. Then np : G — O(W), nt : G —
O(W) define orthogonal representations of G. The same result holds for unitary
representations of G.

ProOOF. If W is a G-invariant subspace of V, then ( , ) defines a G-invariant
inner product on W and it follows immediately that 7p : G — GL(W) defines
an orthogonal representation of G with respect to (, ). In order to show that
7+ defines an orthogonal representation of G, it suffices to show that W+ is G-
invariant. By definition, z € W+ if and only if (w,z) = 0 for all w € W. The
result follows by noting that (w, gz) = (¢ 'w,z) = 0, by G-invariance, and so
(w,gx) =0,all g e G, w e W. O

COROLLARY 2.7.5. Let p : G — GL(V) be an F-representation. If W is a
non-trivial G-invariant subspace of V', there exists a G-invariant subspace U of
V' such that V. =W @& U. In particular, (V,G) may be regarded as the direct sum
of the representations (W, G) and (U, G).

PROOF. Since p(G) is a compact subgroup of GL(V'), and therefore Lie, we
may take Haar measure on p(G) and thereby define a G-invariant inner product
on V. The result follows from proposition 2.7.4. ([l

An important consequence of corollary 2.7.5 is that every representation p :
G — GL(V) can be written as a finite direct sum of irreducible representations.
This decomposition will be unique up to order. This result is quite easy to prove
if V' is a C-representation but takes a little more care if V' is an R-representation
(this is somewhat analogous to the difference between complex and real Jordan
form).

We start by introducing some new notation. Let p : G — GL(V), n: G —
GL(W) be F-representations of G. Let LE(V, W) denote the space of F-linear
maps A : V — W which commute with G:

A(gv) = gA(v), (g€ G,veV).
If F =R, we often drop the superscript and just write Lg(V, W).

LEMMA 2.7.6. Let (V,G) be an irreducible F-representation. Then
(1) IfF = C, then L&(V,V) = C = {\y | A € C}.
(2) IfF =R, then LE(V,V) DR = {Aly | A € R}.

PROOF. Suppose A € LE(V, V). Let A € C be an eigenvalue of A. Then
kernel(A — AI) is a non-trivial G-invariant subspace of V' and hence, by irre-
ducibility of V, kernel(A — A\I) = V. That is, A = \Iy.. Since CIy, C LE(V, V),
(1) follows. For (2), observe that RIyy C LE(V, V). O

LEMMA 2.7.7 (Schur’s lemma). Let V,W be irreducible F-representations.
Then
(1) If V is mot isomorphic to W, LE(V, W) = {0}.
(2) If F =C and V is isomorphic to W, then LS(V, W) = C.
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(3) If F =R and V is isomorphic to W, then dimg(LE(V,W)) > 1.

PROOF. Suppose V is not isomorphic to W and let A € LE(V,W). Since
V,W are irreducible, the G-invariant subspace kernel(A) C V must either equal
V or be the zero subspace. If kernel(A) = {0} then, by the same reasoning applied
to W, image(A) must equal W. But this says that A is an intertwining map for
the representations V and W contradicting the assumption that V' and W are
not isomorphic. Hence LE(V, W) = {0}. Lemma 2.7.6 implies (2,3) (replace the
representation p : G — GL(W) by T7'p : G — GL(V), where T : V — W is an
intertwining operator). O

Matters are particularly simple when G is Abelian.

LEMMA 2.7.8. If G is Abelian and (V,G) is an irreducible C-representation,
then dimc(V) = 1. In particular, LE(V,V) ~ C.

PROOF. Let g € G. Then g : V — V is C-linear. Since G is Abelian, we have
gh = hg, all h € G. Therefore g € LE(V, V). By lemma 2.7.6, g = Ay, for some
A € C. This is true for all g € G and so every 1-dimensional complex subspace
of V' is G-invariant. Since V is irreducible, dim¢(V') = 1. O

Given an integer p > 1 and a representation (V,G), let (VP G) denote the
G-representation obtained by taking the direct sum of p-copies of V. For p,q > 1,
let M(p, q;F) denote the space of p X ¢ matrices over F.

LEMMA 2.7.9. Let p,q > 1 and V,W be irreducible C-representations.
(1) If V,W are not isomorphic, LS(V9,W?P) = {0}.
(2) If VW, then LS(VI,VP) ~ M(p,q;C).

In case V,W are irreducible R-representations, (1) remains true and we modify
(2) by requiring that LE(VY,VP) D M(p, ¢;R) (naturally).

THEOREM 2.7.10 (Isotypic decomposition). Let (V, G) be an F-representation.
There ezist unique (up to isomorphism) inequivalent irreducible F-representations
V1, G),..., (Vk, G) and unique strictly positive integers py, ..., px such that

k
Vv
1=1

This isotypic decomposition of (V,G) as a sum of irreducible F-representations is
unique up to order.

PRrROOF. It follows from corollary 2.7.5 by an easy induction that we can
find irreducible F-representations (Vi, G),. .., (Vk, G) and unique strictly positive

integers pi,...,pr such that V = @le VP Suppose that we can also write
V= @f‘:l W where the (W}, G) are inequivalent irreducible F-representations
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and ¢; > 1,1 < j < /(. Applying lemma 2.7.9 we have
LGV, V) = D Lev W)
1,J
s @ ey

-%Wj

Since @F_, V* is isomorphic to @§:1 Wi, we have by lemma 2.7.9(1) that for
every i € {1,...,k}, there exists a unique j(i) such that (V;,G) is isomorphic
to (Wjq),G). Similarly, to each j € {1,...,¢}, there exists a unique i = i(j)
such that (W}, G) is isomorphic to (Vg), G). Consequently, (W1,G) ..., (W, G)
is (up to isomorphism) just a permutation of (Vi,G),...,(Vs, G). Relabelling,
we may assume ¢ = k and W; =V, 1 <1 < k. It remains to show that p; = ¢,
1<i<k IfA: @, VP — @F V7 is an intertwining operator, we may write
A = @F | A; where A; : VP' — V% 1 < i < k. Necessarily, each A; is a linear
isomorphism and so p; = ¢;, 1 <@ < k. 0

2.7.1. C-representations. If &% V" is the isotypic decomposition of (V, G),
then LE(V,V) = @, LE(VP, V). If V is a C-representation, we have

L&(V,V) @M pi, pi; C

We recall some useful facts about (C—representatlons of finite groups. A finite
group has, up to isomorphism, only finitely many inequivalent irreducible C-
representations. If we label the irreducible C-representations of G by (V;, G),
degree(V;,G) = d;, 1 <i <k, then

(2.2) Y d? = |G| (order of G).

(2.3) d |G|, 1<i<k.

(Proofs of both statements are in Scott [157, 12.2.24-27]. We indicate proofs of
the more elementary (2.2) in the exercises below.)

ExAMPLES 2.7.11. (1) For n > 1, we have previously shown that there are
n inequivalent C-representations of Z,, all 1-dimensional. Since nl1? = n =
|Z|, (2.2) implies there are no other C-representations of Z,.
(2) There are five distinct irreducible C-representations of Dy. In exercise 2.6.6(3),
we gave a 2-dimensional irreducible C-representation of Dy. Since the trivial rep-
resentation is 1-dimensional and 22 + 12 +1%2 4 12 + 1% = 8, the order of Dy, (2.2)
implies there are exactly five irreducible C-representations of Dy.

EXERCISE 2.7.12. Verify that the proof of proposition 2.4.6 applies to show
that if X is an H-representation and Z a G-representation then Lg(Z,i%X) ~
Ly(res$Z, X) (Frobenius reciprocity). Using Frobenius reciprocity, show that
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C[G] = @V;% where the sum is over all irreducible representations of G and
d; = degree(V;). (Hint: Apply Frobenius reciprocity in case H = {eg}, X is the
trivial 1-dimensional H-representation and Z is an irreducible G-representation.
In particular, deduce that the multiplicity of V in C[G] is dim(V#) = dim(V).)

EXERCISE 2.7.13. Suppose that (V,G) is a complex representation. Let
(V*,G) and (V,G) denote the dual and conjugate representations of (V,G).
Thus, V* = LYV, C) has G-action defined by gp = ¢ o g7t ¢ € LEV,C),
g € G, and V is regarded as equal to V but with complex multiplication of v € V/
by ¢ € C defined as ¢v. Show

(a) xv+(9) = xv(g~"). i
(b) xiy(9) = xv(9) = xv(g™") (V*,G) and (V,G) are isomorphic — an
isomorphism is given by a G-invariant hermitian inner product on V).

Show also that if (W, &) is a complex representation then xvew = xvxw. De-
duce, using L(V, W) ~ V*®@ W, (a,b), and examples 2.6.7(2) that

(1) (xw,xv) = fG xv(9)xw(g) dh(g) = dim(Lg(V, W)).
(2) If (V,G), (W, Q) are irreducible then (xw,xv) = 1if (V,G), (W,G) are
isomorphic, otherwise (xw, xv) = 0.

Finally, if G is finite, use these results applied to C[G] to deduce (2.2).
2.7.2. Absolutely irreducible representations.

THEOREM 2.7.14 (Frobenius). Suppose that (V,G) is an irreducible represen-
tation over R. Then Lg(V,V) is isomorphic to one of

(A) The real numbers R ((V,G) is an absolutely irreducible representation.)
(C) The complex numbers C ((V,G) is irreducible of complex type.)
(Q) The quaternions H ((V,G) is irreducible of quaternionic type.)

PROOF. Since I € Lg(V,V), Al C Lg(V,V), for all A € R, Suppose that
A € Lg(V, V). Then kernel(A) is a G-invariant subspace of V. Since (V,G) is
irreducible, either kernel(A) = V, and A is the zero map, or kernel(A) = {0}
and A is a linear isomorphism. Hence Lg(V, V) is closed under +, composition,
scalar multiplication and every non-zero element has an inverse. Since Lg(V, V)
is associative, Lg(V, V) is a finite dimensional real associative division algebra.
It was shown by Frobenius in 1878 such an algebra is isomorphic to one of R, C

and H (a proof may be found in [98, 7.7, p 430]). O

EXAMPLES 2.7.15. (1) The standard representations (R?,Z,), n > 2, are all
irreducible of complex type.
(2) The standard representations (R? D,,), n > 2, are all absolutely irreducible.
(3) The standard representations (R? SO(2)) and (R? O(2)) are irreducible of
complex type and absolutely irreducible respectively.
(4) The standard representations of SO(n) on R™ are absolutely irreducible for
all n > 2.
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(5) The special unitary group SU(2) C U(2) may be identified with the group of
complex 2 x 2 matrices of the form

Ala,b) = <Z ;5>

where a,b € C satisfy |a|]? + |b|> = 1. (Hence SU(2) is identified with the unit
3-sphere in C?.) The reader may verify that (C? SU(2)) is irreducible as an R-
representation and that (C? SU(2)) is of quaternionic type.

(5) Continuing with the notation of (4), let @ be the subgroup of SU(2) generated

v 0 ‘ 0 1 0 2
byz=<0 —Z)’]:(—l O)’k:(z O)’ We have || = 8 and the

R-representation (C?, Q) is irreducible of quaternionic type. (The elements of the
group () are the unit quaternions +£1, +i, +j, +k.)

PROPOSITION 2.7.16. Suppose that (V,G) is an irreducible R-representation.

(1) If (V,G) is of complex type then V may be given the structure of a
complex vector space in such a way that (V,G) is irreducible as a C-
representation.

(2) If (V, Q) is absolutely irreducible, then the complezification (V & C,G)
1s irreducible as a C-representation.

(3) If (V,@G), (W,QG) are absolutely irreducible, then (V & C,G) is isomor-
phic to (W @ C,G) as a complex representation if and only if (V,G) is
isomorphic to (W, G) as a real representation.

PRrROOF. If (V,G) is of complex type, then LE(V,G) = C. Therefore there
exists J € LE(V,V) such that J?> = —I,. Define a complex structure on V by
(a—+1b)v = av +bJv. With respect to this complex structure, LE(V, V) &~ C. We
leave (2,3) to the reader. O

REMARKS 2.7.17. (1) Proposition 2.7.16 describes a small part of the rela-

tionships between real, complex and quaternionic representations. For example,
the complexification of an R-representation which is irreducible of complex type
is the sum of two non-isomorphic complex representations. We refer the reader
to [2, 30] for more details and proofs.
(2) Suppose (V,G) is an irreducible R-representation, G compact. There is a
useful criterion to determine whether or not (V,G) is absolutely irreducible, of
complex type or of quaternionic type. Specifically, the type of the representation
is determined by the sign of [, trace(g®) dg. We refer to 2, Theorem 3.6], [30] for
details and note this criterion implies that a finite group G' admits a non-trivial
absolutely irreducible representation only if |G| is even.

PROPOSITION 2.7.18. Suppose that (V,G) is an irreducible R-representation
and p > 1.
(1) Suppose (V, G) is irreducible of complex type. Then LE(VP,VP) ~ M(p,p,C).
(2) Suppose (V,G) is absolutely irreducible. Then Lg(VP,VP) = M(p,p,R).
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(3) Suppose (V, G) is quaternionic irreducible. Then Lg(V?, VP) = M (p, p, H).

PRrOOF. The result follows from proposition 2.7.16. U

We conclude this section with an example illustrating how we can apply the
theory to obtain all the irreducible C-representations of a subgroup of S5 (we
refer to [61, Appendix] and section 5.4 for more about this example). We start
by reviewing the standard representation of .S,,1; on R".

The symmetric group S,4; has a natural orthogonal representation on R™*!
defined by permutation of coordinates. The hyperplane H = R" defined by x; +
oot Xy = 0is Sy y1-invariant and it is straightforward to verify that (R",S,11)
is absolutely irreducible (the case n = 2 gives the standard representation of Dj).
Since H+ = R(1,1,...,1), S, acts trivially on H*.

Taking n = 4, we have the absolutely irreducible orthogonal (R* S5). Let
s = (12345),t = (2453) € S5. Then (s) = Zs, (t) = Z, and st = ts?. Using these
relations one shows that G = (s,t) has order 20. Let w = ¢5'. We define an
action of G on C? ~ R* by

s(z1,29) = (WZ]_,CUZZQ),
t(zl,Zg) = (22,21).

(The definition is consistent with the relation st = ts?). The action is orthogonal
and absolutely irreducible. The complexification of the action gives a irreducible
C-action of degree 4. Since the trivial representation of GG is of degree one, it fol-
lows from (2.2) that G has three other irreducible C-representations, all of degree
1. Noting the generating relation st = ts?, the 1-dimensional complex irreducible
representations of Z, = (t) defined by p,(t) = ¢2", p = 1,2,3, extend to a com-
plex irreducible representations of G if we define p,(s) = 1. The representation
po is the complexification of the absolutely irreducible representation of G on R
defined by n(s) = 1, n(t) = —1. Viewed as real representations, p; and p;3 are
isomorphic representations of complex type. Summing up, the group G has four
inequivalent R-representations, one of degree 4, three of degree 1.

EXERCISE 2.7.19. (1) A subgroup T of S,, is transitive if given ¢, j € {1,...,n},
there exists 0 € T such that 7% = j. The subgroup is doubly transitive if given
(ordered) pairs (i,7), (¢,m), i # j, £ # m, there exists o € T such that oi = ¢,
oj = m. Show that if a T" is a doubly transitive subgroup of S,,; then the action
of T" on R", induced from the standard action of S, ; on R", is absolutely irre-
ducible. Show that the action of the group G C S5 considered above is doubly
transitive.

(2) Show that the group G considered above is isomorphic to Aff;(Fs).

2.8. Orbit structure for representations

LEMMA 2.8.1. Suppose that (V,G) is an F-representation. If H is a subgroup
of G, then V is an F-linear subspace of V.



40 2. GROUP ACTIONS AND REPRESENTATIONS

PROOF. Trivial. O

REMARK 2.8.2. If dim(V#) = 1, we often refer to V¥ as an azis of symme-
tryaxis of symmetry for the G-action.

For representations (V, G) of compact Lie groups, the orbit stratification of V/
is very well behaved. Thus, the set of isotropy types is finite and there is a close
relation between the partial order on the set of isotropy types and the relative
position of the strata in V. In this chapter we describe the simplest case when
G is finite.

THEOREM 2.8.3. Let G be finite.

(a) If J is a subgroup of G, there exist unique T € O(V,G) and H € T such
that V7 = V1.

(b) If H e 7 € O(V,G), then VX is an open and dense subset of VH.

(c) For allT € O(V,G), V, = Upe,VE = GVE, any K € 7.

(d) If r,p € O(V, Q) then T > p if and only if OV, D V.

PROOF. Let X be the union of all fixed point spaces of V not containing V7.
If L € X, then LNV is a proper subspace of V7. Since there are only finitely
many subgroups of GG, the set X must be finite and

Vi = VI \ULex(V/ N L) = Npex(V/\ L)

is an open and dense subset of V7. We claim that if z € Vj/ has isotropy group
H,then V/ =V Tet g € H. If there exists y € V7 such that g ¢ G, then V9
intersects V7 in a proper subspace and hence z ¢ Vj/. Consequently, g|V’/ = Iy
and so VH > V7. Obviously, J C H and so V¥ c V/. Hence V7 = V¥ proving
(a). Suppose H € 7. If y € Vi, then our previous argument implies H = G,
proving (b). The first equality in (c) follows from (b) using the finiteness of G.
The second equality follows by noting that ¢V¥ = V9H9' Tt remains only to
prove (d). Let 7,u € O(V,G) and suppose 7 > p. By definition of the partial
order relation on O(V,G), we can find H € 7, J € u such that J is a proper
subgroup of H. We have

(2.4) VAV oV o v

Since OV, NV’ = V7 \ V. we deduce 9V, D V, from (2.4) by taking unions first
over H D J and then over all J € p. It remains to prove the converse. Suppose
x € V. N9IV,. Since Gz is finite, we may choose an open neighbourhood U of x
such that gUNU =0, g € G\ G,. If y € U, then G, C G,. Since x € 9V,,, there
exists y € V,NU and so G, C G,. O

2.9. Slices

We describe one of the main technical tools used in the theory of G-manifolds
and maps: the differentiable slice theorem. We start with the definition of a slice
(no differentiability needed) and then show how to construct slices for orthogonal
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actions by a finite group. We defer the construction of slices for general compact
Lie group actions to the next chapter.

DEFINITION 2.9.1. Let (X,G) be a G-space. Given x € X, a slice for the
action of G at = is a G -invariant subset S, of = such that
(1) S, NGz = {z}.
(2) S, NS, # 0 if and only if g € G,.
(3) GS, = UgS, is an open neighbourhood of Gz.

REMARKS 2.9.2. (1) If (X,G) is a smooth G-manifold, we usually require
that S, is an embedded (dim(M) — dim(Gx))-disk which is transverse to Gz (see
also the section in the next chapter on slices for general smooth actions).

(2) The neighbourhood G'S,, of Gx given by the definition of slice is G-equivariantly
homeomorphic to the twisted product G x¢, S..

We have the following important consequence of the definition of slice.

LEMMA 2.9.3. Let (X,G) be a G-space and let x € X. Suppose that S, is a
slice for the action of G at x. Then G, C G, for all y € S,. In particular, if
(G,) =7, then X, NGS, = GSS* = G x¢g, S,.

2.9.1. Slices for linear finite group actions. Let G be a finite group.
Suppose that V' is a finite dimensional inner product space and G C O(V).

LEMMA 2.9.4. For every v € V, we may choose r = r(x) > 0 such that the
open r-disk S, = Sp(r) ={y € V | ||lx — y|| <r} is a slice for the action of G at
x. In particular, we may assume that the action of G, on S, is linear.

PROOF. For r > 0, let S,(r) denote the open r-disk, centre = radius r. Since
G, C G C O(V), we have gS,(r) = S,u(r), all g € G, In particular, gS,(r) =
Sx(r), for all ¢ € G,. Since Gz is finite, we may choose r > 0 so that S,(r) N
Sge(r) =0, for all g € G\ G,. Setting S, = S,(r), S, is a slice for the action
of G at x. Moreover, since S, C V and G,S, = S,, the action of G, on x is the
restriction of the linear action of G, on V to S,. Il

DEFINITION 2.9.5. Let V be a finite dimensional inner product space. An
involution r € O(V) is a reflection if V") = {v|rv = v} is a codimension 1
linear subspace of V.

LEMMA 2.9.6. Let 7 € O(V). Then V" is a codimension 1 linear subspace
of V if and only if r is a reflection.

PROOF. Set W = V). Since r fixes W, W' must be r-invariant. If
dim(W+) = 1, there are just two possible actions of r on W+: multiplication
by +1 or —1. If r acts by multiplication by +1, then r fixes W+ contradicting
the definition of W. It follows that » must act as multiplication by —1 and from
this it follows immediately that r is a reflection. O

The next proposition, part of which repeats the last statement of theorem 2.8.3,
is a characteristic application of slices.
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PROPOSITION 2.9.7. Let G C O(V), G finite.

(1) There exists a unique minimal isotropy type 11 for the action of G on
V. The corresponding orbit stratum Vi is open and dense in V and
connected if G contains no reflections.

(2) If T, p € O(V,G), then 7 < p if and only if OV; D V.

PROOF. Let x € V be a point of minimal isotropy. If S, is a slice at x, then
by lemma 2.9.3 G, = G, for all y € S, (else, G, would not be minimal). Since
S, is an open neighbourhood of z in V| GG, acts trivially on V. By theorem 2.8.3,
ViG.) = V(gz ) is an open dense subset of V. Hence the minimal isotropy type II
is unique (any two open dense subsets of V' have non-trivial intersection) and the

orbit stratum Vi = V(gz ) is open and dense in V. If G contains a reflection 7,

then V) is of codimension 1 and so V;; € V' \ V(" is not connected. If G has
no reflections, then V{9 is of codimension at least 2 for all g € G\ G, and so
Vit = V' \ Ugge, V' is connected.

Suppose that 7, € O(V,G) and 0V, D V,,. Let x € V,, and choose a slice S,
at x. Then S, NV, # . Hence we can choose y € S, NV, and then G, C G,. By
definition of the order on O(V,G), 7 < p. Conversely, suppose 7 < p. Choose
xz,y € V such that G, € u, G, € 7 and G, D G,. It follows by linearity of the
action that every point z € [z,y] = {tz + (1 —t)y | t € [0,1]} has G, D G,. The
slice theorem implies that if z € [z,y] is sufficiently close to y then G, = G,,.
Again by the slice theorem, if z € [z, y] is a limit of points in [z, y] with isotropy
Gy, then all points in [z, y] sufficiently close to z, not equal to z, will have isotropy
G. Hence there are only finitely many points in [z, y| with isotropy different from
Gy. It follows that every point of V), lies in 0V, and 0V, D V. O

REMARK 2.9.8. The unique minimal isotropy type given by proposition 2.9.7
is called the principal isotropy type. The corresponding isotropy group is constant
on Vp1 (the principal isotropy group is a normal subgroup of G).

2.10. Invariant and equivariant maps
We conclude with definitions, examples and results about symmetric maps.

DEFINITION 2.10.1. Let (X,G) and (Y, G) be G-spaces. A map f: X — Y
is G-equivariant or equivariant if for all z € X and g € G we have

flgx) = gf (x).
The map f is G-invariant or invariant if for all x € X and g € G we have
flgx) = f(x),
EXAMPLES 2.10.2. (1) Let Zy act on R as multiplication by £1. A map f :
R — R is equivariant if f(—x) = —f(z), € R. It is invariant if f(z) = f(—=z).
We note that Zs-equivariance corresponds to f being odd and Zs-invariance to
f being even.
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(2) Take the standard irreducible representation of SO(2) on C ~ R?. A map
f:C — Cis SO(2) equivariant if

f(e?2) =e?f(2), (2 €C,0€R).
A map g : C — R will be SO(2)-invariant if f(e?z) = f(z), all z € C, § € R. If
f is a polynomial (in z, z), f is SO(2)-equivariant if and only if we can write

f(z) = h(]zP")z,

where h : R — C is a polynomial. A polynomial g is SO(2)-invariant if and only
if we can write g(z) = h(|z]?), where h : R — R is a polynomial.

One way of constructing equivariant maps is to use slices. The following
lemma is basic.

LEMMA 2.10.3. Let (X,G) and (Y,G) be G spaces and S, be a slice for the
action of G at x € X. Suppose that f : S, — Y is a G,-equivariant map. Then
f extends uniquely to a G-equivariant map F : GS, — Y.

PROOF. Let g € G,y € S,. Define F(gy) = gf(y). We verify that F' is well-
defined and G-equivariant. Suppose that gy = ¢'y/, where ¢g,¢' € G, y,y € S,.
Since S, is a slice, g~ !¢’ € G,. Using the G,-equivariance of f,

Fgy) = gf(y) = 9f(g7d'Y) = 9979 f(y) =g f¥) = F(g'y).
Hence F is well-defined. Suppose that z = gy, g € G, y € S,. For k € GG we have
F(kz) = F(kgy) = kgf(y) = k(gf(y)) = kF(2).
Hence F' is G-equivariant. O

PrROPOSITION 2.10.4. Let f: X — Y be an equivariant map of G-spaces.
(1) If v € X, then Gy O Ga, x € X
(2) If H is a subgroup of G, then f(XH) C YH.
(3) If f is injective, then Gy = Gy, for all x € X, and f(X;) C Y, for
al € O(X,G).

PROOF. Let g € G,. Then

gf(x) = f(gx), (by equivariance)
= f(x), (since g € G,),

proving (1). A similar argument proves (2). For (3), suppose that gf(x) = f(x).
Then, by equivariance, f(gx) = f(x). Since f is injective, gx = z and so g € G,.
The second part of (3) is immediate. O

ExAMPLE 2.10.5. Consider an SO(2)-equivariant map f : C — C, where
SO(2) acts on the domain as multiplication by e*’ and on the range as multi-
plication by €. Since f is equivariant, f(e*’z) = e f(2), for all z € C, § € R.
Taking 0 = 7, we see that f(z) = f(e*™) = €™ f(2) = —f(z) and so f(z) = 0.
Hence every SO(2)-equivariant map f : C — C is identically zero. On the other
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hand, if we switch the SO(2)-actions on domain and target, there are plenty of

non-constant SO(2)-equivariant maps. For example, any polynomial in z2.

2.10.1. Smooth invariant and equivariant maps on representations.
Let G be a compact Lie group and (V, G), (W, G) be orthogonal G-representations.
Let C>(V)% denote the vector space of smooth G-invariant R-valued functions
on V. Let CZ(V, W) denote the space of smooth G-equivariant maps from V' to
W. If f e C®(V)Y F e C¥(V,W), then fF € CZ(V,W) and so CF(V,W)
has the structure of a C°°(V)%module. Let P(V)¢ C C*°(V)% denote the vector
space of G-invariant polynomial maps on V and Pg(V, W) C CZ(V, W) be the
P(V)%module of G-equivariant polynomial maps from V to W.

EXAMPLE 2.10.6. If (V, G) is orthogonal then any polynomial in ||z||* defines
a G-invariant polynomial on V. Since Iy € Pg(V,V),if p: R — Ris a polynomial
then P(z) = p(||z]|*)x is a G-equivariant polynomial endomorphism of V.

C® topology. Let D, denote the closed r-disk in V| centre the origin. For
n > 0, we define the seminorm || ||, on C>=(V)¢ (or C*(V')) by

1flln = sup Y |17 f(x)
€Dy, =0

(Instead of || D? f(z)|| we can sum over all the absolute values of all partial deriva-
tives of f at x of order j.) We define a complete metric on C*(V)% by

=g
c=(V)".
22 T gl 70T

The completeness of d follows easily from standard results on uniform convergence
of sequences of differentiable functions. We similarly define a complete metric on
Cx(V,W). We refer to the associated topology on C* (V) or C(V, W) as the
C*-topology. Note that the C'*° topology gives poor control over the behaviour
of functions at infinity. Specifically, if f and g are e d-close, their values may
differ by 2"¢ outside D,,. Later we introduce the Whitney C* topology which
gives better control over functions at infinity.

LEMMA 2.10.7. Averaging deﬁnes contmuous linear projection maps
(1) Av: C>=(V) — C>®(V)¢, fG (gz) dh.
(2) Av:C®(V, W) — CgO(V W) AV( = [, 9f(g " z)dh.

ProOF. We prove the first statement; the second is similar. Let f € C*(V).
Using the left invariance of Haar measure and standard properties of the integral
(chapter 1, section 1.6) we see that Av(f) is a smooth G-invariant function on
V. It follows from the definition of || [,, and linearity of [, that |[Av(f — g)|l, <
\f — glln, for all n € N. Hence d(Av(f),Av(g)) < d(f,g), all f,g € C>*(V).
Noting that Av restricts to the identity on C°°(V)% we have shown that Av :
C>®(V) — C>=(V)% is a continuous linear projection. O
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THEOREM 2.10.8 (Equivariant Stone-Weierstrass theorem).
(1) P(V)Y is a dense subset of C°°(V)¢ (C>-topology,).
(2) Pa(V,W) is a dense subset of C&(V,W) (C*-topology).

PROOF. Given ¢ > 0 and f € C®(V)“ we must find P € P(V)% such that
d(f, P) < e. By the classical Stone-Weierstrass theorem, P(V') is a dense subset
of C>(V') and so there exists @ € P(V') such that d(f,Q) < e. Let P = Av(Q).
We have

d(f, P) = d(Av(f),Av(Q)) < d(f,Q) <e.

The proof of the second part is similar and omitted. O

EXERCISE 2.10.9. Show that if U is a G-invariant non-empty open subset
of V, then P(V)% is a dense subset of C®°(U)¢ (C*°-topology) and Pg(V, W)
is a dense subset of CZF (U, W) (C*°-topology). (Choose an increasing family of
G-invariant compact subsets (K,) of U such that K,, C interior(K,1), n > 1,
and U,>1K,, = U. For n > 1, choose ¢, € C®(V)Y such that ¢,|K, = 1,
¢n|V \ U = 0. Now for n > 0, C™-approximate ¢, f on K,, by F, € Pg(V,W).)

LEMMA 2.10.10. Let (V,G) be a finite dimensional orthogonal representation
of G. Given R >r > 0, there exists a smooth G-invariant function Vg, : V — R
such that
(1) Ugp(z) =1, |lz| <r.
(2) n(z) € (0,1), 7 < |la]| < R.
(3) ¥re(z) =0, |z = R.
PROOF. Let p : R — R be the C*° map defined by p(t) = 0, t < 0, and
p(t) = exp(—1/t), t > 0. Define
p(R? — ||z|?)
p(R? = |z|[?) + p(ll)* = r2)’
Since the denominator is non-vanishing, U, is smooth and satisfies (1,2,3). Since
(V, @) is orthogonal, || || is G-invariant and so Vg, € C=(V)C. O

LEMMA 2.10.11. Let (V,G), (W,G) be a finite dimensional orthogonal repre-
sentations of the finite group G. Let x € V' and suppose that the r-disk neighbour-
hood D,(x) of x in'V is a slice. Let f: D.(x) — W be a smooth G, equivariant

map. Given 0 < s < r, there exists a smooth G-equivariant extension of f|Dy(x)
toF':V—W.

Ure(z) = (xeV).

PRrROOF. Applying lemma 2.10.10, we choose a smooth GG -invariant map ¢ :
D,(x) — R such that ¢|Ds(x) = 1 and ¢|D,(x) \ Dgrys)2(x) = 0. Set fi = of :
D,(x) — W. By lemma 2.10.3, f; extends uniquely to a smooth G-equivariant
map fo : GD,(x) — W defined by fo(gy) = ¢fi(y), y € Di(z),g9 € G. The
closed support of f5 is a compact G-invariant subset of the open G-invariant set
GD,(z). Hence if we define F': V. — W by F|GD,(x) = fo, F|V \ GD,(z) =0,
F will be a smooth G-invariant map. U
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REMARK 2.10.12. Lemma 2.10.11 holds for compact Lie groups but we defer
the proof to the next chapter — the issue is the smoothness of the extension.

ExampLES 2.10.13. (1) Let (V,G), (W, G) be finite dimensional representa-

tions of the finite group G. Given p € V and ¢ € W suppose that G, C G,. Let
D, (p) be aslice at p. By lemma 2.10.11, there exists a smooth G-equivariant map
F :V — W such that F(p) = g and F|V \ GD,(p) = 0 (take f to be constant,
equal ¢ on D,(p)).
(2) Let (V,G) be a finite dimensional representation of the finite group G. Sup-
pose that p;,p, € V lie on different G-orbits. There exists P € P(V) such
that P(p) # P(q). For this we start by constructing P € C*(V)¢ such that
P(p1) =1, P(ps) = 0. (use (1) with (W, G) be the trivial representation (R, G)
and ps € V' \ GD,(py)). Apply theorem 2.10.8.

2.10.2. Equivariant vector fields and flows. Let X be a C" vector field
on R" r > 1. For each x € R", there exists a unique mazimal integral curve
Oy : (ax, b,) — R™ for the vector field through x satisfying

¢,(t) = X((1), (t€ (as,bs)),

gbx(o) = T,
where (a,, b, ) is an open interval containing 0 € R. If we define Dy = U,crn{x} X
(agz,b;), then Dx is an open subset of R™ x R containing R™ x {0}. Define
¢ Dx — R™ by ¢(x,t) = ¢.(t). It is a standard fact from the theory of ordinary
differential equations that ¢ is C". If Dy = R" x R, ¢ defines a C"-flow on R".
For each t € R, the map ¢, : R" — R" will be a C" diffeomorphism of R".

LEMMA 2.10.14. Suppose that p : G — GL(V) is a representation of G on
V' (real or complex), Let X : V. — V be a C" vector field on V, r > 1 and let

¢ : Dx — R™ denote the corresponding solution map.

(1) Dx is a G-invariant open subset of R™ x R.

(2) ¢ is G-equivariant.
In case Dx = R", ¢ defines a G-equivariant flow on R™ and each ¢; is a G-
equivariant diffeomorphism of R™.

PROOF. Let ¢, : (as,b,) — R™ be the maximal integral curve through z. For
g € G, let 1y =g¢, : (az,b,) — R™ Then ¢(0) = gz and

V(1) = 99, (1) = 9 X (6:(1)) = X(g0a(t)) = X(4(1)), (¢ € (aq,br)).

Hence 7 is an integral curve through gz. By maximality, we must have (agy, by;) D
(ag,b;). It follows from uniqueness of solutions that on (ay,b.), ¢ge = g@u.
Repeating the argument with = replaced by gz and ¢ by ¢ '¢,., we deduce
that (ags,bgs) C (as,0s) and so (age,bye) = (az,b;) and ¢4 = g, for all
g € G, z € R". Our arguments also prove that ¢ is G-equivariant and Dy
is G-invariant. 0



CHAPTER 3

Smooth G-manifolds

The topic of this chapter is smooth (always C'*) actions of a Lie group G
on a differential manifold M. We always assume M is a Hausdorff, paracompact
and second countable m-dimensional manifold. In particular, M is metrizable
and locally compact. With few exceptions, M will be connected. Lie groups will
usually be compact but we allow for proper actions by non-compact Lie groups.

We review those parts of the theory of (Riemannian) G-manifolds that we need
when we come to investigate equivariant transversality and equivariant dynamical
systems on G-manifolds. Important results proved in this chapter include the
differentiable slice theorem and the Whitney regularity of the stratification of a
G-manifold by isotropy type. We also prove a number of foundational results; for
example, that G-orbits are submanifolds for compact or proper G-actions.

3.1. Proper G-manifolds

DEFINITION 3.1.1. Let G be a Lie group. A (smooth) G-manifold consists of

a smooth manifold M together with a smooth action G x M — M, (g,m) — gm,
of G on M.

REMARK 3.1.2. The conditions of the definition may be weakened since it
follows from a theorem of Montgomery (see [129, Chapter V, §5.1]) that if G is a
Lie group, M is a manifold which is a G-space and g : M — M is smooth for all
g € G, then M is automatically a smooth G-manifold. See also remarks 3.1.10.

LEMMA 3.1.3. Let M be a G-manifold. The tangent bundle T'M and cotangent
bundle T*M have the natural structure of G-manifolds. Moreover, for each x €
M, (T,M,G,) and (T}M,G,) have the structure of (dual) G,-representations.

PROOF. For each g € G, let g : TM — TM be defined as the tangent map
Tg of g. Since T(gh) = TgTh, and Teg = Irp, TM has the natural structure
of a G-manifold. Since T'g is a diffeomorphism of TM, T,g : T,M — T,, M is a
linear isomorphism, for all ¢ € G. Hence (T, M, G,) has the structure of a G-
representation. We define the action of G on T*M by requiring that (v, g¢) =
(g7 v, @), where z € M, v € T,M, ¢ € T*M. With this definition, (T*M, G,) is
the dual of the representation (7, M, G,). O

REMARK 3.1.4. An easy consequence of lemma 3.1.3 is that all of the ten-
sor and exterior power bundles of T'M, T*M admit the natural structure of

47
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G-manifolds (in fact G-vector bundles — we give a formal definition later).

Just as we did for G-spaces and representations, we may partition a G-
manifold into subsets of the same isotropy type. However, without further con-
ditions on the action, this partition may be quite pathological.

EXAMPLE 3.1.5. Let A : T? — T? be the diffeomorphism of the 2-torus
defined by A(z,y) = (2 +y,z +vy), (r,y) € R? mod Z2. Let M be the compact
3-manifold defined by identifying the ends of the cylinder T? x [0, 1] according

o (t,1) ~ (At,0). The unit vector field X (x,t) = (0,1) on T? x [0, 1] induces
a smooth vector field on M. Since M is compact, we can integrate X to obtain
a smooth R-action M x R — M (the resulting flow ® is called the suspension
of A — the construction is quite general, see section 9.4). Observe that every
periodic point of A lifts to a periodic orbit of ®2. The periodic orbits of ®4 are
the compact-orbits of the R-action. It is easily shown that the set of periodic
points of A is the set of rational points (%’, L) of T?. Hence the set of compact
orbits of the R-action is dense in M. However, the set of non-compact R-orbits
is also dense. Therefore, not only is the partition of M by isotropy type highly
irregular but (most) R-orbits are not (embedded) submanifolds of M. We remark
that ®/ is an example of a transitive Anosov flow — in this case the suspension
of the Anosov diffeomorphism (or ‘cat map’) A of the 2-torus.

The pathology described in the previous example does not occur when the
group G is compact. However, rather than make the assumption of compactness
at the outset, we prefer to start by making an additional assumption on the action
that is satisfied in a number of important cases — including the standard action
of the Euclidean group E(n) on R™.

We recall that a continuous map f : X — Y between locally compact metric
spaces is proper if f~1(K) is a compact subset of X whenever K is a compact
subset of Y. The map f is closed if f maps closed sets to closed sets.

LEMMA 3.1.6. Let f : X — Y be continuous. Then f is proper if and only if
f is closed and f~(y) is compact for ally € Y. If f is injective then f is proper
if and only if f is closed and then f is a homeomorphism onto f(X) (induced
topology).

PROOF. We prove that if f is closed and f~'(y) is compact for all y € YV
then f is proper and leave the remaining statements to the reader. Suppose
then that K is a compact subset of Y and let {U; |7 € I} be an open cover of
fYK). Since f~Y(y) is compact, we may for each y € K pick a finite subset
I, C I such that {U; | i € I} covers f~*(y). Since f is assumed closed, it follows
that V, = Y\ f(X \ Uies,U;) is an open neighbourhood of y € Y. Now use the
compactness of K to choose yi,...,yn € K such that {V,, | i=1,..., N} covers
K. Then {U; |i€I,,,j=1,...,N} is a finite open cover of f~(K). O
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DEFINITION 3.1.7. A smooth action p: M x G — M of G on M is a proper
action if the associated map

p:MxG— MxM, (x,9) — (z,p(x,9)) = (z, gx),
is proper. We refer to M as a proper G-manifold.

PROPOSITION 3.1.8. Suppose M is a proper G-manifold. Then

(1) For all xz € M, the map p, : G — M, p.(g) = gz, is proper.

(2) G, is a compact subgroup of G, Gz is a closed subset of M and the natural
map pl, : G/G, — Gz, g|G.| — gz is a G-equivariant homeomorphism.

(3) M/G is Hausdorff.

PROOF. Since p, is the restriction of the proper map p to the closed subspace
{z} x G, p, is obviously proper. Hence G, = p;*(z) is compact and Gz = p,(G)
is closed, lemma 3.1.6. Since the natural map p), : G/G, — Gz is proper and
injective it follows from the second part of lemma 3.1.6 that p! is a homeomor-
phism. The proof of the last statement is similar to that of lemma 2.3.4 using
the fact that G-orbits are closed. 0J

EXAMPLES 3.1.9. (1) The natural action of E(n) on R" is proper since since
the action of R™ on R™ by translation is obviously proper and E(n) = O(n) x R™.
(2) Let H be a closed subgroup of G. Then the left and right H-actions on G are
proper: G x H — G, (g,h) — hg, gh. Note that if H is not a closed subgroup,
then p: G x H— G x G is not closed — p~*({e} x G) = {e} x H is not closed.

REMARK 3.1.10. If M is a proper G-manifold then Illman [96] proved that
it is possible to give M, G real analytic structures so that the action of G on M
is real analytic. In the case when G is compact, this result was proved earlier by
Matumoto and Shiota [121] and the real analytic structure on M is unique (the
real analytic structure on G is always unique).

3.1.1. Proper free actions.

LEMMA 3.1.11. If p: M x G — M 1is a proper, free, smooth action on M,
then for all x € M, Gz is a closed submanifold of M.

Proor. The mapping p, : G — M, g — gx, is a G-equivariant smooth
homeomorphism onto Gz, proposition 3.1.8. In order to prove that p, is an
embedding, it is enough to show that p, is an immersion. It follows by G-
equivariance that the rank of T,p, : T,G — T,,M is constant on G. Applying
the rank theorem [41, 10.3], we see that if T,p, is not of maximal rank then p,
is not injective, contradiction. Hence Tjp, is of maximal rank and is therefore
injective. Therefore p, is an immersion. Alternatively, it suffices to prove directly
that T.p, : g — T, M is injective — this is easily done using the exponential map
and we introduce the general method shortly. 0
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DEFINITION 3.1.12. Let p: M x G — M be a proper, free, smooth action on
M with orbit map p : M — M/G. A local section of p : M — M/G over the
open subset U of M/G is a continuous map £ : U — M such that p§ = Idy.

We note the following elementary properties of a local section & : U — M of
p: M — M/G.
(1) £(U) meets each G-orbit p~'(z), z € U, in a unique point.
(2) g¢: U — M is alocal section for all g € G and ¢&§(U)NhE(U) = 0 unless
g=h..
(3) Ugeegé(U) is an open neighbourhood of p~'(z), z € U.
(4) € maps U homeomorphically onto £(U) (induced topology).
(5) The map U x G — p~Y(U) defined by (u,g) — g&(u) is a homeomor-
phism.
(6) If & : Uy — M are local sections, i = 1,2, then §12 = & op : &(U1NU,) —
& (Up NUs,) is a homeomorphism.

REMARKS 3.1.13. (1) Without the assumption that the action is free it may
not be possible to construct local sections at every point of the orbit space. For
example, the standard action of Zy on R does not admit a local section defined
on a neighbourhood of 0 € R/Zy = [0, c0).

(2) Conditions (1-4) amount to £(U) being a slice for all G-orbits through &(U).

THEOREM 3.1.14. Let p : M x G — M be a proper, free, smooth action on
M. Then M/G has a (unique) differentiable structure such thatp: M — M/G
is a smooth submersion (and admits local smooth sections).

PROOF. Let dim(G) = g, dim(M) = m. Given z € M, set p(x) = z. By
lemma 3.1.11, Gz is a g-dimensional closed submanifold of M. We prove the
result by showing that there exist local sections of p : M — M /G which patch
together to define the required differential structure on M/G.

Let n : D,(0) — M be a smooth embedding of the open r-disk, centre the
origin, in R™~", such that n(0) = z, n(D,(0)) N Gz = {z} and 7 is transverse to
Gz (Tyn(D,(0))+T,Gx = T, M). Choosing r smaller if necessary, we may assume
n(D,(0)) is compact. We claim that we can choose 0 < s < r such that for all
y € n(Ds(0)), n|Ds(0) is transverse to Gy, and GyNn(Ds(0)) = {y}. Suppose the
contrary. Then there exist sequences (z,,) C n(D,(0)), (g:) C G\V, where V is an
open neighbourhood of the identity in G, such that g;z,, € n(D,(0)) and z; — z.
Let A = {(x;,¢;x;) | i >1}. Since A C n(D,(0)) x n(D,(0)), A is a compact
subset of M x M and so, since the action is proper, {(x;,¢;) | ¢ > 1} is a compact
subset of M x G. Choosing subsequences, we may assume that g; — g € G\ V.
Since g;x;, x; — x, we have gxr = x, contradicting the assumption that the action
of G is free.

Set D, = n(Ds(0)) and Uz = p(D,,). It follows from our construction that Uz
is an open neighbourhood of Z. Since p|D, defines a homeomorphism of D, onto
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Uz, we may define £, = (p|D,)"! : Uz — D,. Clearly, & : Uz — M is a local
section of M.

Carrying out this construction for each z € M/G, we obtain a set U =
{(Uz, &) | © € M} of local sections of M with £, = ¢&, g € G. Using the
transversality of the sections &, to G-orbits, we deduce that the transition func-
tions &, : £, (Uz NUy) — &(Uz NUy) are smooth. Hence U defines a differential
structure on M/G. With respect to this structure, p|D, = &,(Uz) is a diffeomor-
phism onto U; and so p|p~'(U;) is a smooth submersion for all x € M. Hence
p: M — M/G is a smooth submersion. Using the local sections, it is trivial to
verify that the differential structure we have constructed is the unique differential
structure on M /G for which p: M — M/G is a smooth submersion. O

REMARK 3.1.15. The previous result also holds if the action of G on M is
proper and monotypic: there is only one isotropy type.

COROLLARY 3.1.16. Suppose that H is a closed subgroup of the Lie group G.
Then the homogeneous space G/H has a unique differential structure with respect
to which the quotient map p : G — G/H is a submersion. The natural action of
G on G/H is smooth. The action is proper if H is compact.

PROOF. The group H acts properly and freely on G by g — gh~!. It follows
from theorem 3.1.14 that G/H has a unique differential structure such that the
orbit map p : G — G/H is a submersion. Using local sections of G/H, we verify
that the natural action of G on GG/H by left translation is smooth. Finally, if H is
compact, we use lemma 3.1.6 to show that the action of G on G/H is proper. [

COROLLARY 3.1.17. Let p: M x G — M be a proper smooth action on M.
For all x € M, the map p, : G/G, — M, p.(9|G.]) = gz, is a smooth G-
equivariant embedding. In particular, Gz is a closed submanifold G -equivariantly
diffeomorphic to G/G,.

Proor. We know from proposition 3.1.8 that p, is a G-equivariant homeo-
morphism of G/G, onto Gz — in particular, p, : G/G, — M is a topological
embedding of G/G,. It suffices to prove that p, is an immersion. Just as in the
proof of lemma 3.1.11, the G-equivariance of p, implies that T, p, is of constant
rank, o € G/G,. Since p, is injective it follows from the rank theorem that T, p,
must be injective. Hence p, is an injective immersion. Alternatively, we may
proceed by noting that the kernel of the tangent map of g — gx at g = e is equal
to the Lie algebra g,. 0J

REMARK 3.1.18. Theorem 3.1.14 and corollary 3.1.16 can be formulated as
results about smooth principal G-bundles. We recall that a smooth map p :
E — B is a smooth G-principal bundle if: (a) G acts smoothly and freely on
the right on E, (2) p(zg) = p(z), for all x € E, g € G, (3) we can find an
open neighbourhood U of every b € B and smooth G-equivariant trivialization
¢y : Ux G — p 1 (U) C E such that ¢y covers the identity map on U. (We
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assume the right G-action on U x G, (u, k) — (u,kg).) If, in theorem 3.1.14, we
define the right action of G on M by mg = p(g)(m), then p : M — M/G is a
principal G-bundle over M/G. Corollary 3.1.16 may be restated as saying that
if H is a closed subgroup of G then p: G — G/H is a principal H-bundle (note
that the requirement that H acts on the right is quite natural in this case).

Specializing to the case GG is compact, the results of this section show that if
M is a G-manifold then

(1) G-orbits are compact G-invariant submanifolds of M.

(2) If z € M, Gz is equivariantly diffeomorphic to G/G,.

(3) If G acts freely on M, then M/G has a unique smooth structure with
respect to which the orbit map p: M — M/G is a principal G-bundle.

ExaAMPLE 3.1.19. Let H be a compact subgroup of the Lie group G and
(X, H) be a smooth H-manifold. Then the orbit map G x X — G xy X has the
structure of an principal H-bundle over G xy X. If we take the G x H-action
on G x X defined by (g,h)(v,z) = (gyh™!, hz), then every G x H-equivariant
smooth map f : G x X — G x X induces a smooth G-equivariant map f :
G Xy X —G Xy X.

3.2. (G-vector bundles

In this section we give the definition of a G-vector bundle together with one
important construction. We start with a rapid revision of the definition of a
smooth vector bundle over M (for fuller details, see any of [1, 18, 92, 103]).

Let E be smooth manifold and p : £ — M be a smooth surjective map. Given
r € M, we call p~'(z) = E, the fibre of p over z. We are interested in maps
p: B — M such that (a) the fibre E, has the structure of a vector space for all
x € M, and (b) the map p is locally a projection map in a way that preserves
the vector space structure on fibres.

DEFINITION 3.2.1. (Notation as above.) An E-trivialization (U, @) of p :
E — M over the open subset U of M consists of a smooth diffeomorphism
¢: E|U=p ' (U) — U x E such that 7y o ¢ = p, where 7y : U Xx E — U is the
projection onto U.

Let (U, ¢) be an E-trivialization of p : E — M. Given z € U, define the
smooth diffeomorphism ¢(z) : £, — E by
¢(x) = g 0 ($| Es),

where 7 : U X E — E is the projection on E.

Let U = {U; | i € I} be an open cover of M and T = {(U;, ¢;) | i € I} be a set
of E-trivializations p : E — M. Given i,j € I, suppose that U;; = U; N U; # 0.
For x € U;j, define ¢;;(z) : E — E by

ij(x)(e) = ¢(x);(z) "
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Since ¢;;(x) is a composite of diffeomorphisms, ¢;;(z) is a diffeomorphism of E.

DEFINITION 3.2.2. (Notation as above.) The set 7 = {(U;,¢;) | i € I} of
E-trivializations gives p : E — M the structure of a smooth vector bundle over
M with fibre E if ¢;; : U;; — GL(E), for all i,j € l and x € U;j. lf p: E — M
has the structure of a smooth vector bundle, we typically say that p: £ — M,
or just F, is a smooth vector bundle.

If T gives p: E — M the structure of a vector bundle, there exists a unique
linear structure on each fibre E, such that ¢;(x) : £, — E is a linear isomorphism
for all 7 € I such that x € U,.

DEFINITION 3.2.3. Suppose that M is a proper G-manifold, F is a G-manifold
and p : E — M is G-equivariant. Assume that p : E — M is a smooth vector
bundle. Then p : E — M is a smooth G-vector bundle if for all g € G, g : E, —
Ey. is a linear isomorphism.

REMARKS 3.2.4. (1) If p: E — M is a smooth G-vector bundle then F is a
proper G-manifold.
(2) For all z € M, (E,,G.) is a G,-representation. A good way of thinking of a
(proper) G-vector bundle is as a smooth family of compact group representations.

EXAMPLE 3.2.5. Let M be a proper G-manifold. The tangent bundle and
cotangent bundles of M are smooth G-vector bundles over M.

PROPOSITION 3.2.6. Let H be a compact subgroup of the Lie group G and
suppose that (V, H) is an H-representation. The twisted product G XV has the
natural structure of a smooth G-vector bundle over the proper G-space G/H.

PrOOF. We know from section 2.4 (exercise 2.4.4), that the fibre of the orbit
map p : G xgV — G/H, p(lg,x]) = g[H], is naturally identified with V. In
order to construct V-trivializations, it suffices to construct a trivialization over
a neighbourhood of [H] € G/H. Indeed, we can use the G-action on G/H
to transport the trivialization to a neighbourhood of any coset in G/H. Let
£ :U C G/H — G be a smooth local section of G over some open neighbourhood
U of [H € G/H. Define ¢ : G xyg VIU — U x V by ¢([¢(u),v]) = (u,v),
(u,v) € Ux V. Since p([£(u),v]) = wand £ is a local section, ¢ is a trivialization.
Finally, the action of G on G/H is proper by corollary 3.1.16. 0

3.3. Infinitesimal theory

In this section we look at the relationship between the tangent spaces to group
orbits and the Lie algebras of G and the isotropy groups of the action.

Let M be a smooth G-manifold and let C*°(T'M) denote the space of smooth
vector fields on M. We have a natural linear map

g— C*(TM), X — X,
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defined by
7 d
X(w) = = exp(tX)(2)|i=o-

LEMMA 3.3.1. Forz € M, g, ={X €g| X(z) =0}.
PrOOF. If X € g,, then exp(tX) € G,, for all t € R, and so exp(tX)(z) =z,
|

. (
for all t € R. Obviously X (z) = 0. Conversely, suppose that < 7 exp(tX)(7)]=o
0. Then for all s € R,

%exp((t+5)X)(x)\t:0 = exp(sX)%exp(tX)( )|i=o0,
=0

Hence exp(tX)(z) = z, for all t € R, and so X € g,, O

LEMMA 3.3.2. Let H be a closed subgroup of G then TimG/H = g/b.

PROOF. Let p : G — G/H be the quotient map. We have T.p(X)
Lp(exp(tX))|i=o. If X € b, then p(exp(tX)) = [H] (constant) and so T,p(h) =
{0}. On the other hand, p is a submersion and dim(G/H) = dim(g) — dim(h).
It follows that T¢p maps g onto TiyG/H. Hence TiyG/H ~ g/b. O

LEMMA 3.3.3. Let M x G — M be a smooth proper action. Then
T,Gr={X(z) | X € g}.

ProoOF. The map G/G, — Gz, gG, — gz, is an embedding. The result
follows from lemma 3.3.1. U

EXERCISE 3.3.4. Show that the map g — C>®°(TM), X ~ X is an anti-Lie
homomorphism: [X,Y] = —[X,Y], for all X,Y € g.

3.4. Riemannian manifolds

In order to investigate the stratification of M by isotropy type, we introduce
some tools from Riemannian geometry. We start with a quick review of basic
definitions and facts about Riemannian manifolds. For more details, the reader
may consult one of the many texts on Riemannian geometry (for example [18,
103]).

A smooth section £ of the bundle T*M ® T*M is a Riemannian metric on M
if (a) € is symmetric (§(z)(v,w) = £(z)(w,v), all v,w € T, M, all x € M), and
(b) positive definite ({(z)(v,v) > 0, all non-zero v € T, M). We say that M is
a Riemannian manifold if M comes equipped with a smooth Riemannian metric
¢. We denote the corresponding metric on M by d. The Riemannian manifold
M is complete if (M,d) is a complete metric space. It can be shown (see for
example, [103, 18]) that if M is complete then every pair of points z,y € M can
be joined by a minimizing geodesic (that is, there exists a geodesic v : [0,1] — M
such that v(0) = =, v(1) = y and d(x,y) fo |7/ ()] dt). It follows from
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the Hopf-Rinow theorem [103, Theorem 4.1] that the following conditions are
equivalent

(1) M is complete.

(2) All metrically bounded subsets of M are relatively compact

(3) Every geodesic on M is defined for arbitrarily large values of its canonical
parameter.

All compact Riemannian manifolds are complete.

3.4.1. The exponential map of a complete Riemannian manifold.
Suppose that (M,§) is a complete Riemannian manifold.

Let X € T, M. Then there exists a unique (maximal) geodesic vx : R — M
such that (a) 7x(0) = =z, and (b) 7%(0) = X. The exponential map of the
Riemannian metric is the map exp : TM — M defined by

exp(X) =7vx(1), X € TM.

It is well-known that geodesics can be represented as the solutions of smooth
second order differential equation on M (the geodesic ‘spray’). It therefore follows
from standard results on differential equations that exp : TM — M is a smooth
map. Let TMy = {0, | x € M} C TM denote the zero-section of TM. If we
identify 7'M, with M, it follows from the definition of exp that exp|T' M, can be
identified with the identity map of M. On the other hand if we set exp [T, M =
exp,, ¢ € M, then it follows from the definition of exp(X) in terms of vx that
Ty, exp, @ T, M — T,M is the identity map. Combining these observations
on the restriction of exp to the zero section and tangent space, it follows that
To, exp(v,w) =v+w, v,w € T, M.

Let D,(r) denote the open disk centre 0, radius r > 0 in T,,M. It follows from
the inverse function theorem that we can choose r > 0 so that D,(r) is mapped
diffeomorphically by exp, onto the open neighbourhood exp,(D,(r)) of z.

3.4.2. The tubular neighbourhood theorem. Let N be a closed sub-
manifold of M. Let TwM denote the restriction of TM to N. Then TN is a
vector sub-bundle of TyM. Restricting the Riemannian metric £ to N, let Q)
denote the orthogonal complement of TN in T M. That is, for each z € N, Q,
will be the orthogonal complement of the vector subspace T, N of T, M. If we let
q : @ — N denote the projection induced from 7y;|Ty M, then ¢ : Q — N has the
structure of a smooth vector sub-bundle of TyM and ¢ : Q — N is isomorphic,
as a vector bundle, to the normal bundle T)yM /TN of N.

Given 7 > 0, let Q(r) (respectively, Q(r)) denote the open r-disk bundle
(respectively, closed r-disk bundle) of Q.

PROPOSITION 3.4.1. Let N be a compact submanifold of M. We may choose
r > 0 such that exp restricts to a smooth embedding of QQ(r) onto the closed

neighbourhood exp(Q(r)) = T of N in M. Furthermore, T has smooth boundary
OT = exp(AQ(r)).
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ProOF. It follows from our earlier description of 7Tj, exp that Tj, exp : 1y, Q) —
T, M is a linear isomorphism for all z € N. Hence, for each x € N, we may choose
7, > 0 and an open neighbourhood U, of z € N such that exp maps Q(r,)|U,
diffeomorphically onto a neighbourhood of x in M. Since N is compact, we can
cover N by a finite set U,,,...,U,, and make r independent of x by setting
r =min{r,,,..., 7, }. In this way we define a local embedding exp : Q(r) — M.
It remains to show that we can choose r > 0 sufficiently small so that exp|Q(r)
is 1:1. Suppose the contrary. Then there exist a pair of sequences (y,,), (z,) C M
such that for n > [1/r] (a) exp(y,) = exp(z,), (b) yn = exp(Yy), 2, = exp(Z,),
where Y,,, Z, € Q(%), and (¢) y, # z,. Choosing subsequences, we may assume
that lim, .o vy, = v, lim, .o 2, = 2z, where y,z € N. Suppose y = z. Since
exp |Q(r) is a local diffeomorphism it follows by (a) that y, = z, for all suffi-
ciently large n, contradicting (c). If y # z then it follows by continuity of exp
that exp(y,) # exp(z,) for all sufficiently large n, contradicting (a). Hence there
exists n > [1/r] such that exp [Q(2) is 1:1. O

REMARKS 3.4.2. (1) The neighbourhood T = exp(Q(r)) (or its closure T =

exp(Q(r)) given by proposition 3.4.1 is called a tubular neighbourhood of N.
Referring to the figure, suppose that b € 9T. Then there exists a unique n € N
Geodesic joiningnh €N

to a point b lying in
the boundary of T

FIGURE 1. Tubular neighbourhood of N

such that b € exp(Q,,(r)). It follows from the definition of exp that there exists
a unique X € @, (r) such that the curve g(t) = exp(tX), t € [0, 1], is a geodesic
joining n to b. It is clear from the construction that ¢(#) minimizes distance
between b and N. Since the distance between b and N is independent of b € 0T, it
follows that g(¢) minimizes distance between 9T and N. Necessarily ¢'(1) L T,0T
(else there would exist a shorter geodesic from N to OT). Summarizing, every
geodesic starting at a point of N and perpendicular to N is perpendicular to 0T
at the first point of intersection.

(2) Proposition 3.4.1 holds if N is a closed submanifold of M with the proviso
that r will now be a smooth strictly positive function on N.
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COROLLARY 3.4.3. There exists a smooth diffeomorphism p : Q — T =
exp(Q(r)) such that
(1) p covers the identity map Iy of N (p is fibre preserving).
(2) p|Q(r/2) is the identity map (that is, q o p|Q(r/2) = exp.)

PROOF. Choose a smooth diffeomorphism ¥ : [0,00) — [0,7) such that

U(t) =1t,0 <t <r/2. For example, we may take ¥ to be of the form
t

(1+o(t)t2)/?’
where ¢ € C*°(R) is chosen so that o(t) = 0, t < r/2, lim; .o, o(t) = r~2 and
|o’(t)] is sufficiently small so that ¥'(¢) > 0, for all ¢ > 0. Define p(X) =
U(||X ||)H§—H We leave it to the reader to verify that p satisfies all the required
conditions. n

U(t) =

3.4.3. Riemannian G-manifolds. For the rest of the chapter we assume
that G is compact (some of our results hold for proper actions, see [138, 46]).

DEFINITION 3.4.4. A Riemannian G-manifold consists of a smooth G-manifold
M together with a G-invariant Riemannian metric on M.

LEMMA 3.4.5. Every G-manifold M may be given the structure of a (complete)
Riemannian G-manifold.

PRrooOF. If £ is a Riemannian metric on M, then £ is a smooth section of the
bundle T*M @ T*M. If we let &, denote the average over GG of £, then &, defines
a G-invariant Riemannian metric on M. Alternatively, let || || : M — R denote
the norm on T'M determined by &. Define

Jol? = /G lgoll2dg, (v € TM).

Then || ||, defines a G-invariant norm on TM. Clearly || ||2 : TM — R is smooth.
Since || || satisfies the parallelogram law so also does || ||, and hence || ||, is
determined by an inner product on T'M. Consequently, || |, defines a unique
G-invariant Riemannian metric &, on M.

If M is compact, (M,&,) is necessarily complete. Suppose that M is not
compact. A result of Nomizu and Ozeki [135] shows that (M, &, ) is conformally
equivalent to a complete Riemannian manifold. That is, there exists a smooth
function f : M — R such that the Riemannian metric f2¢, is complete. It follows
easily from the elementary construction used in [135] that we may choose f to
be smooth and G-invariant so that the resulting metric f2¢, is G-invariant and
complete. We refer the reader to [135] for details of the construction of f. [

REMARK 3.4.6. If M admits a G-equivariant (proper) embedding into a finite
dimensional representation (V, G) then we may pull back the Euclidean metric on
V to give a complete G-invariant metric on M. It follows from the Mostow-Palais
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theorem [130, 137] that there will be such an embedding if (and only if) there
are finitely many isotropy types for the action of G on M. In general, a finite
dimensional noncompact GG manifold may have infinitely many isotropy types.

EXERCISE 3.4.7. Assuming the Mostow-Palais theorem, show that if H is a
closed subgroup of the compact group G, then there exists a finite-dimensional
G-representation which has (H) as an isotropy type. (Hint: G/H)

Let M be a complete Riemannian G-manifold. The exponential map exp :
TM — M is G-equivariant. If N is a closed G-invariant submanifold of M
then the orthogonal complement of T'N in TyM is a G-invariant subbundle
q: @ — N of Ty M which is isomorphic, as a G-vector bundle, to the normal
bundle TyM /TN of N. All the constructions used in the proof of the tubular
neighbourhood theorem may be done equivariantly so as to obtain an equivariant
version of the tubular neighbourhood theorem (for more details see [26, Chapter
VI)).

PROPOSITION 3.4.8 (Equivariant tubular neighbourhood theorem). Let N be
a compact G-invariant submanifold of M. There exists r > 0 such that exp :
Q — M restricts to a smooth G-equivariant embedding of Q(r) onto a closed
G-invariant neighbourhood T of N in M. The neighbourhood T has smooth G-
invariant boundary OT = exp(0Q(r)).

Furthermore, we may choose a G-equivariant diffeomorphism p : Q — Q(r)
covering I such that p|Q(r/2) is the identity map.

As a corollary of proposition 3.4.8 we have Bochner’s linearization theorem.

THEOREM 3.4.9. Let M be a G-manifold and p € M be a fixed point for the
action of G (that is G, = G). Then we may choose local coordinates at p with
respect to which the action of G is linear.

ProoF. Give M the structure of a complete Riemannian G-manifold. Apply
proposition 3.4.8 with N = {p}. Then f = qop : T,M — M will be a G-
equivariant diffeomorphism onto a G-invariant open neighbourhood S of p. That
is, gf = fg and so the G-action on S is conjugate via f to the linear G-action
on T,M. 0

COROLLARY 3.4.10. If M is a smooth G-manifold then the fized point set M©
of the action is a closed G-invariant submanifold of M.

PROOF. An immediate consequence of Bochner’s linearization theorem. [

EXERCISE 3.4.11. Let M be a Riemannian G-manifold. Suppose that ¢ :
(a,b) — M is a geodesic such that ¢(0) € Gz and ¢'(0) L T,Gz. Show that
@' (t) L TyuyGo(t) for all t € (a,b). What can be said about the variation of
isotropy type along a geodesic?
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3.5. The differentiable slice theorem

In this section we apply the equivariant version of the tubular neighbourhood
theorem to prove the existence of slices for smooth G-manifolds, G-compact. We
indicate in the exercises the extension of the slice theorem to proper G-actions.

If H is a closed subgroup of the compact Lie group G and (V, H) is a finite-
dimensional H-representation, then the twisted product G x g V has the natural
structure of a G-vector bundle over G/H (proposition 3.2.6).

LEMMA 3.5.1. Let f : X — G/H be a G-equivariant diffeomorphism and
suppose that q : E — X is a G-vector bundle over X. Choose x € X with G, = H
and suppose that (V, H) is an H-representation. If (7' (x), H) is isomorphic as
an H-representation to (V,H), then ¢ : E — X 1is isomorphic as a G-vector

bundle to q:V xy G — G/H.

PrOOF. Without loss of generality, we may assume that X = G/H (replace
¢ : E — X by the push-forward bundle f,¢ : f,E — G/H). Since we as-
sume (V, H) is isomorphic to (77!(x), H), there exists an H-equivariant linear
isomorphism A : ¢ '(z) — V. Set W = ¢ !(x). Extend A G-equivariantly to
A E — V xyg G by A(gw) = gA(w), g € G, w € W. The map A is well-
defined since if gw = g'w’, where g,¢' € G, w,w’ € G, then g~'¢’ € H and so
gA(w) = g’ A(w') by H-equivariance of A. Since A is G-equivariant and restricts
to a linear isomorphism on fibres, it remains only to show that A is smooth.
Let £ : U C G/H — G be a smooth local section over an open neighbourhood
U of x. The section ¢ determines the trivialization ¢¢ : U x W — ¢ *(U), by
d¢(u, w) = &(u)w. Since the local representative A = Ag, is given explicitly by
Ae(u,w) = &(u)A(w), A is smooth. O

Let M be a smooth Riemannian G-manifold. Given z € M, set Gx = o, G, =
H and T, M/T,o = V and note that (V, H) is an H-representation. Let () denote
the orthogonal complement of T'av in T, M. It follows from proposition 3.4.8 that
there is a smooth G-equivariant embedding x : @ — M of @) onto a G-invariant
open neighbourhood of o in M such that x = exp on a disk neighbourhood of
the zero section of (). It follows from lemma 3.5.1 that () is isomorphic as a
G-vector bundle to q : V xy G — G/H =~ «. In future, we represent tubular
neighbourhoods of G-orbits a = G/H as embeddings x : V xzg G — M where
we assume that y identifies the zero section of V' x gy G with a ~ G/H.

THEOREM 3.5.2 (The differentiable slice theorem). Let M be a smooth G-
manifold. For everyx € M, we can choose a smooth family of slices S = {S, | y €
Gz} satisfying the following properties

(1) Each Sy is a Gy-invariant smooth submanifold of M.

(2) gS. NS, # 0 if and only if g € G,.

(3) S, is Gy-equivariantly diffeomorphic to the representation (T,Gx*, G,).
In particular, G acts linearly on S, if S, is given the linear structure
induced from T,Gz*.
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(4) GS; = UyeaaSy is an open G-invariant neighbourhood of Gx which is
G-equivariantly diffeomorphic to G X¢g, Sy.

(5) If N is a G-manifold and f : S, — N is a smooth G.-equivariant map,
then f extends uniquely to a smooth G-equivariant map f : GS, — N.

PROOF. Set G, = H, T,Gz+ =V. Let x : V xg G — M be a G-equivariant
tubular neighbourhood of Gz and define S, = x(x '(y), for all y € Gy. Prop-
erties (1 — 4) of the family S are immediate. It remains to prove (5). By
lemma 2.10.3, f has a unique G-equivariant extension f to G'S,. For the smooth-
ness of f we use a local section of G — G /H. We omit the argument which is
exactly that of the proof of the final part of lemma 3.5.1. U

COROLLARY 3.5.3. Let M be a smooth G-manifold, x € M and S, be a slice
for the action of G at x. Set G, = H and suppose that H < G. Then for all
y €Sy, N(Gy)y M S,.

ProoF. Apply Bochner’s linearization theorem to the G-manifold N(H)S,
at = and use the triviality of the G-action on N(H)z and S O

REMARK 3.5.4. Let M be a smooth G-manifold, x € M and S, be a slice for
the action of G at x. Set G, = H. Corollary 3.5.3 implies that for all y € S,
(N(Gy) N N(H))y = Nny(Gy)y M S, within N(H)S,.

EXERCISE 3.5.5. Extend the differentiable slice theorem to proper G-actions.
(Let x € M. Since G, is compact, we can choose a G -invariant inner product
on T,M and write T,M = T,Gx @ W, where W = T,Gz" is isomorphic to the
G -representation on the normal space T, M /T,Gx. Since x is a fixed point for
the action of the compact group G, we can find a G -equivariant diffeomorphism
L mapping T, M onto an open neighbourhood of z € M. Setting f = L|W, f
extends G-equivariantly to a smooth map f of G X q, L onto a neighbourhood of
Gx. Finally, using the properness of the action, show that one can choose a disk
subbundle D C L x¢, G so that f|D is a G-equivariant diffeomorphism onto an
open neighbourhood of Gz).

3.6. Equivariant isotopy extension theorem
In chapter 9, we need a version of the equivariant isotopy extension theorem.

THEOREM 3.6.1 (cf [26, chapter VI]). Let N be a compact G-invariant m-
dimensional submanifold with smooth boundary of the m-dimensional G-manifold
M. of Let hy : N — M, t € [0,1] be a smooth family of equivariant embeddings
such that hg is the inclusion iy : N — M of N in M. Then hy extends to a
G-equivariant diffeomorphism Hy of M. We may require that Hy = Iy, outside
of a preassigned open neighbourhood of Ui 11he(IN).

PROOF. Reparameterizing the isotopy h;, we may assume that h; is constant,
equal to 7y, for ¢t near 0, and constant equal to hy, for £ near 1. Extend the isotopy
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G-equivariantly and smoothly to N x R by setting h; = hg, t < 0, and h; = hq,
t > 1. We define a smooth G-equivariant vector field Z on M x R of the form
Z(x,t) = (Y(z,t),1). If t ¢ [0,1], we take Y (z,0) = 0. For (z,t) € hy(N) x [0, 1],
we define Y (hy(z),t) = 2%(x,t). Since hy is independent of ¢ for ¢ near 0 or
1, Y is well defined, smooth and G-equivariant on M x {0} U U;erhi(N) x {t}.
Since N = Utepoahe(IV) x {t} is a smooth submanifold of M x R with smooth
boundary, we may extend Y smoothly to M x R and then average over G so that
Y is smooth and G-equivariant. Since N is G-invariant, we do not change the
values of Y on N. We may further require that Y = 0 outside of any preassigned
compact G-invariant neighbourhood of N N (M x [0,1]). If we let ®; denote the
flow of Z, then ®,(M x {s}) = M x {s+t}, t € R. In particular, if we restrict to
M = M x {0}, we obtain a family H; : M — M of G-equivariant diffeomorphisms
of M such that Hy = Iy and H{|N = h;. O

3.7. Orbit structure for G-manifolds

Let M be a G-manifold, G a compact Lie group. As usual, let O(M,QG)
denote the set of isotropy types for the action of G on M. Given x € M, let
v(z) = (G,) € O(M, Q) denote the isotropy type of z. Let M, C M denote the
set of points of isotropy type 7. If H € 7, let M denote the fixed point set of
the action of H on M and M* = M, N M.

LEMMA 3.7.1. Let x € M and S, be a differentiable slice for the action of G
at x. Then
(a) Forall z € S,, G, C G, with equality if and only if y € SS=.
(b) If y € GS, then G, is conjugate to G, for some z € S,. In particular,
|O(GS,, G)| is finite and equal to the number of isotropy types for the
(linearized) G,-action on S,.

PRroOOF. Both statements follow from the differentiable slice theorem. O

PROPOSITION 3.7.2. Let 7 € O(M,G). Then M. is a G-invariant submani-
fold of M. If H € T, then

(1) ME is a closed N(H)-invariant submanifold of M,,

(2) MH is a closed N(H)-invariant submanifold of M, and

(3) M is an open N(H)-invariant submanifold of M . The induced free ac-
tion of N(H)/H on MY gives MH the structure of an N(H)/H -principal
bundle over M /(N(H)/H) ~ M, /G.

ProoFr. Let S, be a differentiable slice for the action of G at x € M,. By
lemma 3.7.1(a), M, NS, = S¢=. Since S¢= is the fixed point set of a linear
action, S is a G -invariant submanifold of S,. Hence, by statement (5) of
the differentiable slice theorem (or directly using a smooth local cross section
of G/G,), M. NGS, = GSS= is a G-invariant submanifold of M. This proves
that M, is a G-invariant submanifold of M. Statement (1) is immediate from
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corollary 3.4.10. If y € M| then by lemma 3.7.1 G, D H and so nG,n™' D H,
for all n € N(H). Hence N(H) acts on M* and (2) follows from corollary 3.4.10.
The action of N(H)/H on M,7" is free and, by theorem 3.1.14 and remark 3.1.18,
MH is an N(H)/H-principal bundle over M /(N(H)/H) ~ M, /G. O

EXAMPLE 3.7.3. Let Z, act on S? C R? by restriction of the linear Z-
action generated by k(x,y,z) = (—z,—y,z). The action of Zy has fixed point
set {(0,0,1),(0,0,—1)}. Let P?(R) be the real projective plane defined as S?/ ~
where x ~ y if and only if x = +y. The Zs-action on S? drops to a Zs-action
on P?(R) since x ~ y if and only if kx ~ ky. The fixed point set of the
Zy-action on P?(R) consists of an isolated point S together with a circle C of
fixed points corresponding to the equator of S%. In this case (TsP%(R),Zy) is
not isomorphic to (T.P?(R),Zs), all ¢ € C. This is in sharp contrast to what
happens for representations (V,G) where if (G,) = (G,), then we always have
(V.G,) = (V,G,) and the connected components of V; have the same dimension.
In the next section, we will refine the stratification of (M, G) by isotropy type
to take account of possible variation in the isomorphism type of the isotropy
representations (1, M, G.).

ProprOSITION 3.7.4. If M is a compact G-manifold or a G-representation,
then O(M, G) is finite.

ProOOF. We prove by induction on m = dim(M). The result is obvious if
m = 0. Suppose the result has been proved for all compact G-manifolds and
representations of dimension less than m. If M is an m-dimensional orthogonal
representation then the number of isotropy types for the action of G on M is
one more than the number of isotropy types for the induced action of G on the
unit sphere S(M) of M. Since dim(S(M)) = m — 1, it follows by induction
that the number of isotropy types for m-dimensional representations is finite.
Now suppose M is compact. Given x € M, we can choose coordinates on a
differentiable slice S, at x such that S, has the structure of a G -representation.
Since dim(S,) < m, it follows that the number of G,-isotropy types for S, is
finite and so, by lemma 3.7.1(b), the number of G-isotropy types for the action
of G on GS; is finite. Since M is compact, M can be covered by a finite number
of tubular neighbourhoods of this type and so O(M, G) is finite. O

We define a relation < on O(M, G) by
T <, if M, "M, # 0.

LEMMA 3.7.5. Let T, € O(M,G) and suppose T < u. Then there exist
Her,Jepsuch that HC J. With the notation of section 2.5

T U=T7T< [

If (V,QG) is a G-representation then < coincides with the partial order <.
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PROOF. For the first statement, take a slice at a point = € M, N M,. It
remains to show that if H € 7, J € g and H C J then V, NV, # 0. Choose
reVH ye VMH and apply the argument of the proof of proposition 2.9.7(2). O

In general, < does not define a partial order on O(M,G) for G-manifolds.
However, by lemma 3.7.5, < always extends to the partial order < on O(M, G).

DEFINITION 3.7.6. An isotropy type 7 is mazimal if M, N M, = () for all
isotropy types u # 7.

REMARK 3.7.7. (1) If 7 is maximal then M, is a closed G-invariant submani-

fold of M. Every maximal isotropy subgroup (order subgroups of GG by inclusion)
defines a maximal isotropy type. If 7 is maximal with respect to < then 7 may
not be <-maximal.
(2) If (V,@G) is a G-representation, then the maximal isotropy type is (G). For
representations, we usually define the maximal isotropy type to be the maximal
isotropy type for the induced action on the unit sphere S(V'). A maximal isotropy
type will then be a maximal proper isotropy subgroup of G.

The situation concerning minimal isotropy types is more satisfactory.

THEOREM 3.7.8. Let M be a connected G-manifold (not necessarily compact).
There exists a unique minimal isotropy type II. We have

(1) My is open and dense in M.

(2) 7>1II for all T € O(M,G), T # IL

(3) If H € TI, then G(M™) = M, that is M intersects every G-orbit.
(4) If dim(M,) < dim(M) — 1, all T # I1, then Mp is connected.

We call II the principal isotropy type and My the principal orbit stratum.

PROOF. We start by proving (1). Our proof goes by induction on dim(M) =
m. The result is trivial in dimension zero. In the zero-dimensional case the result
is also true if G acts either trivially or transitively on M.

Suppose the result proved in dimensions less than or equal to m —1. Consider
first the case of an m-dimensional orthogonal G-representation (V, G). Restricting
the action of G to the unit sphere S(V') and applying the inductive hypothesis,
we see that (S(V),G) has a unique minimal isotropy type IT and that S(V)y is
open and dense in S(V') (note the special argument needed in case dim(V') = 1).
Hence, by linearity, Vi = R*S(V )y is open and dense in V' and so the result is
true for m-dimensional representations. Suppose M is a connected m-dimensional
G-manifold. Using the differentiable slice theorem, we may cover M by open sets
U; diffeomorphic to G x g, L;G, where H; is an isotropy group and (L;, H;) an
Hj-representation on a normal space. By induction (applied to (L;, H;)) and
lemma 3.7.1, we see that each G Xy, L; has a unique minimal isotropy type II;
and that (L; X g, G)m, is open and dense in L; xgy, G. If U;NU; # 0, then
II; = II;. Hence, since M is connected, there exists a unique minimal isotropy
type II for the action of G on M and My is open and dense in M.
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Since My is dense in M, (2) is immediate by lemma 3.7.5. Let H € II.
Then My N M = M is open and dense in M#. Since G is compact and M#
closed, GM* is a closed G-invariant subset of M and is therefore equal to M
since G(Mil) = My is open and dense in M. Hence M* intersects every G-orbit.

Finally, if dim(M,) < dim(M) — 1, all 7 # II, then none of the submanifolds
M, disconnect M (locally) and so M \ U,.nM, = My is connected. O

REMARKS 3.7.9. (1) We could have assumed M /G connected in theorem 3.7.8
and dropped the statement on connectedness of M.
(2) If H € My, then N(H)-acts on M*. Since H-acts trivially on M* it follows
that we have an induced smooth action of N(H)/H on M*# . The action will be
free on M. (See also proposition 3.7.2(4).)

EXERCISE 3.7.10. (1) Let G be finite and M be a connected G-manifold.
Show that if H € II, then H < G and H acts trivially on M. Deduce that it is
no loss of generality to replace G by G/H and regard the group as acting freely
on M. Does this argument work if GG is not finite?

(2) Let G be finite and M be a connected G-manifold. Assume the principal
isotropy is trivial (see (1)) and that G # {e}. Prove that dim(M%) < dim(M)—1
with equality only if G = Z,.

(3) Let G be connected and M be a connected G-manifold. Let dim(Gz) = r,
x € Mp. Let M, D My denote the union of all orbits of dimension r. Show that
dim(M \ M,) < dim(M) — 2 (that is, show that if 7 € O(M, G) is the isotropy
group of a G-orbit of dimension less than r, then M, is a locally finite union
of connected manifolds of dimension at most dim(M) — 2). Deduce that if all
orbits of top dimension are principal orbits, then My is connected. (In fact the
connectedness of M holds whenever G is connected without any restriction on
orbits of top dimension. However, dim(M \ Myr) may then equal dim(M) — 1.)

3.7.1. Closed filtration of M by isotropy type.

LEMMA 3.7.11. Let M be a G-manifold and suppose O(M, G) is finite. There
exists at least one mazimal isotropy type.

PROOF. By the finiteness of O(M, G) every ascending chain py < ps < ...
must terminate. U
Let O; be the set of maximal isotropy types. Let Oy C O(M, G) \ O; be the
set of isotropy types p such that if 7 > u then 7 is maximal. Observe that, by
definition of <, it follows that if 1 € Oy, then OM,, consists of points of maximal
isotropy type. Continuing inductively, we define O; C O(M,G), j = 1,...,N,
so that
(1) If u € Oj, then 8MM C Ui Ureo, M.
(2) Oy = {I1}.

LEMMA 3.7.12. For 1 < j < N, define M7 = Ui<j Ureo, M.. We have
(1) M7 is a closed G-invariant subset of M.
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(2) If j < N, then for all T € Oj41, M7 U M, is a closed G-invariant subset
of M. B B
(3) If 7, € Oy, then M, N M, C M.

EXERCISE 3.7.13. Extend, as far as possible, the results of section 3.7 to
proper G-actions. (Perhaps the main problem is finding conditions on a proper
G-manifold M that guarantee finiteness of O(M,G). Of course, this issue is
circumvented in our statement of lemma 3.7.11.)

3.8. The stratification of M by normal isotropy type

Let M be a smooth G-manifold. Given z € M, let N(x) = (T,N/Gz,G,)
denote the normal representation at x.

DEFINITION 3.8.1. Points x,y € M have the same normal isotropy type if

(1) z,y have the same isotropy type.
(2) There exists z € Gy such G, = G, and N(z) is isomorphic as a G-
representation to N (z).

REMARKS 3.8.2. (1) Without additional assumptions, for example if G is
Abelian, it is not necessarily the case that if z € Gz and G, = G, then N (z) is
isomorphic as a G,-representation to N (z).

(2) All points in My have the same normal isotropy type.
(3) Although we shall not use the definition here, it is common to require that
x,y have the same normal isotropy type if there exists z € Gy such that N (z)
and N (x) are isomorphic up to a trivial factor (see [155]).

The next lemma is an easy consequence of the differentiable slice theorem.

LEMMA 3.8.3. Let 7 € O(M,G).

(1) If A is a connected component of M, then normal isotropy type is con-
stant on G(A).

(2) If A, B are connected components of M, with the same normal isotropy
type, then dim(A) = dim(B).

Let O*(M, G) denote the set of normal isotropy types for the G-manifold M.
If 7€ O(M,G), we let (1) € O(M,G) denote the associated isotropy type. Let
M, C M denote the set of points in M with normal isotropy type 7. Obviously
M, C M,;). We let d(7) denote the dimension of M, — this is well-defined by
lemma 3.8.3

LEMMA 3.8.4. If O(M,G) is finite so is O*(M,G).

ProOF. For all d > 1, a compact Lie group H has only finitely many isomor-
phism classes of representations of degree less than or equal to d. Hence, since M
is finite dimensional, it follows that for each 7 € O(M, G), there are only finitely
many associated normal isotropy types. 0]
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PROPOSITION 3.8.5. Suppose that O(M,G) is finite. Then normal isotropy
type partitions M into finitely many G-invariant manifolds.

(1) For each ™ € O*(M,G), the dimension d(7) of the connected components
of M. is constant.

(2) If T £n € O*(M,G) and (1) = 1(n), then M, N M, = 0.

(3) If T #n € O*(M,G) and T = n (that is, M,NM, # 0), then d() > d(n).

(4) If d(1) = dim(M), then (1) = II and M, = M.

PROOF. Statement (3) follows from the differentiable slice theorem; the re-
maining statements follow from the preceding discussion and lemmas. O

We refer to S = {M, | 7 € O*(M,G)} as the stratification of M by normal
1sotropy type. Before giving our main result about S, we need to review the
theory of stratified sets.

3.9. Stratified sets

Let X be a subset of the differential manifold M. A stratification S =
{Xo|a € I} of X consists of a locally finite partition of X into connected
submanifolds X,. That is,

X = Uaer Xaa
where each X, is a connected submanifold of M and we can find a neighbourhood
U of every point x € M which meets only finitely many X,. We refer to the sets
X, as strata. In what follows, we will sometimes weaken the requirement that
the strata are connected but we always insist that X, consists of submanifolds
all of the same dimension. We set dim(X,) = d,.

DEFINITION 3.9.1. The stratification § of X C M satisfies the frontier con-
dition if
0X, C Ud5<daXﬁ-
ExXAMPLE 3.9.2. The stratification of a GG-manifold by normal isotropy type
satisfies the frontier condition (proposition 3.8.5(3)).

The frontier condition already imposes rather strong conditions on a stratifica-
tion. It follows from the frontier condition that the higher dimensional strata are
in some sense attached to the lower dimensional strata. If we are given a smooth
map f : N — M such that f is transverse to a stratum X, then it is natural to
require conditions on S that imply that (A) if 0Xg D X, then f is transverse to
X near X, and (B) that transversality and the local intersection f~'(X) near
X, are preserved under sufficiently smooth perturbations of f. Whitney [177]
formulated two conditions (a) and (b) on a stratification that imply properties
(A) and (B). These conditions are now known as the Whitney regularity condi-
tions (a) and (b). We give a brief description of these conditions here. For a
more detailed introduction to stratification theory, we refer the reader either to
Mather’s original article [119] or to the lecture notes by Gibson et al. [77]. We
discuss in greater detail some of the issues raised here in chapter 6.
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DEFINITION 3.9.3 (Whitney’s condition (a)). Suppose that X,, Xz € S are
disjoint strata and that Xz N X, # 0. The pair (X, Xj3) satisfies Whitney’s
condition (a) if given z € X3 N X, and a sequence (y;) C Xj such that the
sequence of tangent spaces (7, Xg) converges to a linear subspace £ C T, M, we
have L D T, X,.

REMARK 3.9.4. Condition (a) implies that 7, X3 is close to 7, X, when y is
close to x. It is not surprising therefore that if f : N — M is transverse to X,
at x then f will be transverse to Xg near x.

DEFINITION 3.9.5 (Whitney’s condition (b)). Suppose that X,, Xz € S are
disjoint strata and that Xz N X, # (. The pair (X,, X3) satisfies Whitney’s
condition (b) if given z € X 3N X,, alocal coordinate system at x, and sequences
(i) C X, yi — x, (x;) C X4, ¥ — x such that the line joining y; to z; converges
to a line ¢ C T, M and the sequence of tangent spaces (7,,Xg) converges to a
linear subspace £ C T, M, then E D /.

REMARKS 3.9.6. (1) A stratification is Whitney regular if it satisfies condi-
tions (a) and (b).
(2) Condition (b) is much stronger than (a). In figure 2 we show a stratification
of a surface S that satisfies (a) but not (b). The surface S is defined by the equa-
tion y? — t22% — 23 = 0. As one-dimensional stratum S; we have taken the t-axis.
The two dimensional strata are then the four connected components Si, ..., S5
of S\ S;. Tt is easy to see that (a)-regularity holds for (S1,S5%), 7 =1,...,4, and
that (b)-regularity holds for (S}, S%), i = 3.4. However (b)-regularity fails for
(S1,5%), ¢ = 1,2 at the origin. Although (b)-regularity fails for this example, the
topological type of the intersection of X with transversals to X through the origin
is constant. This is a characteristic property of points satisfying (a)-regularity
(see [109, 172]).

EXERCISE 3.9.7. (1) Show that Whitney’s condition (b) implies condition (a).
(2) Find a stratification of the surface of figure 2 that satisfies condition (b).
(3) Show that ({(0,0)},{e " (cosr,sinr) | r > 0}) does not satisfy (b)-regularity.
Does it satisfy (a)-regularity?

We use the following lemma in the next section. The proof follows easily from
the definition of Whitney regularity.

LEMMA 3.9.8. Let S = {S, | @ € A} be a Whitney reqular stratification of the
subset X of the differential manifold M. Then for allk > 1, S = {Se xR* | a €
A} is a Whitney regular stratification of X x R¥ ¢ M x RF.

3.9.1. Transversality to a Whitney stratification.

DEFINITION 3.9.9. Let M, N be smooth manifolds. Let X be a closed subset
of N and suppose that X has Whitney regular stratification S. A smooth map
f M — N is transversetransversality to stratification to S at x € M if either
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t

FIGURE 2. A stratification satisfying condition (a) but not (b)

f(z) ¢ X or f(z) € S, € S and f is transverse to the submanifold S, of N at
x (that is, Ty Sa + TofTuM = TyyN.) If f is transverse to S at all points
x € M, we say f is transverse to S. We write this f hs X (or just f h X when
the stratification is implicit from the context).

The next lemma follows (easily) from Whitney (a)-regularity.

LEMMA 3.9.10. Let M, N be smooth manifolds and X be a Whitney stratified
closed subset of N. If f : M — N is transverse to S at x € M, then we can
choose an open neighbourhood U of x in M such that f : M — N s transverse

toS forally e U.

PROPOSITION 3.9.11 (Mather [119, Corollary 8.8]). Let M, N be smooth man-
ifolds and let S be a Whitney stratification of the closed subset X C N. Suppose
that f d X. Then f*(S) = {f~'(S.) | Sa € S} is a Whitney stratification of
fFHXD.

THEOREM 3.9.12 (Thom-Mather transversality theorems for stratified sets).
Let M, N be smooth manifolds and let S be a Whitney stratification of the closed
subset X C N.

(1) (Density) The set of smooth maps f : M — N satisfying f M X is dense
in C*(M,N) (in the C* or Whitney C*°-topology).

(2) (Openness) If M is compact, then the set of smooth maps f : M — N
satisfying f M X is open in C°(M, N) (in the C*-topology).
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(3) (Isotopy theorem) If M is compact and f : M x [0,1] — N, is a smooth
family of maps such that f, h X, t € [0,1], then there exists a (contin-
uous) isotopy F : M x [0,1] — M of homeomorphisms of M such that

F(f71(X)) = fo 1(X), t € [0,1].

PROOF. The proof may be found in [119, 77]. We remark that density and
openness follow easily using standard results from transversality theory. The
isotopy theorem is harder and, in particular, we cannot require that the isotopy
is O let alone smooth. O

3.9.2. Regularity of the stratification by normal isotropy type.

PROPOSITION 3.9.13. Let M be a smooth G-manifold. Then the stratification
of M by normal isotropy type is Whitney regular.

PROOF. Let x € M. Suppose dim(Gz) = k and S, be a smooth slice at x.
Using a local section of G over G /G, we see that the induced orbit stratification
on GU is locally diffeomorphic to the product of R* with the stratification of S,, by
G-isotropy type. Hence, by lemma 3.9.8, it is enough to verify that if (W, H) is
an H-representation, H compact, then (W W, ) satisfies the Whitney regularity
conditions for 7 € O(W, H), 7 # (H). Another application of lemma 3.9.8 allows
us to restrict to representations (W, H) for which W# = {0}. Let (u;) C W, be
a sequence such that u; — 0 and T,, W, — L. Set v; = u;/||w;|| and let S(W)
denote the unit sphere of W. Noting that AW, = W, for all A\ € R*, we see that

v — VE S(W),

TmWT = T’L)Z‘WT = TvZ(S<W> N WT) D R’Ui,
— LNT,S(W) & Ro.

Hence L D Rv and Whitney’s condition (b) is satisfied. O

EXERCISE 3.9.14 (Stratumwise transversality). Let M, N be G-manifolds and
P be a G-invariant submanifold of N. Show that for every H € 7 € O(M, G),

T(H)={f € C¥(M,N) | flM" t P* (within N7)}

is a residual subset of C (M, N). Deduce that the set 7 = N7 (H) of maps
which are stratumwise transverse to P form a residual subset of C&F(M, N). Even
if M and P are compact, 7 will not usually be open, see chapter 6.

EXERCISE 3.9.15. Generalize our results on stratifications of G-manifolds to
proper Lie group actions. What problems arise when we consider stratifications
and transversality (in particular the isotopy theorem)?
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3.10. Invariant Riemannian metrics on a compact Lie group

We conclude this chapter with some more results about compact Lie groups
and homogeneous spaces. This work will be useful when we study relative equi-
libria for equivariant vector fields and maps.

Let G be a compact Lie group. We define composition on G x G by

(a,b)(c,d) = (ac,bada™), (a,b,c,d € G).

If we set G. = G x {eg} and G, = {eg} X G, then G, <G x G and G x G is the
semidirect product G. x G,. We define a smooth action of G x G on GG by

(9. k)y=gvg k™", ((9,k) € Gx G,y €Qq).

If we restrict this action to the subgroups G. = G x {eg} and G, = {eg} x G
we recover the actions by conjugation and right multiplication translation. If we
restrict to the subgroup G, = {(g9,97') | ¢ € G} = G, we obtain the action of G
on GG by left translation.

3.10.1. The adjoint representations. Since G.e = e, the isotropy group
(G X G). = G.. The associated isotropy representation of G = G, on T,G = g
is the adjoint representation of G and is denoted by Ad : G — GL(g). If we
define the homomorphism ¢ : G — Aut(G) by ¢(g)(h) = ghg™!, then the adjoint
representation is given by

Ad(g)(X) = Tec(9)(X), (g€ G, X €9).
The adjoint representation is trivial if G is Abelian.

REMARKS 3.10.1. (1) Since the Lie algebra of GL(g) is L(g,g), we recover
the adjoint Lie algebra representation ad : g — L(g, g) defined in chapter 1 by
taking ad(X) = T.Ad(X), X € g.

(2) Since exp : g — G is natural —lemma 1.5.13(4), exp : g — G is G ~equivariant.
That is, if g € G, n € g, then

gexp(n)g~' = exp(Ad(g)(n)).

In the next section we reprove this result by viewing exp as the exponential map
of a G.-invariant Riemannian metric.

3.10.2. The exponential map. Let £ be a G x G-invariant Riemannian
metric on G. In order to construct ¢ it suffices to choose an inner product on g
which is invariant with respect to the adjoint representation of G (average over
GG) and then extend to all tangent spaces of G by left translation. Alternatively,
any Riemannian metric for G can be averaged over G x (G. Since G is compact,
¢ is a complete Riemannian metric and so geodesics are infinitely extendable and
connect all points of G.

It follows by Gj-invariance that if v : R — G is a geodesic then so is g7, all
g € G. Let d denote the associated metric on G. The G x G-invariance of &
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implies that for all g, ¢’, h, k € G we have

d(ghyg', gkg') = d(h, k).

It follows that we can choose a base U of (disk) neighbourhoods for e € G such
that gUg™' = U, all g € G, U € U.

For each X € g, there exists a unique geodesic vx : R — G such that
7% (0) = X. (If X = 0, then 7x = e.) It follows from the parallelizability of
G (example 1.5.8 and [18, Chapter 6]) that v (t) = 7x(t)X € T, (X, for all
t € R. That is, geodesics are given by the integral curves of the left-invariant
vector fields on G (section 1.5.2). Hence the exponential map exp : g — G defined
by

exp(X) = yx(1), X €g,

coincides with the exponential map of G defined in chapter 1. (This is a general
fact about the exponential map of a Lie group [18, 6.3.2].)

Applying our results for the exponential map of a Riemannian G-manifold,
we see that exp : g — G is G-equivariant with respect to the adjoint action of
G on g and the action by conjugation on G (cf remarks 3.10.1(2)). Further, we
may choose r > 0 so that exp maps the open r-disk neighbourhood D(r) of 0 € g
diffeomorphically onto an open neighbourhood U of the identity e € G where
gUg ' =U, forall g € G.

3.10.3. Closed subgroups of a Lie group. Let H be a closed subgroup of
G. Since H is an N(H) x H-invariant submanifold of G, TH and TyG — H are
N(H) x H-vector bundles over H. In particular, the normal bundle TyG/TH —
H has the structure of an N(H) x H-vector bundle over H.

LEMMA 3.10.2. Let G be a compact Lie group with G x G-invariant Riemann-
1an metric. Suppose that H is a closed subgroup of G and let ¢ : Q — T C G be
an N(H) x H-invariant tubular neighbourhood of H in G. Set S, = q(Q.). If we
define x : T — S, by x(g9) = SeNgH, then x is a well-defined smooth submersion
satisfying

(1) Forallge T, gH = x(g9)H.

(2) x|Se is the identity map.

(3) x is N(H)-equivariant: x(ngn™') =nx(g)n™', n € N(H), g€ T.

(4) If K is a closed subgroup of H, then x(g) € Ca(K) for allg € N(K)NT.
)

In particular, if n € TN N(H), then x(n) € Ca(H).

PRrROOF. The G x G-invariant Riemannian metric on G restricts to an N(H) x
H-invariant metric on Q = TyG/TH. Let ¢ : Q — T C G be an N(H) x H-
invariant tubular neighbourhood of H in G. Since ¢ : Q — T C G is an H-
equivariant embedding, where H acts by left translations, ¢(Q.) N q(Qn) = 0, all
h € H, h # e. Hence for all V' € @, the H-orbit of g = ¢(V) meets S, = ¢(Q.) in
exactly one point, x(g). By construction, gH = x(g)H. Since ¢ is an embedding,
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each coset gH meets S, transversally. Hence, x : T — S, is a smooth submersion.
Statement (2) is trivial. Suppose that n € N(H), g € T. Then

1

x(ngn Y YH =ngn 'H = ngHn " = nx(9)Hn ' = nx(g)n 'H.

It follows from the N (H )-invariance of S, that ny(g)n~' € S, and so x(ngn™') =
nx(g)n~!, proving (3). Finally suppose g € N(K)NT, k € K. Since K C H C
N(H), it follows from (3) that x(kgk™') = kx(g)k~'. But kgk™' = gk’ for some
k' € K since g € N(K). Now x(gk') = x(g) and so x(g) = x(kgk™") = kx(g)k™",
all k € K. Hence x(g) € Ce(K). O

COROLLARY 3.10.3. Let H be a closed subgroup of G. Then

(1) N(H)o = Hy - Ca(H)o.
(2) (N(H)/H)o = N(H)o/Ho ~ C(H)o/Z(H)o.

PRrROOF. Since the identity component of a Lie group is generated by any
open neighbourhood of the identity, lemma 3.10.2(4) implies that every element of
N(H)o may be written hc, where h € Hy, ¢ € Cq(H)o, proving (1). Statement (2)
follows since N(H)o/Hp embeds as a connected open subgroup of N(H)/H. O

REMARK 3.10.4. In terms of Lie algebras, we have n(h) = h+c(h) and C(H)
is transverse to H at e € G within N(H). Note also that ¢(h), n(h) are invariant
under the adjoint action of H on g. Another way of viewing lemma 3.10.2 is
to note that if ¢ € T then d(x(g),e) = d(gH,H) = d(gH,e). If follows by
H x H-invariance that d(hx(g)h™',e) = d(hgH,H), h € H. Now d(hgH,H) =
d(x(hg), e) and so, by uniqueness of the point in hgH N S, closest to H, we must
have x(hg) = hx(g)h~!. If particular, if g € N(H), so that x(hg) = x(g), we
have x(g) € Ca(H).

EXERCISE 3.10.5. Prove a version of lemma 3.10.2, in particular statement
(4), that applies when we only assume H is compact. (For statement (3), replace
N(H) by H.)

As a straightforward corollary of lemma 3.10.2 we have the following improved
result on the existence of local sections.

LEMMA 3.10.6. Let H be a closed subgroup of the compact Lie group G.
Let N(H) act smoothly on G/H by g[H] — ng[H|n™' = ngn™'[H]. Given
an open neighbourhood V- of [H] € G/H, we may choose an N(H)-invariant
open neighbourhood U C V' of [H| and smooth N(H)-equivariant local section
o:UCG/H — G of the quotient map p: G — G/H.

We call a local N(H)-equivariant section of G — G/H an admissible section.

EXERCISE 3.10.7. Let 0 : U C G/H — G be an admissible local section. Let
K be a closed subgroup of H and suppose g € N(K), g[H] € U. Show that

o(glH]) € Ca(K).
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LEMMA 3.10.8. Let M be a G-manifold and o C M be a G-orbit. Suppose that
Sy 1s a differentiable slice at x € «, set G, = H, and let 0 : U C G/H — G be
an admissible local section. Define p° : Sy x U — o(U)(Sy) by p°(y,u) = o(u)y.
(1) p7 is an H-equivariant diffeomorphism of S, x U onto the open H -
invariant subset o(U)(S,) of M.
(2) Forally € Sy, Tyo(U)y is a Gy-invariant subspace of T,M.
(3) Ifu=g[H] €U, g € N(Gy), then p?(y,u) € Cc(Gy)y.

PROOF. Since S, is a slice and o is a section, p? is a diffeomorphism of S, x U
onto the open set o(U)(S;). Since o is admissible, we have o(hu) = ho(u)h™*
for all h € H and this gives the H-invariance statements of (1). For (2) we use
the H-equivariance of p” together with G, C H for all y € S,. Finally (3) is a
consequence of exercise 3.10.7. ]

REMARK 3.10.9. If y € S,, then C(G,) C C(G,) and so the corollary implies
that Cq(Gy)oy h S, within N(H)S,. See also corollary 3.5.3 and remark 3.5.4.






CHAPTER 4

Equivariant Bifurcation Theory: Steady State Bifurcation

4.1. Introduction and preliminaries

In this chapter we start our investigation of bifurcation of the trivial solution
of one-parameter families of G-equivariant vector fields defined on a non-trivial
irreducible representation (V,G). We assume throughout that G is finite and
(V,G) is an absolutely irreducible orthogonal representation. In particular, V' is
equipped with a G-invariant positive definite inner product (, ) with associated
norm || ||. We denote the unit sphere of V' by S(V).

If U is an open G-invariant subset of V, let C& (U, V') denote the space of
smooth G-equivariant vector fields on U. Give CF(U,V) the C*°-topology —
uniform convergence of a function and all its derivatives on compact subsets of U
(see section 2.10.1). A base of open subsets for C (U, V') consists of all subsets
NX,K,re)={Y e C(U,V) || X =YX <&}, where X € C¥(U,V), r €N,
e > 0, K is a compact subset of U, and || X —Y||X is the C" supremum (uniform)
norm of X —Y on K. The space CZ(U,V) is a Fréchet space if we define for
r > 0 the seminorm ¢. on C(U,V) by ¢.(f) = I£I5C) . where (K (r)) is an
increasing sequence of compact subsets of U with U, K(r) = U.

We recall some general facts about zeros of smooth vector fields. Let z be a
zero of the smooth vector field X.

(1) z is a simple zero if DX (z) is non-singular.

(2) zis a hyperbolic zero if DX (z) has no eigenvalues with real part zero,
If z is a hyperbolic zero of the vector field X, we define ind(X,z) € N to be
the number of eigenvalues of DX (z) with strictly negative real part (counting
multiplicities).

The next result is a standard application of the implicit function theorem.

LEMMA 4.1.1. Let U be a G-invariant open subset of V. Suppose that X €
C&(U,V) has a simple zero z € U. Let K be a compact neighbourhood of z in
U. Then we may choose an open neighbourhood U(z) C U of z and € > 0 such
that if Y € N(X, K,1,¢), then

(1) Y has a unique simple zero n(Y') € U(z).
(2) n : N(X,K,1,e) — U(z) is continuous with respect to the seminorm
12X = Y.
If z is a hyperbolic zero of X, then we may choose U(z), € so that n(Y) is
hyperbolic and ind(Y,n(Y)) = ind(X, 2), for allY e N(X, K,1,¢).

75
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4.1.1. Normalized families. Let G act on V x R by g(v, A) = (gv, ). Let
V=V(V,G) =CZ(V xR, V) denote the vector space of smooth G-equivariant
maps from V x R to V. If X € V, we define the 1-parameter family {X,}er of
smooth G-equivariant vector fields on V' by X,(v) = X(v,A), A € R. We give
V the C*°-topology (uniform convergence of a function and all its derivatives on
compact subsets of V' x R). Subsets of V are given the induced topology.

Let X € V. Since (V,G) is a non-trivial irreducible representation, V¢ =
{0} and so (proposition 2.10.4(2)) X,(0) = X(0,A) = 0, for all A € R. We
refer to this set of zeros of X as the trivial branch of zeros of X. We study
zeros of X that bifurcate off the trivial branch of zeros as we vary A. Since
DX,(0) € Lg(V,V) and (V,G) is absolutely irreducible, DX,(0) = ox(\)1y,
where ox(A) = det(DX,(0)) € R and ox € C®(R). If ox(\) # 0, we can choose
an open neighbourhood U of (0,\) in V' x R so that the only zeros of X|U are
trivial zeros (lemma 4.1.1). Consequently, we only obtain non-trivial zeros near
(0, ) if ox(X) = 0 (that is, if DX,(0) is singular). We call points (0, \) (or just
A) where ox () = 0 bifurcation points.

We shall assume that X satisfies the generic condition o’ (Ag) # 0 at a bifurca-
tion point (0, Ag). (This condition is equivalent to requiring that ox is transverse
to 0 € R — an open and dense condition on maps in C*°(R).) Without loss of
generality, we may take \g = 0. Using the inverse function theorem, we may
reparameterize the A-variable and assume that ox(A\) = A for A near 0 (note the
orientation reversal if o’ (Ag) < 0). Since we shall only be interested in solutions
of X =0 near (0,0), it is no loss of generality to assume that ox(\) = A, for all
A € R. For the remainder of the chapter we shall restrict attention to the closed
affine linear subspace Vy C V consisting of normalized families defined by

Vo :Vo(V,G) = {X eV | Ux<)\) =\ A GR}
If X €V, then we may write
(41) X)\<U) IO’x()\)’U—i—Q,\(U),

where Qy(v) = O(||v]|?), uniformly for A in compact subsets of R. The origin
(0,0) is a bifurcation point of X and is the only bifurcation point on the A-axis.
Our aim in this chapter is to study the germ of X~!(0) at (0,0) for generic
X €V, (we give a precise definition of ‘generic’ later). We establish results that
give detailed information on the local zero sets for many representations (V, G).
As part of this investigation we need to spend time developing careful and precise
definitions of solution branches and what we call the ‘branching pattern’.

4.2. Solution branches and the branching pattern

DEFINITION 4.2.1. Let X € V. A solution branch of X (more precisely, a
solution branch of X = 0 at (0,0)) is a C'-embedding v = (x,A) : [0,0] — V xR
such that v(0) = (0,0) and X (v(s)) =0, s € [0,0]. A solution curve of X is a
C'-embedding 7 : [-4§,0] — V x R such that |[0, £d] are solution branches.
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We define ¢* : [0,00) — V xR by ¢*(s) = (0, £s). Then ¢* parameterize the
trivial solution branches. We say a solution branch v = (x, ) of X is non-trivial

if x(s) # 0, for all s > 0.

LEMMA 4.2.2. Let v = (x,A) : [0,0] — V xR be a non-trivial solution branch
for X € Vy. Then the direction of branching d(y) = x'(0)/[|x'(0)|| € V is well

defined and independent of the parameterization.
PROOF. Since X €V, we may write
(4.2) X(x, ) = AXx+ F(x,\),

where ||F(x, \)|| = O(||x]|?). Since 7 is an embedding, either X' (0) # 0 or x'(0) #
0. It suffices to prove that x’(0) # 0. Substituting x = x(s), A = A(s) in (4.2)
and dividing by [|x(s)]|, we find that

[A()] = [[E(x(s), Ms)II/Ix(s)]] = OClIx(s)]]), s # 0.
If x'(0) = 0 then ||x(s)|| = o(s) and so |A(s)| = o(s) and N (0) = 0, contradicting
the fact that ~ is a C''- embedding. Therefore x'(0) # 0. O

REMARKS 4.2.3. (1) The isotropy type of d(y) is greater than or equal to
that of the isotropy type of the branch.
(2) Suppose 7 = (x,A) : [0,] — V xR is a non-trivial solution branch. It follows
from lemma 4.2.2 that we may write x(s) = r(s)u(s), where r : [0,0] — RT and
u: [0,6] — S(V) C V are continuous and r is strictly monotone increasing on
some interval [0, '] C [0, 6].

Two solution branches are equivalent if locally they only differ by a re-
parameterization. If v is a solution branch, let [y] denote the equivalence class of
7. Let ¥(X) be the set of all equivalence classes of non-trivial solution branches
of X. We call ¥(X) the branching pattern of X. Since X is equivariant, 7 is a
solution branch if and only if g is a solution branch for all g € G. Hence % (X)
has the structure of a G-set. We emphasize that [c*] & S(X).

The solution branch v = (x, A) is a forward or supercritical branch if the R-
component A of 7 is strictly positive on some interval (0,6"). We similarly define
backward or subcritical branches. Both forward and backward depend only on the
equivalence class of the solution branch. If v (or [v]) is a forward (respectively,
backward) solution branch, we set sgn([y]) = +1 (respectively, sgn([y]) = —1).

A solution branch 7 : [0,6] — V x R is a branch of simple zeros if x(s) is a
simple zero of X, for all s € (0,0].

EXERCISE 4.2.4. (1) Show that if A = 0, then 7 is not a branch of simple
Z€eros.
(2) Show that if v is a branch of simple zeros, then 7 is either a forward or
backward branch.

For a branch of simple zeros, isotropy is constant along the branch. This
important result is a consequence of the following general lemma.
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LEMMA 4.2.5. Let S be locally compact, connected and Hausdorff space. If
F:S—CxV,V)and vy : S — V are continuous maps such that for every
s €9, v(s) is a simple zero of F(s), then G is constant on S.

PROOF. Given s € S, set z = ~y(s) and X = F\(s). Since S is connected, it
suffices to find an open neighbourhood N of s such that if £ € N, then Gy = G..
Let C be a compact neighbourhood of s in S and K be a compact neighbour-
hood of v(C') in V. By lemma 4.1.1, we can choose an open G,-invariant disk
neighbourhood U(z) of z in V and € > 0 such that for all Y € N (X, K, 1,¢), Y
has a unique simple zero n(Y’) € U(z). Since F' is continuous we can choose a
neighbourhood N C C of s such that F(t) € N(X, K, 1,¢), v(t) € U(z) for all
t € N. Taking the radius of U(z) smaller if necessary, we may assume that U(z)
is a slice for the action of G at z. Suppose that ¢ € N. Since U(z) is a slice,
Gy C G.. If g € G, then (t) and gv(t) are zeros of the equivariant vector
field F(t) lying in U(z) = gU(z). But since F(t) has a unique zero in U(z),
g7(t) = ~(t). Hence G, = G- O

REMARK 4.2.6. Let v be a non-trivial branch of simple zeros and set G, =
H, t # 0. Since v is non-trivial, 7 has a well-defined direction of branching
d(y) € S(V). Clearly, H O Ggq(y). Although equality holds for most of the
examples we consider later in this chapter, equality fails in general.

A solution branch «y is a branch of hyperbolic zeros if we can find ¢’ > 0 such
that x(s) is a hyperbolic zero of Xy, for all s € (0,4"). If v (or [7y]) is a branch
of hyperbolic zeros, we let ind([y]) denote the dimension of the stable manifold
of a hyperbolic zero on v — the index of .

v
index 0 index 1
A
index 1 index 0 index 1 index 0
index 0
index 1
Subcritical case, a =1 Supercritical case, a = -1

FiGure 1. Pitchfork bifurcation: Z,-symmetry

EXAMPLE 4.2.7. Let G = Z, act on V = R as multiplication by £1. Define
X € CR(V,V) by X,5(v) = Av+av®, where a € R*. Non-trivial solution branches
of hyperbolic zeros are given by vi(s) = (—as?, s), s € [0,00). If a = +1, we
obtain a pair of subcritical branches of index 0; if a = —1, we obtain a pair of
supercritical branches of index 1. See figure 1.
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We consider the following branching conditions on a family X € V).
Condition B1

There exists a finite set 1, ... 7v,.12 of solution branches, with images C,...C, o
(C; = image(7;)), such that the following conditions hold:

(1) 2(X) = {[nl, ..., [w]} and [yega] =[], [yrg2] =[],

(2) If i # j, then C' NC; ={(0,0)}.
(3) There is a nelghbourhood N of (0,0) in V' x R such that

XH0)NN =UEC;.
Condition B2

Every [y] € ¥(X) is a branch of hyperbolic zeros.
Condition B3

Every [y] € ¥(X) is either a forward or backward solution.
Condition B4

Every [y] € ¥(X) is is a branch of simple zeros.

REMARKS 4.2.8. (1) If X satisfies B1, the branches 7, ...,~, are automati-
cally non-trivial (since C; N Cpy1,Cryo =0, 1 < 7).
(2) If X satisfies B1,2,3, the sign function, sgn : 3(X) — {£1}, and the index
function, ind : 3(X) — N, are G-invariant integer valued functions on the finite
G-set X(X). In this case we say that X*(X) = (X(X),sgn,ind) is the signed
indexed branching pattern of X. We have an obvious notion of isomorphism for
signed indexed branching patterns.
(3) Exercise 4.2.4(2) implies that if X € V), satisfies Bl and B4, then the sign
function, sgn : ¥(X) — {£1} is well-defined. Under these assumptions on X, we
call (X(X),sgn) the signed branching pattern of X.

4.2.1. Stability of branching patterns.

DEFINITION 4.2.9. Let X € ).

(W) X is weakly stable and X has a stable branching pattern if

(a) X satisfies the branching condition B1.

(b) There exists an open neighbourhood U of X in V, (C*°-topology),
such that all Y € U satisfy the branching condition B1 and the
isomorphism class of ¥(Y’) is constant on U.

(S) X is stable and X has a stable indexed branching pattern if

(a) X satisfies the branching conditions B1-B3.
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(b) There exists an open neighbourhood U of X in Vy (C*-topology),
such that all Y € U satisfy the branching conditions B1-B3 and the
isomorphism class of ¥*(Y") is constant on U.

We let § = S(V,G) (respectively, S,, = S,,(V,G)) denote the open subsets
of Vy consisting of stable (respectively, weakly stable) families. We prove in
chapter 7 that S,S,, are dense subsets of Vy (C*-topology). We also show that
the branching pattern ¥(X), regarded as the germ of a set in V' x R, depends
continuously on X € §,,. The proofs of these genericity and stability theorems are
quite technical and depend on ideas from equivariant transversality. However, for
the examples discussed in this chapter, the proof of genericity of stable branching
patterns is elementary.

EXERCISE 4.2.10 (Pitchfork bifurcation, see example 4.2.7). Let Zy act on
V' = R as multiplication by £1. Show that S(V,Z,) is the set of X € Vy(V, Zy)

such that %‘%(0, 0) # 0. (Note we automatically have %(0, 0)=1+#0.)

If X € S, then the signed indexed branching pattern ¥*(X) contains all of
the essential qualitative information on the germ of X~!(0) at (0,0). Roughly
speaking, the main aim of steady state equivariant bifurcation theory is to provide
a classification and description of all possible (isomorphism classes of) signed
indexed branching patterns for elements X € §. We carry out this program for
a number of representations (V, ) including the standard representations of the
symmetric, alternating and hyperoctahedral groups.

4.3. Symmetry breaking — the MISC

The branching pattern has the structure of a G-set. The next lemma makes
precise the connection between the isotropy of elements in the branching pattern
and isotropy of points on the associated solution branches.

LEMMA 4.3.1. Let X € Vy and suppose that v = (x,A) : [0,0] = V xR is a
branch of simple zeros for X. Then
(1) Gx(s) is constant on (0, 9].
(2) GX(S) = G[’Y]7 for all s € (0,5].

PRrROOF. Statement (1) follows from lemma 4.2.5. If H denotes the common
value of G(s), then H C Gp,. Write x(s) = r(s)u(s), s € [0,6'], where u(s) €
S(V), r is strictly monotone increasing on [0, '] and ¢’ € (0, ] (remark 4.2.3). If
g € G}y, then gx(s) = x(s), since otherwise the curve x would meet the sphere of
radius 7(s) in more than one point, contradicting the monotonicity of r. Hence
g € H and so H D GJ). O

4.3.1. Symmetry breaking isotropy types.

DEFINITION 4.3.2. An isotropy type 7 € O(V, G) is proper if 7 # (G). Let
O*(V, @) denote the set of proper isotropy types.
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DEFINITION 4.3.3. Let X € V. An isotropy type 7 is symmetry breaking for
X if 7 is proper and for every open neighbourhood U of (0,0) in V' x R, there
exists (x,\) in U N X~1(0) such that (G,) = 7.

LEMMA 4.3.4. Suppose X € Vy satisfies the branching conditions B1 and Bj.

A proper isotropy type T is symmetry breaking for X if and only if there exists
a € X(f) such that (G,) =T.

The lemma follows immediately from B1 and lemma 4.3.1.

DEFINITION 4.3.5. An isotropy type 7 is symmetry breaking (respectively,
generically symmetry breaking) if T is proper and there exists a non-empty open
subset U of V; (respectively, a dense open subset U of V;) such that 7 is symmetry
breaking for all X € U.

DEFINITION 4.3.6. Let F be a nonempty subset of O(V,G). Then F is an
admissible family of symmetry breaking isotropy types if there exists X € S(V, Q)
such that F = { (G,) | a € X(f) }.

REMARKS 4.3.7. (1) If F is an admissible family of symmetry breaking
isotropy types, then there exists a non-empty open subset U of S(V,G) such
that if X € U, then F = {(G,) | a € £(X) }.

(2) An isotropy type 7 is generically symmetry breaking if and only if 7 belongs
to every admissible family F.

4.3.2. Maximal isotropy subgroup conjecture.

DEFINITION 4.3.8. An isotropy type 7 € O(V, G) is mazimal if 7 is a maximal
element of the set of proper isotropy types.

ExaMPLE 4.3.9. If (V,G) is an absolutely irreducible G-representation and
H is an isotropy group such that V# is 1-dimensional, then (H) is a maximal
isotropy type. Indeed, suppose pu > (H). By proposition 2.9.7, 0V(yy D V,,. Since
Vi) = GOV {0}) = GO = {0}, V, = {0} and 50 1 = (G).

LEMMA 4.3.10 (The equivariant branching lemma [173, 34]). Let (V,G) be
an absolutely irreducible G-representation. Let (H) € O(V,G) be such that VH
is one dimensional. Then (H) is generically symmetry breaking.

PROOF. Let X € V,. Since X, is tangent to V¥ for all A € R, X induces a
family X{ of smooth vector fields on V. For (x,\) € V x R, we have

X1 (2, 0) = Az + g, A,

where g(z,\) = O(z2?). Since %(O, 0) = ¢(0,0) = 0, we may write g(z,\) =
x?h(x, \), where h is smooth. Hence the solutions to X (z,\) = 0 are given
by Az + z?h(z,\) = 0. That is, either z = 0 (the trivial solution) or F(z,\) =
A+ zh(z,\) = 0. Now F(0,0) =0, 2£(0,0) = 1 and so, by the implicit function
theorem, we have the smooth local solution curve A = ¥(z) to F' = 0 defined
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on some neighbourhood of 0 € V#. Note that A = ¢ (z) defines two branches of
solutions according to the definition of solution branch given earlier. The map
s+ (s,7(s)) is a smooth, certainly C', embedding. O

Suppose that G is a (maximal) isotropy type. For the examples which were
studied in the early stages of equivariant bifurcation theory, it was noticed that
the symmetry breaking isotropy types were precisely the maximal isotropy types.
It was suggested (see for example [79]) that this phenomenon might hold gen-
erally. In terms of symmetry breaking isotropy types, the resulting Maximal
Isotropy Subgroup Conjecture can be formulated as follows:

Maximal Isotropy Subgroup Conjecture (MISC)

(1) Every symmetry breaking isotropy type is mazimal.
(2) Every mazximal isotropy type is generically symmetry breaking.
Eventually we shall show that both parts of the conjecture are false. Some-

what paradoxically, our verification that part (1) fails will start by proving that
the conjecture holds for two infinite families of representations given by finite
reflection groups. The analysis of these families, as well as related representa-
tions, will occupy most of the remainder of the chapter. However, before we start
work on these families, we need a few more preliminaries on determinacy and
polynomial invariants and equivariants.

4.4. Determinacy

We continue to assume that (V,G) is a finite dimensional absolutely irre-
ducible orthogonal representation of the finite group G. To avoid the discussion
of trivial special cases, we assume that dim (V') > 2.

4.4.1. Polynomial maps. Let P(V) denote the R-algebra of real-valued
polynomial functions on V' and let P(V, V) be the P(V')-module of all polynomial
maps of V into V. We have

P(V) = @=0P*(V) and P(V,V) = @i PH(V, V),

where P*(V) (respectively, P*(V,V)) is the space of homogeneous polynomials
(respectively, homogeneous polynomial maps) of degree k. For m € N, set

PU(V) = Gockem PH(V) and PU(V,V) = Gockem PV, V).

We let P(V)Y be the R-subalgebra of P(V') consisting of all G-invariant poly-
nomials and Pg(V, V) be the P(V)%module of G-equivariant polynomial maps.
We have

P(V)¢ = @1=0P*(V)¢ and Pg(V,V) = @r=oPE(V, V).

We set P(V,V)y = @2 P¥(V, V) and, for m > 2, define P"™(V,V)o, Pa(V, V),
and Pém)(V, Vo.
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A polynomial map R : V — V is radial if R = hly for some h € P(V). We
let R(V,V) = @®p>0RF(V, V) be the graded linear subspace of P(V, V) consisting
of radial polynomial maps. Define Rg(V, V), RE(V, V), R(V, V), similarly.

Since G is finite and dim(S(V) > 1, G cannot act transitively on S(V).
Hence Pg(V,V) # Ra(V,V). Let d(V, G) denote the smallest integer d such that
P&(V,V) is not contained in R%(V,V). Since (V, @) is an absolutely irreducible
representation, d(V, G) > 2. We call d(V, G) the critical degree of (V,G).

EXAMPLES 4.4.1. (1) Any polynomial in ||z||* is G-invariant. Thus |z||*" is
an invariant, n € N. If p : R — R is a polynomial, then R(v) = p(||v|*)v is a
radial G-equivariant polynomial map.
(2) Take the standard action of D,, on R? ~ C, n > 3. The R-algebra P(C)P~
is generated by |z|? and Re(z"). The P(C)P»-module Pp,(C,C) has generators
z+ z and z — 2" 1. In particular, given P € Pp, (C,C), there exist unique real
polynomials R(z,y), S(z,y) such that

P(2) = R(|z|*,Re(2"))z + S(]z|*, Re(z"))z" .

The proof of this result is an elementary computation (details may be found
in [84, Chapter XII, §4]). Both the uniqueness and the fact that the number of
generators is equal to the dimension of the underlying space are quite atypical.
Generally, one can expect many generators for the algebra of invariants and that
these generators are algebraically dependent (see the following exercise).

EXERCISE 4.4.2. (1) Find the minimal number of generators for the R-algebra
P(R™)22 n > 1. Find relations between the generators.
(2) Show that if f € P(V)%, then grad(f) € Pg(V,V). (The gradient vector field
of f is characterized by (grad(f)(v),X) = DF(v)(X), v,X € V.)
(3) Find generators for P(C)Z, Py, (C,C), standard action of Z,, n > 2.
(4) Show that R%(V,V) = {0} if V& = {0}.

4.4.2. Finite determinacy. Suppose X € V, and d € N. We let J4(X) =
74X (0,0) = j9Xo(0) € PEP(V,V)o denote the d-jet of Xo at 0 € V. (The linear
term of J4(X) vanishes as X € V,. For background on jets see section 6.2.1 and
note that we identify j{X(0,0) with the Taylor polynomial of X, of order d at
the origin.)

DEFINITION 4.4.3. Let d > 2. We say that (V,G) is d-determined (or, more
precisely, that G-equivariant bifurcation problems on V' are d-determined) if there
exists a dense open subset R(d) of Péd)(V, V)o such that if X € Vy and J4(X) €
R(d), then X is stable (that is, X € S(V,G), if J4X) € R(d)).

REMARK 4.4.4. Using equivariant transversality, we show later that there
exists d > d(V,G) such that (V,G) is d-determined. In this chapter, we prove
this result for certain families of representations using elementary techniques.
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We may also give a definition of weak determinacy which takes account of the
branching pattern but ignores stabilities and the direction of branching.

DEFINITION 4.4.5. Let d > 2. We say that (V,G) is weakly d-determined if

there exists a dense open subset R,,(d) of Pc(;d)(V, V')o such that X € V), is weakly
stable whenever J4(X) € R, (d) (that is, X € S,,(V, Q) if J4X) € Ry(d)).

Suppose that (V,G) is d-determined and let R(d) be as in Definition 4.4.3.
Given S € P (V, V), let JS € Vy be defined by

(4.3) J¥ (@, \) = A+ S(x), ((z,\) €V xR).

LEMMA 4.4.6. Let X € ).
(1) If J4X) € R(d), then X is stable and ¥*(X) is isomorphic to X*(J%),
where S = J3(X).
(2) If X is stable, then the signed indexed branching pattern ¥*(X) is iso-
morphic to $*(J%) for some S € R(d).

PROOF. Statement (1) is just the definition of R(d). Suppose that X €
S(V,G). Either J4(X) € R(d) and we may take S = J4X) or J4X) ¢ R(d).
In the latter case, since X is stable, there exists an open neighbourhood W of
JU(X) in PS(V, V), such that for all S € W NR(d), X and J have isomorphic
signed indexed branching patterns. This proves (2). O

4.5. The hyperoctahedral family

In this section we analyse equivariant bifurcation problems for the hyperocta-
hedral groups Hy (also known as the Weyl groups of type By). For these groups
we only need to deal with cubic equivariants and the computations are very easy.

4.5.1. The representations (R* Hj). For k > 2, we let Hy be the sub-
group of O(k) consisting of all maps A of the form

A(Z‘l, e ,xk) = (:I:Z'g(l), . .,:I::L‘U(k)), ((.%’1, e ,:L'k) S Rk),

where o belongs to the symmetric group Si. Thus Hj, is the group of all signed
permutation matrices and |Hy| = 2¥k!. We may represent Hj as the semi-direct
product Ay x Si, where the symmetric group S is identified with the group
of k x k permutation matrices, and the normal subgroup A = A is the group
of all diagonal k£ x k matrices with diagonal entries +1. Let m, : Hp — Sk
denote the surjective homomorphism corresponding to the semi-direct product
decomposition Hy = Ay x Si. The group Hj is a finite reflection group — it is
generated by reflections.

EXAMPLE 4.5.1. The group Hj is the full symmetry group of the 3-dimensional
cube (or octahedron). It is often denoted by Op. The action of H3 on R? has
three maximal isotropy types (Dy), (D3), and (D3) corresponding respectively
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(Ha)
(Dy) (D3) (D)

(Z3) /(25‘)
()

FIGURE 2. Isotropy types for (Hs, R?)

to axes joining mid-points of opposite faces, mid-points of opposite edges, and
opposite vertices.

There are also two types of reflection plane: coordinate planes defined by
z; = 0,7 = 1,2,3, and ‘diagonal’ planes defined by z; = z;, 1 < i < j <
3. Coordinate planes contains axes with isotropy type (D4) and (Ds) but not
(D3). Diagonal planes contain representatives of each type of axis. For example
the plane Pjjo = {(s,s,t) | s,t € R} contains the axes R(1,1,0), R(0,0,1) and
R(1,1,1). Although generic points on both types of plane have isotropy groups
isomorphic to Zs, the isotropy groups are not conjugate subgroups of H3 and they
define different isotropy types. We denote the isotropy type of generic points on
coordinate planes z; = 0 by (Z}) and on diagonal planes by (Z4). In figure 2, we
show the order relations between the different isotropy types. We write 7 — p if
7 > 1 and there does not exist 1 such that 7 > n > pu.

We need a description of all the axes of symmetry of (R¥, Hy), k > 2. To
this end, let £ denote the set of all non-zero vectors € = (1,...,&;) € R such
that each ¢; € {0,4+1,—1}. Given € € &, define the strictly positive integer
le| by |e| = 325, |es]. We call |e| the type of e. If type(e) = s, we may write
e =Y 0;e;, where {ei,...,e;} is the standard basis of R*, §; € {—1,+1} and

1 <71 <...<js < k. For future reference, we define

J
e;=> e, 1<j<k
=1
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The axes of symmetry for Hy are the lines L. = Re, € € £. Write £ :L.szl &,
where £ = {e | |e| = j}. The set £ has the structure of an Hj-set and Hj, acts
transitively on each &;. Non-zero points on L. have isotropy group isomorphic to
S; x Hy_;, where j = |e]. It follows that (R*, H},) has exactly & maximal isotropy
types: (Hg_1),(S2 X Hy_3),...,(Sk).

4.5.2. Invariants and equivariants for Hj. Define the elementary sym-
metric functions {o;} by 03 = 37 o Ty -, 1 <0 < ko It is a ba-
sic result of classical invariant theory that every p € P(R¥)% can be written
uniquely as a polynomial in the elementary symmetric functions. That is, the

elementary symmetric functions form a basis for the R-algebra P(R¥)%. If we
k

define o = > i1 :1:;, 1 < i < k, then it is straightforward to verify that each
o; can be written (uniquely) as a polynomial in o7,...,0F, 1 <1 < k. Hence
o%,...,or also define a basis for P(RF)%.

Let ¢; = %grad(oi*), 1 < i < k. It follows from classical invariant theory
that 91,...,9, define a basis for the P(R¥)%-module of Sj-equivariant maps
Ps, (RE,R¥). That is, for all Q € Ps, (R*¥ R¥), there exists unique ¢; € P(RF)
such that

k
Qz) = Z%‘(x)l/}z‘(f), (z € RY).
i=1
For 1 < i < k, define n; € P(R¥), ¢; € P(R*, R¥) by
ni(xy, ..., x) = Zx?l,
j=1
2i—1 2i—1 1
Gi(x, ..., x,) = (277, .00 ) = Egrad(m)(xl, e T
Clearly, n; € P(RF)Hx and ¢; € Py, (R*, R”).

LEMMA 4.5.2. (1) Everyp € P(RF)Hx may be written uniquely as a poly-
nomial in Ny, ..., M. (M1,..., Mk is a basis for the R-algebra P(R¥)Hx.)
(2) Every Q € Py, (R*,R*) may be written uniquely in the form

k
Q=Y g,
j=1
where ¢; € P(R¥)Hr 1 < j <k.

PROOF. Let p € P(R¥)#*. Since Aj, C Hy, there exists a unique P € P(R")
such that p(xy,...,x;) = P(x3,...,22). Since Sy C Hy, p must be a symmetric
function of (z1,...,zx) and so P is symmetric in 2%, ..., z2. Hence we may write
P uniquely as Q(n1,...,m), where Q € P(RF), proving (1). The proof of (2) is
similar, using the corresponding result for Si-equivariant polynomial maps. [J
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REMARK 4.5.3. Lemma 4.5.2 implies that P! (R*¥,R¥) = {0}, d > 1.

4.5.3. Cubic equivariants for H,. We eventually show that Hj-equivariant
bifurcation problems are 3-determined. We assume this for the present and con-
sider cubic Hj-equivariant normalized families on R*. By lemma 4.5.2, the vector
space Pj (R*,R) is two dimensional with basis R, C' where

R(z) = [|z|]z,
Clx) = (23,...,23), (x=(21,...,24) €R").

Since R is radial and C is not radial d(R*, Hy,) = 3. We call C' is the basic cubic
equivariant for (R*, Hy).
If X € )),, then there exist unique a,b € R such that

J*(X) =aR+bC € Pj (R*,R").

4.5.4. Bifurcation for cubic families. We consider families in V, of the
form
Xop(z,\) = Ax + aR + bC,
where a,b € R. Note that X, ;, = grad(Q)), where
4

Q) = Mg el + Sl + 33" ).
i=1
PROPOSITION 4.5.4. Let j € {1,...,k}. Ifb,ja+ b # 0, then associated to

every € € &;, there exists a curve . of hyperbolic solutions for X,, = 0 along
L.

(1) If b > 0, and ja+b > 0, then ind(y.) = 7 — 1 and sgn(vy.) = —1.

(2) If b>0, and ja+b < 0, then ind(v:) = j and sgn(v.) = 1.

(3) If b< 0, and ja+b >0, then ind(y.) = k — j and sgn(v.) = —1.

(4) If b< 0, and ja+b <0, then ind(y:) =k — j + 1 and sgn(.) = 1.
In particular, if ja +b,0 # 0, 0 < j < k, there are a total of 3" — 1 solution
branches of X, = 0. Each branch will have mazimal isotropy type, be hyperbolic
and either supercritical or subcritical. Aside from the trivial solution curve, there
will be no other solutions to X, = 0.

PROOF. Statements (1-4) follow from a straightforward, if lengthy, compu-
tation which we leave to the reader (see [57] for details). The assertions about
the number and type of solutions are easy computations. 0

COROLLARY 4.5.5. Suppose that ja +b,b # 0, 0 < j < k, and let € € &.
Then . is is a branch of hyperbolic attractors or repellors only if e € E1UE. In
particular, if € € &, 7 # 1, k, then v is always a branch of hyperbolic saddles.

REMARK 4.5.6. Since X, ; is a gradient vector field, X, ; has no recurrent tra-
jectories such as limit cycles. Proposition 4.5.4 and corollary 4.5.5 give a complete
qualitative picture of the (global) dynamics before and after the bifurcation.
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4.5.5. Subgroups of H;. We consider subgroups G of Hj satisfying the
conditions

(IR) (R*, @) is absolutely irreducible.
(C) PG(R*,R*) = {0}.

REMARK 4.5.7. A sufficient condition for (C) to hold is that —I € G. This
condition is definitely not necessary.

LEMMA 4.5.8. Let G be a subgroup of Hy and set mp(G) = I' C Sk. Then
(R*, @) is absolutely irreducible if and only if the following two conditions hold.

(1) T is a transitive subgroup of Sk,
(2) For every j with 1 < j < k, there exists g € G and 6 = £1 such that
ge; = 561 and ge; = —59]‘.

PROOF. It is clear that if R¥ is absolutely irreducible, then I' is a tran-
sitive subgroup of Si. Assume that I' is a transitive subgroup of Sy. Let
H = {g € G|ge, = +e}. Since I is transitive on {1,...,k}, R* is the in-
duced G-representation Ind%(Re;) (2 @,eq/moRe;). The result now follows
from the Mackey criterion for irreducibility [158], [169, Exercise 6, page 44]. O

REMARK 4.5.9. For the examples we consider it will usually be easy to verify
conditions (IR,C) directly.

EXAMPLES 4.5.10. (1) If G is a subgroup of Hy, let G’ = {g € G | det(g) =

1}. If k > 3, (R¥ H;) and (R* A} x S},) are absolutely irreducible. Neither
representation admits any non-trivial quadratic equivariants. Both statements
are easy to verify directly without recourse to lemma 4.5.8.
(2) Let G be any transitive subgroup of Si. Then (R¥, Aj, x G) satisfies conditions
(IR) and (C) for k > 3. If k > 4, (R*¥ Al x G) satisfies conditions (IR) and (C).
These statements are easy to verify by direct computation. Note that (R, A} x
Z3) does not satisfy condition (C) (it does satisfy (IR)).

THEOREM 4.5.11. Suppose that G is a subgroup of Hy and that (R*,G) sat-
isfies conditions (IR), (C).
(1) (R* @) is 3-determined.
(2) For every e € &, (G.) is a symmetry breaking isotropy type.
(3) If H is a subgroup of G and (R*, H) satisfies conditions (IR), (C) then
S(R*F G) Cc S(R*, H).

We give the proof of this result in section 4.8. For the remainder of this sec-
tion, we show how theorem 4.5.11 yields many counterexamples to the Maximal
Isotropy Subgroup Conjecture.

EXAMPLE 4.5.12. Let G = A} x Sy. If € € &4, then (G.) is a submazimal
symmetry breaking isotropy type for (R*, G), k > 4. To see this, observe that
if Kk > 4, G acts transitively on & _;. Hence, by theorem 4.5.11(2), it suffices
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to check that the isotropy group of € = (1,1,...,1,0) is submaximal. Let P =
{(z,z,...,x,y) | z,y € R}. The plane P contains the three lines R(1,...,1,+1)
and Re; which are axes of symmetry for G. Non-zero points on these lines have
maximal isotropy. On the other hand, € has the same isotropy group Sy_1 as any
point (z,z,...,x,y) € P not lying on these lines. Hence, by proposition 2.9.7, G
is submaximal. Alternatively, it is easy to check directly that G, is a subgroup of
Gle,. We may also show that (G.) is generically symmetry breaking (see also [70]).

For k > 4, G = A}, x Sy is a finite reflection group (the Weyl group of type
Dy).

EXERCISE 4.5.13. Let G = A}, x S,. Show thatif k > 4ande € &, j #k—1,
then G¢ is a maximal isotropy subgroup.

EXAMPLE 4.5.14 (A counterexample to the MISC in dimension 3). Suppose
that G = A3 x Z3z C Hjz. Clearly (R3 G) satisfies conditions (C,IR) so theo-
rem 4.5.11 applies. Let €5 = (1,1,0) and e; = (1,0,0). One checks easily that
Ge, = {diag(1,1,£1)} C Az and G¢, = {diag(1,+1,£1)}, so that G, is prop-
erly contained in Ge¢,. Hence (G.,) is a submaximal symmetry breaking isotropy
type. This is the only example in R? for which the MISC fails.

ExamPLES 4.5.15 (Examples for which the trivial isotropy type is symmetry

breaking). (1) Let G = Zy x A}, C Hy, k > 4. Then G satisfies conditions (IR,C).
The isotropy type (Ge,_, ) is symmetry breaking. We find that G, _, = {1} and so
the trivial isotropy type ({1}) is symmetry breaking for (R*, G). Now let k = 4.
Then the isotropy subgroup G, is of order two. It is clear that G¢, is properly
contained in G¢,. Thus (G, ) is another submaximal symmetry breaking isotropy
type. Let € = (1,0,1,0). Then € is of type 2. The isotropy subgroup G. is of
order four and one can check that it is a maximal isotropy subgroup. Thus &,
and € are of the same type, but in one case the isotropy subgroup is submaximal
and in the other case it is maximal.
(2) Let K < Sy be the Abelian 2-group: K = {1,(12)(34), (13)(24), (14)(23)}.
Set G = A} x K C Hy. Then G satisfies conditions (IR,C) so that (G.) is a
symmetry breaking isotropy type for every € € £. One checks that G¢, = {1},
so again the trivial isotropy type is symmetry breaking.

EXAMPLE 4.5.16 (A branch of sinks with submaximal isotropy). We consider
a slightly more complicated version of examples 4.5.15(1). Let k = 4, and set
G ={g € Ay xZy|det(g) = 1}. Then (R* G) satisfies conditions (IR,C). Let
k =(1,0,1,0). Then {ey,...,e4, K} is a set of representatives for the orbits of G
on&. Let G; = G, j € 4, and G5 = G. Then {(G1),...,(G5)} is an admissible
family of symmetry breaking isotropy types for (R G). Some easy calculations
show that : (a) G1 = Zg, (b) GQ C G1 and G2 = ZQ, (C) G3 = {1}, (d) G4 = ZQ,
and (e) G4 C G5 and G5 = Z3. Thus (Gs), (G3), and (G4) are submaximal
symmetry breaking isotropy types. It is not difficult to show that (G;) and (G5)
are maximal isotropy types. Since g4 is of type 4, it follows from proposition 4.5.4
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and theorem 4.5.11(3) that there exists X € S(R*,G) and 8 € X(X) such that
B is of maximal index 4 and G3 = G4. Thus we obtain a stable solution branch
of sinks with submaximal isotropy type.

4.5.6. Some subgroups of the symmetric group. We recall that a sub-
group I' of the symmetric group Sy is doubly transitive if for all ordered pairs
(1,7), (p,q) of elements of k = {1,...,k} such that i # j and p # ¢, there exists
o € I' such that o(i) = p and o(j) = ¢. One can similarly define r-transitive
subgroups of Sy, for every » < k. The symmetric group Sy is r-transitive for every
r < k. The alternating group A is r-transitive for r < k — 2.

Let F = F, be a finite field with ¢ elements. Recall that Aff;(IF) is the group of
automorphisms of the affine line F and consists of all bijections o of F which are
of the form o(x) = ax+b, a,b € F, a # 0. If we identify Aff;(F) with a subgroup
of the symmetric group S,, then Aff;(F) is a doubly transitive subgroup of S,.
More precisely, Aff;(F) acts simply transitively on the set of all ordered pairs of
distinct elements of F. Let PGLy(F) denote the group of all automorphisms of
the projective line P}(F) (= F U {oco}). Then PGLy(F) can be identified with a
subgroup of the symmetric group S,41. It is known from elementary projective
geometry that PGLy(F) acts simply transitively on the set of all ordered triples
of distinct elements of P*(F) [157, 10.6.8].

4.5.7. A big family of counterexamples to the MISC. Let £ > 4, T’
be a transitive subgroup of S, and let G = A, x ' C Hj. Then G satisfies
conditions (C,IR). Thus {(G.) | e € £} is an admissible family of symmetry
breaking isotropy types. If J is a subset of k, we set 'y ={o €T | o(J) = J}.

LEMMA 4.5.17. Let G = ApxT" be as above. Then the following two conditions
are equivalent:
(1) For every € € &, G, is a mazimal isotropy subgroup for (R* G).
(2) For every subset J of k, the group T'; acts transitively on k \ J.

PROOF. (1) = (2) Assume (2) false and let J be a subset of k such that I';
has at least two orbits on k \ J. We may write k \ J as the disjoint union of
two non-empty subsets, L and K, each of which is stable under the action of I';.
Define elements € = (e1,...,ex) and § = (1,...,0;) of € by: ¢, =0if i € J and
gg=1ifi¢ J;and 6, =01if i ¢ L and 6; = 1 if ¢ € L. Tt is easy to check that G
is a proper subgroup of Gj.

(2) = (1) Assume that (2) holds. It will suffice to show that for every € € &,
the line Re is an axis of symmetry for G. Let € = (ey,...,6¢) € € and let
J={i|e #0}. Define § = (61,...,9) by: ; =0fori ¢ Jand §; = 1 fori € J.
It is clear that there exists d € Ay such that de = §, and thus it suffices to show
that R4 is an axis of symmetry for G. But this follows easily from (2). O

THEOREM 4.5.18. Let k > 4, ' be a transitive subgroup of Sy, and G = ApxT.
Assume that T is not equal to the symmetric group Sy or the alternating group Ay,
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and, if k = 6, that I’ is not conjugate to PGLy(F5). Then there ezists € € £ such
that the isotropy subgroup G. is not a mazximal isotropy subgroup. Thus (G.) is
a submazimal symmetry breaking isotropy type and the MISC fails for (R*, G).

PRrROOF. Let I' be a transitive subgroup of S, which satisfies the following
condition:

(T) For every subset J of k, the stabilizer I'; acts transitively on k'\ J.

In order to prove the theorem, we must show that I' is either Sy, Ay or, for
the case k = 6, a conjugate to PGLy(FF5). A subgroup I' of Sy is p-homogeneous
(where 1 < p < k) if " acts transitively on the set of p-element subsets of k.
An easy argument by induction on p shows that condition (T) implies that I is
p-homogeneous for every p € k. By a theorem of Beaumont and Peterson [9],
this implies that I' must be one of the following groups: (a) Sk; (b) Ax; (¢) k=5
and I' is conjugate to Aff;(F5); (d) K = 6 and I" is conjugate to PGLy(F5); (e)
k =9 and I' is conjugate to PSLy(Fg); (f) £ = 9 and I' is conjugate to PGLy(Fs).
But it follows easily from condition (T) that p divides |I'| for every p € k. This
rules out Az and the groups of (c), (e) and (f). On the other hand, the groups
Ay (k> 4), Sy and PGLy(F5) satisfy condition (T). O

ExXAMPLE 4.5.19 (An example where all isotropy types are symmetry break-
ing). Let k =5 and let G = AL x Z5. We define vectors k; € £, 7 € 3, by k| =
(1, 0, 1, O, 0), Ko = (1, 0, 1, O, 1), K3 = (1, 1, 1, 1, —1> Then {61, ..., &5, K1, Ko, F\',g}
is a set of representatives for the orbits of G on £. Let G; = G, for j € 5 and
let G54 = Gy, for j € 3. A direct computation shows that (G5) = (Gg). By
theorem 4.5.11, the family {(G1),...,(G7)} is an admissible family of symme-
try breaking isotropy types. One can check by direct calculation that, for every
x € R®, the isotropy type (G.) is equal to (G;) for some j € 7. Thus every
isotropy type for (R®, G) occurs in the admissible family {(G;)}. In particular,
every isotropy type for (R% G) is symmetry breaking. By straightforward cal-
culations, we obtain: (a) Gy = Z3; (b) Gy = Z3; (¢) G3 = Zy; (d) G4 = {1};
(e) Gy = Zs; (f) Gg =2 Z2%; and (g) G7 = Zy. The isotropy type (G4) is the
trivial isotropy type. We have the following relations between the other isotropy
types: (1) (G2) < (G1) and (Gg) < (G1); (2) (G3) < (G2) and (G3) < (Gg); (3)
(G7) < (G3) and (G7) < (Gg). The isotropy types (G1) and (G5) are maximal
isotropy types and the other isotropy types are submaximal.

4.5.8. Examples where P3(R" R") = P} (R* R¥).

PROPOSITION 4.5.20. Let G C Hy, satisfy conditions (C,IR) and assume that
P} (R* RY) = P3(RF,RF). Let X € Vo(R*,G). Define X* € Vo(RF, Hy) by
X*(z,\) = Mr + J3(X)(z). Then X € S(R*,G) if and only if X* € S(R*, Hy).
If X € S(R*, @), then

(1) The signed indezed branching pattern ¥*(X) is isomorphic (as a G-set)
to X*(X™).
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(2) The family {(G.) | € € E} is the unique admissible family of symmetry
breaking isotropy types for (R*¥ G) and each isotropy type (G¢) (e € &)
18 generically symmetry breaking.

PROOF. The result follows from theorem 4.5.11. O
The following lemma gives sufficient conditions for the hypotheses of propo-
sition 4.5.20 to be satisfied.

LEMMA 4.5.21. Let I' be a doubly transitive subgroup of Sy. Assume that
either: (i) k > 4 and G = Ay, x Ty or (1)) k > 5 and G = A, x . Then G
satisfies conditions (C,IR) and Py (RF R¥) = P3(RF RF).

PRrROOF. The proof follows by an easy direct computation of cubic equivari-
ants. We leave the details to the reader. O

EXAMPLES 4.5.22. (1) Let G = Ag x Ay, k > 4. Tt follows from lemma 4.5.21
that the hypotheses of proposition 4.5.20 hold. In this case, one can verify that
each isotropy subgroup G, (e € £) is maximal and so (R¥, G) satisfies the MISC.
(2) If G = A}, x A, k > 5, then the conclusions of proposition 4.5.20 hold
and all of the isotropy subgroups G, (e € &) are generically symmetry breaking.
However, if € € &1 then (G¢) is submaximal and G does not satisfy the MISC.
(3) Let I" denote the subgroup Aff;(F5) of S5. Let G = AL xI' C Hs. Then
(R®, ) satisfies the hypotheses of proposition 4.5.20. As representatives for the
G-orbits on £, we may choose €1,...,€5 and —e5. Set G; = G, j € 5. Clearly
G5 = G_o,. Thus {(G41),...(G5)} is the unique admissible family of symmetry
breaking isotropy types and each of these isotropy types is generically symmetry
breaking. We have: (a) Gy & Z3xZy; (b) Gy = Z3; (¢) G3 = Z3; (d) G4 = Zy; and
(e) G5 = Zs. The isotropy types (Gs), (G3) and (G4) are submaximal isotropy
types. The isotropy types (G1) and (G5) are maximal isotropy types.

One can vary this example by letting I" be as above and taking H = A5 x I
Then (R®, H) satisfies the hypotheses of proposition 4.5.20. In this case €y, . . ., €5
is a set of representatives for the orbits of H on €. Let H; = H,, © € 5. Then
{(H1),...,(Hs)} is the unique admissible family of symmetry breaking isotropy
types. The isotropy subgroup Hj is isomorphic to Z3 and (H3) is a submaximal
isotropy type. The other isotropy types (H;), i € 4, are maximal isotropy types.

One has similar constructions for every finite field F,. Let I' = Aff;(F,) and
G = A, xTI'. Then I' is a doubly transitive subgroup of S,. If ¢ > 4, (R%, G)
satisfies the hypotheses of proposition 4.5.20. Thus {(G¢) | € € £} is the unique
admissible family of symmetry breaking isotropy types and each isotropy type
(G.), € € & is generically symmetry breaking. Applying theorem 4.5.18, there
exists € € & such that the isotropy type (Ge¢) is a submaximal isotropy type
(which is generically symmetry breaking).

One can also make these constructions using the finite projective groups. Let
q be a prime power and let I' = PGLy(F,) C Sy41. Let G = Agpr X I' C Hyyq.
Then (R, Q) satisfies the hypotheses of proposition 4.5.20. It follows from
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theorem 4.5.18 that if ¢ > 5 there exists € € £ such that (G.) is a submaximal
isotropy type which is generically symmetry breaking, so that (R4, G) does not
satisfy the MISC. This gives another example (in addition to A’ x Hy ) of a large
subgroup of H; which does not satisfy the MISC.

4.5.9. Stable solution branches of maximal index and trivial isotropy.
We give an example of a group G C Hg for which there exists X € S(R®, G)
with a solution branch of maximal index and trivial isotropy. The construc-
tion goes as follows. Let K be as in examples 4.5.15(2). Let G denote the
subgroup A} x K of Hy and G5 = Dy. Let p; (respectively, ps) denote the
standard representation of Gy (respectively, Gy) on R?* (respectively, R?) and
p: Gix Gy — GL(R'®R?) = GL(8,R) be defined by p(g1, g2) = p1(g1) @ p2(g2)-
Since p; and py are absolutely irreducible representations, the representation p is
absolutely irreducible [43, §2]. An easy argument shows that G = p(G; x G3) is
contained in Hg. The kernel of p is {(1,1),(—1,—1)} so that G is of order 128.
Let € = (1,1,1,1,1,1,1,—1). One can show by a straightforward, but lengthy,
calculation that G. = {1}. Note that € € &. It follows from theorem 4.5.11 and
proposition 4.5.4 that there exists X € S(R®, G) and a solution branch v of X of
maximal index such that the isotropy subgroup G|, is trivial.

4.5.10. An example with applications to phase transitions. Thus far,
all our examples have been based on subgroups of Hy which can be represented
as a semidirect product of subgroups of A, and S;. We conclude this section with
an example of a subgroup G of H, which cannot be so represented. This example
was considered by Jarié¢ [99] in the context of continuous phase transitions.

Let a and b denote the linear maps of R* defined by

a(x17m27'r37x4) = (%1,%‘4,1’2,%’3),
b(x1, 2o, T3, 74) = (T2, 71, —T3,74).

We identify a, b with their associated signed permutation matrices. Obviously,
a® = b* = I. If we define G = {(a,b) C Hy, then it may be shown that |G| = 48
and (R*, @) is absolutely irreducible. Moreover, G is a non-split extension of S,
by Zs and is isomorphic to SL(2,3). In particular, G is not a semidirect product
of subgroups of A, and Sy. Set Gy = G.,, G2 = G.,, G35 = G, and G, = G.,.
It is easy to verify that Gy, Gy = S3, Gy = Z3 and G3 = Z,. A straightforward
computation shows that (G;) and (Gg) are the maximal isotropy types (note
that G; and G5 are not conjugate subgroups of ). The non-trivial submaximal
isotropy types are (G3) and (G4). Since €4 € &y, it follows in the usual way that
there exist X € S(R*,G) and 3 € %(X) such that 3 is of maximal index 4 and
G3 = G3. Indeed, we may assume X is a gradient vector field on R? of degree 3.

4.6. Phase vector field and maps of hyperbolic type

In the next two sections, we develop the tools needed for the proof of the-
orem 4.5.11. The proof involves several steps. In this section, we prove results
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about quadratic and cubic vector fields by relating these vector fields to vector
fields defined on the unit sphere of the representation (the phase vector field).
We introduce the important concept of maps of hyperbolic type which we use to
show that for an open and dense set of quadratic or cubic vector fields, all zeros
of the phase vector field are hyperbolic. In the next section, we take account of
higher order terms in families and prove a stability result that allows us to infer
the branching pattern of a family by looking at the cubic truncation.

4.6.1. Cubic polynomial maps. We follow the notational conventions of
4.4.1. Throughout this section our focus will be on polynomial mappings of
degree two or three with a particular focus on cubic polynomial maps. However,
everything we say can be generalized without difficulty to polynomials of arbitrary
degree and we refer to [72, section 4] for details.

Let V' be an (n + 1)-dimensional inner product space with associated norm
Il lI. We denote the unit sphere S(V') of V' by S™.

LEMMA 4.6.1. Let h € P(V) and suppose that grad(h) € R(V,V). Then h
may be written in the form
¢
hz) = aillz]*,
i=0
where ag, . ..,a; € R.

PROOF. The result is classical and is proved by noting that if A is homoge-
neous then 0 € R is the only critical value of h (Euler’s theorem) and the level
sets h = ¢ > 0 are spheres. O

Assume that (V,G) is an absolutely irreducible orthogonal representation of
the finite group G. Suppose the critical degree d(V,G) = 2 or 3 and set d(V, G) =
d for the remainder of this section. Note that if d = 3, then PA(V,V) = {0} (and
so condition (C) is satisfied). Lemma 4.6.1 implies that R (V, V) = {a||z||*z | a €
R} IfQ € Péd)(‘/, V'), we may write () uniquely in the form

Q=vl+S5,
where v € R and S € PL(V, V).

4.6.2. Phase vector field. Let Q € P4(V,V). We associate to Q) a vector
field Pg on S™ C V defined by

Po(u) = Q) — (Q(u), wu, (u€ S").
We say that Pg is the phase vector field of (). The phase vector field Pg is the
tangential component of the restriction of ) to S™.

REMARKS 4.6.2. (1) Py = 0 if and only if @ is radial and so if d = 2 and

Q # 0, then Py Z 0.
(2) If Q € P4(V,V), then Pg is a G-equivariant vector field on S™.
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Let Z(Pg) denote the set of zeros of Py. The homogeneity of () implies that
z € Z(Pg) if and only if —z € Z(Pg). By definition of Py, z € Z(Pg) if and only
if Q(z) = az for some a € R. It follows from Euler’s theorem that DQ(z)(z) =
daz. In particular, DQ(z) induces an endomorphism A = A, : V/Rz — V/Rz.
We identify the tangent space £ = T,S™ with V//Rz in the obvious manner.

LEMMA 4.6.3. Let Q € P(V,V). Suppose that z € S" satisfies Q(z) = az
for some a € R (s0 that z € Z(Pg)). Then the linearization T, Py € L(E, E) of
Pq at z is given by
In particular, the following conditions are equivalent:

(1) z is a hyperbolic zero of Pq.
(2) No eigenvalue of A has real part «.

PROOF. Choose an orthonormal basis {eg,...,e,} of V with ey = 2z and
let {xq,...,z,} be the corresponding coordinate system. The proof is now an
exercise in advanced calculus. The matrix of the derivative DQ(ep) is of the form

3a *
DQ(€O) — < 0 A) )
where A € M, (R) can be identified with the endomorphism A, of V/Rz. One
can calculate T,Pg directly in terms of an appropriate coordinate chart for S

at eg. An easy computation shows that 7,Pg can be identified with the matrix
A — al,,, where [, is the n x n identity matrix. O

REMARKS 4.6.4. (1) Let the notation be as in lemma 4.6.3 and assume that
a # 0. As a consequence of the proof, (2) is equivalent to: (3) No eigenvalue of
DQ(z) has real part .
(2) Assume that Q = grad(h) for some h € P41(V). Then DQ(z) : V — V is
self-adjoint linear operator, so that all eigenvalues of A are real. Hence if z is a
simple zero of Py, it is a hyperbolic zero.

4.6.3. Normalized families. Given Q € P%(V,V), define J? : V xR — V
by J9(x,\) = Az + Q(x).

LEMMA 4.6.5. Let Q € PYV,V) and suppose that = € Z(Pg), Set o, =
(Q(2), 2) and define 3. : R — R by B.(s) = —a.s®. Then J%(sz,[3.(s)) = 0,
s € R. Conversely, if (z,)) is a non-trivial zero of J9, then z = z/||x|| € Z(Pg)
and (z, \) lies on the solution curve s w— (sz,3,(s)).

Proor. Computing, we see that for all s € R
J9(sz,8.(s)) = —a.s% +Q(s2),
= —a,s'2+5Q(2),
= —a,s%% + sta.z, since Q(z) = .z,
= 0.
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The converse is equally simple. 0
For each 2 € Z(Pg), let v*) : [-1,1] — V x R be the smooth solution curve
to J? = 0 defined by 7*)(s) = (s2, 8.(s)), s € [-1,1]. Let C, = v*)([0,1]). Then
C.NC, ={(0,0)} if z # z/. Furthermore, we may choose a neighbourhood A of
(0,0) in V x R such that the set of non-trivial zeros of J% in A equals U.cz(p,)C-.
We want conditions on @, z that imply 7*) is a curve of hyperbolic zeros. Let
A= f.(s) = —a,s¥!. An easy calculation gives

(4.4) DJ2(s2) = s7H(DQ(2) — a.ly).

LEMMA 4.6.6. The following conditions are equivalent:
(1) v*) is a curve of hyperbolic zeros.

(2) No eigenvalue of DQ(z) has real part o,
(3) . # 0 and z is a hyperbolic zero of Pg.

PROOF. The equivalence of (1) and (2) follows from (4.4). The equivalence
of (2) and (3) follows from (4.4) and lemma 4.6.3. O

DEFINITION 4.6.7. Let Q € P4V, V) and u € S™. We define a(Q,u) € R by
a(Q,u) = (Q(u), u).

The following proposition is an easy consequence of lemma 4.6.6.

PROPOSITION 4.6.8. Let z € Z(Pg) and assume that a(Q,z) # 0. Let the
solution curve ¥*) of J9 be defined as above. Let v, = v*)|[0,1].
(1) If a(Q,z) < 0 (respectively, o(Q,z) > 0), then v, is a supercritical
(respectively, subcritical) solution branch.
(2) If z is a hyperbolic zero of Pg, then ¥\*) is a curve of hyperbolic zeros of
J9 and we have
(a) ind(Pg, z) = ind(A, — (Q(2),2)I), where A, is as in lemma 4.6.3
and I is the identity map of V/Rz.
(b) ind([y.]) = ind(Pg, 2)+1, if a(Q, 2) < 0, and ind([v.]) = ind(Pg, 2),
if a(Q, z) > 0.

Let z € Z(Pg) and suppose a(Q, z) # 0. We define sgn,(z) = 1 by
sgng(2) = —sgn(a(@, 2)) (= —a(S,2))/|a(@, 2)]).

It follows from proposition 4.6.8 that sgng(z) = sgn([y.]). If z is a hyperbolic
zero of Pg, then we set indg(z) = ind([7,]). Note that indg(z) can be computed
directly from DQ(z) and a(Q, 2).

4.6.4. Maps of hyperbolic type. Let P4(V,V), C P%V,V) denote the
set of polynomials @ such that all zeros of P are hyperbolic and P4V, V), C
PV, V) be the set of polynomials such that all zeros of Pg are simple. Define

PV V)g={Q € PYV, V), | a(Q,2) #0, all z € Z(Pg)}.
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We let PE(V, V), PA(V,V), and P&(V,V )y denote the corresponding spaces of
G-equivariant polynomial mappings. (Note that for the definition of P4(V,V)y,
we assume d = 2,3. We use a different definition if d > 3, see [72, §4].)

EXAMPLE 4.6.9. Let G = H;, V = RF. A vector space basis for Pj; (R*,R)
is {R, C'}, section 4.5.3. We have

P} (R R¥), = P}, (R",R¥), = {aR+bC | a,b€R, b#0}.

The spaces PY(V,V);, and P&(V,V)y play an important role in the proof of
theorem 4.5.11. However, there are technical difficulties in dealing with these
spaces on account of the hyperbolicity condition which is not algebraic. In this
subsection, we introduce certain open subspaces of these spaces, which are defined
by algebraic conditions and are easier to handle. (Most of the results in this
subsection hold without the restriction d < 3.)

Let V = V ®g C be the complexification of V. Let P(V,V) = ®.5oP*(V, V)
be the complex vector space of all complex polynomial endomorphisms of V. We
have P(V,V) = P(V,V) ®g C. In particular, we may identify P(V, V) with the
R-subspace P(V,V) ®gr 1 of P(V,V).

Let ¥X™ C V denote the complexification of the unit sphere S™ of V. If
we choose an orthonormal coordinate system on V' so that S™ is defined by
the equation ZZ;Llla:z = 1, then X" is defined by the equation ZZI%Z]% = 1. In
particular, ¥ is a complex algebraic subvariety of V.

For Q € P4V, V), we define

Y(Q) = {(u,0) € " x C | Q(u) = au}.

If Q € PYV,V), let Y(Q)r denote the set of “real points” of Y(Q), that is the
intersection of Y (@) with S™ x R.

Let Q € P4V,V) and (u,a) € Y(Q). The C-linear map DQ(u) — aly
has radial eigenvector u with corresponding eigenvalue (d — 1)a. Let A(Q,u, @)
denote the linear operator on the quotient space V /Cu induced by DQ(u) — aly .
If Q € PYV,V) and (u,a) € Y(Q)g, let A(Q,u,a) denote the linear operator
induced on V/Ru by DQ(u) — aly.

As a routine application of the inverse function theorem, we have

LEMMA 4.6.10. Let Q € PYV,V) and (u,a) € Y(Q). If A(Q,u, ) is non-
singular, then (u,«) is an isolated point of Y (Q).

DEFINITION 4.6.11. Let Q € P4(V, V). (a) Q is of simple type (respectively,
relatively simple type) if for all (u,a) € Y(Q), DQ(u) — aly (respectively,
A(Q,u,«)) is non-singular. (b) @ is of hyperbolic type (respectively, relatively
hyperbolic type) if @ is of simple type (respectively, relatively simple type) and if,
for all (u, ) € Y(Q), the characteristic polynomial of DQ(u) —aly (respectively,
A(Q,u,)) does not have any factor of the form 72 + a, a € C.



98 4. EQUIVARIANT BIFURCATION THEORY: STEADY STATE BIFURCATION

REMARKS 4.6.12. Let Q € P4V, V). (1) If Q is of simple type, all solution
branches of J¥ are curves of simple zeros and J? satisfies the branching condition
B4 (and hence also satisfies B1 and B3). If @ is of relatively simple type, then
J@ satisfies the branching condition B1.

(2) If @ is of relatively hyperbolic type, then all zeros of the phase vector field
Pg are hyperbolic and so Q € PV, V).

(3) If @ is of hyperbolic type (or even, less restrictively, if @ is of simple type
and of relatively hyperbolic type), then all solution branches of J9 are branches
of hyperbolic zeros, so that J? satisfies the branching conditions B1-B3.

LEMMA 4.6.13. The subspaces of P4(V, V) consisting of all maps of hyperbolic

type, simple type, relatively hyperbolic type or relatively simple type are open
subspaces of P4V, V).

The proof is elementary.

EXAMPLE 4.6.14. Let V = R™! and define C € P4V,V) by C(z) =
(zd, ..., xgﬂ). If d = 3, C'is of hyperbolic type and the subspaces of lemma 4.6.13
are all non-empty. If d = 2, C'is of simple type and of relatively hyperbolic type.
If we take V = R3 and define Q € P*(V,V) by Q(z,v, z) = (yz,zz,xy), then Q
is of relatively hyperbolic type but is not of simple type.

THEOREM 4.6.15. Let E be a linear subspace of the real linear space PY(V,V).
If E contains an element (Q which is of hyperbolic type, then the set of elements
of E which are of hyperbolic type is an open dense subset of E. Similar results
hold if E contains an element of relatively hyperbolic type, an element of simple
type, or an element of relatively simple type.

The proof of this theorem uses nontrivial results from complex algebraic ge-
ometry and is given in an appendix at the end of the chapter.
The next result will be important in the sequel.

THEOREM 4.6.16. (1) If P&(V, V) contains an element of hyperbolic type,
P&(V, V), is a dense open subset of PL(V, V).
(2) If P3(V,V) contains an element of relatively hyperbolic type, PS(V,V )y
is a dense open subset of P3(V,V).
(3) If P2(V,V) contains an element of hyperbolic type, PA(V,V)y is a dense
open subset of PZ(V,V).

PROOF. Set £ = P4(V,V) and apply theorem 4.6.15. Parts (1) and (3) are
immediate. It remains to prove (2). Assume that P3(V, V), is dense in P2(V, V).
Let Q € P2(V,V) and N be a neighbourhood of @ in P2(V, V). Tt suffices to prove
NNP2(V,V)g # 0. Since P3(V, V), is dense, there exists P € NNP2(V, V). Let
N; be a neighbourhood of P such that Ny C N. For a € R, define P, € P3(V,V)
by P,(z) = al|z||*z + P(z). Note that Pp = Pp,, for all a € R. Choose § > 0
such that P, € Ny N P2(V,V),, for every a such that |a| <. If z € Z(Pp), then
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a(P,, z) = a(P,z) +a. Thus if a € [—6,0] and a does not belong to the finite set
{—a(P,z)| z € Z(Pp)}, we have P, € Ny N P3(V,V)y. O

4.6.5. The branching pattern of J?. It follows from our earlier results
that if Q@ € P4(V,V)pg, then J? satisfies the branching conditions B1-B3.

If Q € P4(V,V)g, then sgng and indg are G-invariant functions defined on
Z(Pq), so that (Z(Pq),sgng,indg) is a signed, indexed G-set.

LEMMA 4.6.17. (Notation as above.) If Q € P&(V,V)y, then the signed
indexed branching pattern X*(J9) is isomorphic (as a signed, indexed G-set) to

(Z(Pg), sgng,indg).

The proof is immediate. The isomorphism maps [v,] to z.

4.7. Transforming to generalized spherical polar coordinates

In this section, we will transform the problem of solving X =0 on V x R to
a somewhat simpler problem on (S™ x R) x R. The process we use depends on
(generalized) spherical polar coordinates or (polar) blowing-up. We continue to
assume that d = 2 or 3.

4.7.1. Preliminaries. Let V be a finite dimensional real vector space with
inner product ( , ) and norm || ||. Suppose dim(V) = n + 1 and denote the
unit sphere S(V') of V by S™. For the moment we do not assume the presence
of a G-action. However, we do restrict attention to the space C*°(V x R, V)q of
smooth families X which are in the ‘normal’ form

(4.5) X(xz,\) =Xz + F(z,A), ((z,\) €V xR),

where F(z,\) = O(||z]|?) (F\(0) = 0 and DF\(0) = 0),

The derivative of X in V-variables at x = 0 is Aly,, Obviously z = 0 is an
equilibrium of (4.5) for all values of \.

We make a transformation of (4.5) that effectively eliminates the parameter A
and reduces the dimension of the space we have to look at by one. In addition, we
will be able to disregard certain terms in the transformed vector field X (z, A). In
essence, we replace the study of the family (4.5) by that of a single vector field on
a lower dimensional space. Of course, there is a penalty to be paid for this: the
new space will no longer be linear. It turns out, this is a small penalty especially
in the cases where the dynamics of (4.5) are dominated by the quadratic or cubic
homogeneous part of X (x,A). Our transformations are based on rescalings (of
space and time) and blowing-up. For our purposes, we shall mainly use polar
blowing-up. In case dim(V') = 2, the transformation is just polar coordinates.
In higher dimensions, polar blowing-up is a generalization of polar coordinates
‘without the coordinates’. We use the term ‘blowing-up’ because of the close
relationship with the classical blowing-up construction of algebraic geometry.
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4.7.2. Polar blowing-up. We define the polar blowing-up transformation
P:S"xR—V by

P(u,R) = Ru, (ueS", ReR).
We remark the following properties of the transformation P.

(a) Provided x # 0, P~!(z) consists of precisely two points.
(b) P71(0) = S™ x {0}.

EXAMPLE 4.7.1. If V. =R?, P : S' x R — R? is polar coordinates. That is,
if u=0 € S then P(6,R) = (Rcosf, Rsinf) € R?. Viewed in this way, the
natural domain of definition of the polar coordinate transformation is the cylinder
St x R (rather than the (r, §)-plane). Note our convention that we allow R to be
negative: the points (0, R), (§ + 7, —R) are mapped to the same point of R? by
P. In fact we have a free action of Zy on the cylinder S' x R generated by the
involution p(0, R) = (0 + 7, —R). P is invariant with respect to p: Pop = P. Of
course, it is natural to require that P is 1:1 off P~(0) and one way of achieving
this is to restrict to the half cylinder defined by R > 0. Another approach, that
avoids the introduction of manifolds with boundary, is to define P on the quotient
of ST x R by the free Zs-action and so make P 1:1 off P71(0). We explore this
and related questions in some of the exercises.

PROPOSITION 4.7.2. Under polar blowing-up, the family of vector fields (4.5)
transforms to the family (Ry, S)) of vector fields on S™ x R defined by

(4.6) Sx(u, R) = R YF(Ru,\) — (F(Ru, \),u)u),
(4.7) Ria(u, R) = AR+ (F(Ru,\),u).

PRrOOF. If we write a solution x(t) of (4.5) in the form z = Ru, then 2’ =
R'u + Ru'. Substituting in (4.5), we obtain R'u + Ru’ = ARu + F(Ru, \). Since
u € S™, (u,u) = 1. Differentiating, we have (u,u’) = 0. The result follows by
taking the inner product of our equation for R, v with w. O

REMARK 4.7.3. If a curve u = u(t) is constrained to lie on S™, then u/(t)
is always tangent to S™. In particular, the equation v/ = R™Y(F(Ru,\) —
(F'(Ru,\),u)u) defines a vector field on S™. Of course, one can see this di-
rectly. If x # 0, the components of the vector field Az + F(z,\) along and
perpendicular to the radial direction through z are A||z|| + (F(z,A), z/||z||) and
F(x,\)— (F(x,\),x/||x||)x/||z| respectively. The equations we obtain in propo-
sition 4.7.2 reflect this orthogonal decomposition of the vector field into radial and
tangential components. In the sequel, we sometimes call S(u, R) the spherical
vector field and R(u, R) the radial vector field.

EXAMPLE 4.7.4. Suppose X (z,\) = Az + Q(z), where Q € P4V, V). Then
X transforms to the family

(4.8) Sy(u, R) = R"'Pg(u),
(4.9) Ra(u,R) = AR+ RYQ(u),u).
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Observe that (4.8) is independent of A.

EXERCISE 4.7.5. Let X(z,\) = Az + g(x, \)z, where g : V x R — R. Show
that the associated spherical vector field vanishes identically. What is the radial
vector field?

EXERCISE 4.7.6. Suppose that (u(t), R(t)) is the solution curve of (4.6,4.7)
with initial condition (ug, Ry). Verify that (—u(t), —R(t)) is also a solution curve,
now with initial condition (—ug, —Rg). Verify that the system is equivariant with
respect to the Zy-action on S™ x R defined by (u, R) — (—u, —R).

EXERCISE 4.7.7. Let p; : R® x S"! — R"™ denote the projection on the first
factor. Let ¥ C R™ x S™! be the solution set of the equations
(4.10) riu; —xju; =0, 1<4i,j<mn,

where (z1,...,2,) € R, (uy,...,u,) € S*1. Set IT = py|X. Verify that IT: ¥ —
R" is the polar blowing-up of R”. That is, find a diffeomorphism h : S" ' xR — ¥
such that P = Il o h. If we replace S"~! by P*""(R) — the projective space of
lines through the origin of R” — show that the construction still works but with

Y ={(z,0) e R* x P"(R) | z € (}.

The map II : ¥ — R" is the classical blowing-up of R"™ at the origin (see also
section 5.6.7). Verify that ¥ is homeomorphic to the Mobius band if n = 2.

4.8. Representations which are d(V, G)-determined, d(V,G) = 2,3

Suppose that (V, G) is an orthogonal representation of the finite group G and
d=d(V,G) =2,3. Tt follows from Taylor’s theorem that if X € V, we may write
X(z,\) = Az + Q(z) + Fi(x) + A\ (x, A),

where Q = JU(X), Fy() = X(2,0) — Q(x) = O(|lz|*) and Fy(z,\) = X —
Q—F, = O(||z||%). Transforming using spherical polar coordinates we obtain the
following expressions for the spherical and radial terms.

(4.11)  Sa(u, R) = R [Po(u)+ RA (u, R, \) + MAy(u, R, \)],

(4.12) Ry(u,R) = AR+ RY(Q(u),u) + RBy(u, R, \) + ABy(u, R, \)].

The terms A;, Ay are smooth vector fields on S™ that may be given explicitly
in terms of F; and F, respectively. Similarly, B; and B, are smooth functions

that depend on F; and Fy respectively. Let T'(u, R, A\) be the smooth (R, \)-
parameterized family of vector fields on S™ defined by

T(u, R,\) = Po(u) + RA; (u, R, \) + Aa(u, R, \).

LEMMA 4.8.1. (Notation as above.) Suppose that z € Z(Pq) is hyperbolic
and a(Q, z) # 0. There exists a (unique) smooth branch v, : [0,0,] — V x R
of hyperbolic zeros for X = 0 with direction of branching d(v.) = z. Moreover,
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sgn([v.]) and ind([.]) take the same values as for the corresponding branch for
JO. A similar result holds if z is a simple zero of Pg.

PROOF. Since z is a simple zero for Py, we may apply the implicit function
theorem and choose a closed neighborhood U of z in S", R,, p, > 0 and smooth
map z : [0, Ro| X [—p., p.] — S™ such that

(1) T(2(R,\),R,\) =0, all (R,\) € [0, Ro] X [—p2, p:]-

(2) 2(0,0) = z.
(3) The only zeros of T'in U for (R, \) € [0, Ro] X [—p., p.] are those given
by (1).

(4) DT(rx(2(R,\)) is hyperbolic, for all (R, ) € [0, Ro] x [—pz, p2].
Substitute z(R, A) in the radial equation. Cancelling the factor R (corresponding
to the trivial solution), we must solve

A+ R7Ha(Q, 2(R, \)) + RB1(R, \) + ABa(R, \)] = 0,
where we have written B;(R,\) = B;(z2(R,\), R, ), i = 1,2. Choosing R, p, >
0 smaller if necessary, we may assume that sgn(a(Q,z(R,\)) + RB1(R,\) +
AB2(R, \)) = sgn(a(Q, z), for all (R, \) € [0, Ro] X [—p., p-]. Another application
of the implicit function theorem shows that we may choose 0, € (0, R,] and a
smooth map A : [0,0,] — R such that A(0) = 0 and for R € [0,6,] we have

A(R) + R Ha(@Q, 2(R, A(R))) + RB1(R, A(R)) + A(R) Bs(R, A(R))] = 0,
We define the required smooth branch of solutions +, : [0,6,] = V x R by

1.(s) = (s2(5, A(5)), A(s), s € [0,6.].
It follows from the construction that d(v,) = z. Our choices also assure that
sgn(v,) is the same as that for the corresponding branch of J?. It remains to show
that we can choose R, > 0 sufficiently small so that ~, is a branch of hyperbolic
zeros. This follows by computing the linearization of (Sy(u, R), Ry(u, R)) along
the solution curve. We find that

_ [(R¥TIT,Pg + O(R?) O(R%)

D(SMR/\)(R> - ( O(Rd) —2Rd_1a(Q,z) —I—O(Rd)

That we can choose R, > 0 so that 7, is a branch of hyperbolic zeros and ind(~,)
is same as that for the corresponding branch of J? follows by dividing the matrix
by R4! and using a simple continuity argument. 0

THEOREM 4.8.2. If d = 2, assume PA(V,V)y # 0, and if d = 3, assume
PL(V, V), £ 0. Then
(1) G equivariant bifurcation problems on V' are d-determined.

(2) X € Vo(V,G) is stable if j¢X(0) € PL(V,V)g.

PROOF. It follows from theorem 4.6.16 that PZ(V,V)y is open and dense
in PL(V,V). Let X € Vo(R*, Q). If j4X,(0) € PL(RF, R*), then lemma 4.8.1
implies that X has a well-defined signed indexed branching pattern ¥*(X). Since
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Pa(V,V)g is open and dense it follows that G-equivariant bifurcation problems
are d-determined and that X is stable whenever j2X(0) € P4(R* R¥)g. O

Proof of Theorem 4.5.11. Suppose that G C Hj, and (R* G) satisfies
conditions (IR,C). Since the basic cubic equivariant C' € P3(R* RF)g, it fol-
lows from theorem 4.8.2 that G-equivariant bifurcation theorems on R* are 3-
determined. Since Pj, (R¥,R¥)y € P3(RF, R¥)y, we see that if X € Vy(R*, Hy)
and j3X(0) € P§ (R* R¥)y, then X € S(R*,G). Hence (G.) is a symmetry
breaking isotropy type for every ¢ € £, Finally if H is subgroup of GG such that

H satisfies conditions (IR,C) then, by exactly the argument we used above, every
G-stable family is, a fortiori, H-stable. Hence S(R*, G) C S(R*, H). O

4.8.1. The case when d(V,G) = 2 but (V,G) is not 2-determined.
Throughout this section we assume that (V,G) is an absolutely irreducible or-
thogonal representation of critical degree two and that dim(PA(V,V)) = 1. Fix
Q € PA(V,V), Q # 0. We assume that all the zeros of Pg are hyperbolic — so

Let Z(Q) denote the zero set of Q|S™. Since Z(Q) C Z(Pg), if Z(Q) # 0,
then (V,G) cannot be 2-determined (if z € Z(Q) N Z(Pg) then the branch ~, of
zeros of J9(x, \) = Az + Q(x) will not be a branch of simple zeros). When this
situation holds we shall prove that (V, G) is 3-determined.

THEOREM 4.8.3. If PA(V,V)) = RQ, Q € PA(V,V)n, and Z(Q) # 0, then
(V,G) is 3-determined.

We need some preliminary definitions. If P € P3(V,V) and z € Z(Q), define
v.(P) = DQ(2)(T:Pq)~'(Pp(2))) € V,
p(P) = (z,v:(P) - P(2)).
For the definition of v,(P), we regard T,Pg : T.5™ — T.5™ C V. Let
A(V.G) ={P € P(V.V) | po(P) #0, Vz € Z(Q)}.
LEMMA 4.8.4. A*(V,G) is an open and dense subset of P2(V, V).
PROOF. If P,(z) = al|z||?z, then p.(P,) = —a and so P, € A3(V,G), a # 0.

Since p,(P) is a polynomial in the coefficients of P and the zero set of Py is
finite, we see easily that A3(V, @) is an open and dense subset of P3(V,V). O

Let A3(V,G) C Pég)(\/, V)o be the set of polynomials ¢@ + P, where ¢ # 0
and P € A*(V,G). It follows from the previous lemma that Aj(V,G) is an open

and dense subset of P((;?’)(V7 V)o.
The next lemma completes the proof of theorem 4.8.3.

LEMMA 4.8.5. Let X € Vo(V, Q). If J*X(0) € A3(V,G), then X is stable. In
particular, (V,G) is 3-determined.
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ProoF. If J2X(0) = (cQ, P) € A3(V,G), then ¢ # 0 and J>X(0) € P&(V, V).
If z € Z(Pg) and Q(z) # 0, then we have previously shown that we have a hy-
perbolic branch of solutions 7, for X = 0 (lemma 4.8.1). Hence it suffices to
consider the case z € Z(Q). Let (Sx(u, R), Rx(u, R)) be the transformation of X
to spherical polar coordinates, We may write

Sx(u, B, A\) = R[c(M\)Pg(u) + RAN)Pp(u)] + O(R?) + O(R*)),
Ry(u, R,N) = AR+ c(\)(P(u),u)R* + d(\)(Q(u), u)R* + O(RY),

where ¢(0) = ¢ # 0 and d(0) = 1. Dividing through by R, we see that the zeros
of the spherical component S, are given by

[(u, R,\) = c(A\)Pg(u) + RA(\)Pp(u) + O(R?*) + O(R)) = 0.

We have I'(2,0,0) = 0 and T,,I'(2,0,0) = H(Pg, 2) is invertible. Hence it follows
from the implicit function theorem that there is a smooth curve u(R, \) of solu-
tions satisfying u(0,0) = 0. We may write u(R, \) = z+ Ra+ Ab+g(R, \), where
a,b € T.5(V) and the R- A-derivatives of g vanish at R = 0, A\ = 0, Substituting
in the equation for I', we find that b =0 and a = (T,Pg) ' (Pp(2)).

Next we substitute for u in the radial equation. We find that

Ry(u,R) = AR+ R’p, + O(R") + O(\R).

Now we follow the proof of lemma 4.8.1 and show, using p, # 0, that there is
a smooth branch =, : [0,9,] — V x R of solutions to to X = 0 with d(~,) = z.
That the branch is hyperbolic follows by explicit computation of the linearization
of (Sx(u, R), Rx(u, R)) along the solution curve (see the proof of lemma 4.8.1).
Just as in lemma 4.8.1, the off-diagonal blocks are both O(R?) and dominated
by the two diagonal blocks (of order O(R) and O(R?)). O

4.9. Counting branches and finding their location

We indicate how we can estimate the number of solution branches. We restrict
attention to representations (R*, G) which satisfy conditions (C,IR) (though the
methods apply more generally).

It is easy to verify that generic Hj-equivariant bifurcation problems on R*
have precisely 3¥ — 1 branches of non-trivial solutions. (Hj, has (3" —1)/2 axes of
symmetry and each axis of symmetry is associated to two branches of solutions).
Noting the trivial solution, z = 0, this gives an upper bound of 3* on the number
of solutions to Az + Q(z) = 0, A # 0 fixed, and @ of simple type (generic).
More generally, let Q € P3(R*, R*) and define the homogeneous (complex) cubic
H : C*! — CkF by H(z,2) = x2* + Q(x), (x,2z) € C*1. Each component H;
of H determines a hypersurface Y; in P¥(C). For generic @, Bézout’s theorem
implies that the intersection N¥_,Y; consists of exactly 3* points (for Bézout’s
theorem, see[76, Chapter 8] or, for a topological proof, [19]. For the case k = 2,
see [132, 91]). Each of the real points (x, z) with x # 0 determines a branch of
solutions to Az + Q(z) = 0. Conversely, if Q € P3(R*,R¥) is of simple type, then
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the conditions of Bézout’s theorem hold for H. Thus there can be at most 3* real
points and so a maximum of 3* — 1 real solution branches (the trivial solution
branch is always real).

All this is quite trivial for (R*, Hy) but becomes much more interesting when
G is a proper subgroup of Hj. Suppose that we have a smooth family @), €
P3(RF,RF) and Qo € P}, (RF,RF). Define X*(z,\) = Az + Qy(z). If Qq is of
simple type, then X° has exactly 3*¥ — 1 solution branches. As we vary s, it is
possible that some of the solutions to H*(z,2) = xz*® + Q*(x) become complex.
Hence the number of solution branches for X* may decrease (we give examples
of this phenomenon in chapter 5). Even though some solutions may become
complex they are constrained to lie on the same fixed point space as the original
real solution (strictly speaking, the complexification of the fixed point space).
Further variation of the parameter s may result in complex solutions becoming
real again but they appear on the original fixed point space. Roughly speaking,
if E C R¥ is a p-dimensional fixed point space for a subgroup of G, then E ‘owns’
exactly 3P solutions of H|E. These solutions may be real or complex but under
G-equivariant variation of Q € P3(R* R¥) they can never leave E @ C.

We sum up this discussion in the following theorem.

THEOREM 4.9.1. Let (R* G) satisfy conditions (C,IR). Let J be a subgroup
of G and suppose that E = (R*)” is of dimension p. Let X € S,(R¥,G). Then
X|E has at most 3? — 1 branches of solutions. Furthermore, generically there will
be exactly 3* — 1 branches of complex solutions and we can count 37 — 1 complex
solutions for each p-dimensional fized point subspace of (R* G).

PROOF. Since we assume (R*, G) satisfies conditions (C,IR), it is no loss of
generality by lemma 4.4.6 and theorem 4.8.2 to assume that J3(X) € P3(R* R¥)
is of hyperbolic type. The result follows from the previous discussion. O

4.10. The symmetric and alternating groups

In this section, we consider the symmetric group Sky1, £ > 2, acting by its
standard representation on V = {(xy,...,231) € R¥ | 3,2, = 0}. We start
by proving that (Syy1, V) satisfies the MISC. This result was originally proved
in [70] but we follow the alternative proof given in [73]. Let Aj.; denote the
alternating subgroup of Syy;. We show that (Agi1,V) satisfies the MISC if
k > 3. In addition, we obtain detailed information on the branching patterns
for (Sgt1,V) and (Agsq1, V). If k41 is odd, then (Ski1,V) and (A, V) are
2-determined and our results follow from the results of section 4.8. If k + 1 is
even, then (Ski1,V) and (Ag41, V) are 3-determined. In this case, we use results
from section 4.8.1 to prove a stability of branching theorem. Our methods also
allow us to get information on symmetry breaking and branching patterns for
many other subgroups of the symmetric group.
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4.10.1. Preliminaries on Siy;. Let ey = (1,...,1) € R*! Then Sy €0 =
{eo} and so V = {x € R* | (z,e9) = 0} is Spyi-invariant. Moreover (V, Spi1)
is absolutely irreducible. Let S(V) = S*~! denote the unit sphere of V.

We need some classical results on invariants, equivariants and axes of sym-
metry for (V, Ski1).

Let m : R¥*! — V denote the orthogonal projection onto V. We have

m(z) =2 — (k+1)7" (2,e0) e, (z€ R,

We have d(V, Sgy1) = 2. Indeed, the space ngH(V, V') of quadratic equivariants
is one-dimensional and generated by

(4.13) Q(z1, ..., 2p) = m(2d,. .. ,xzﬂ), ((x1,...,2p11) € V).

We call Q is the basic quadratic equivariant for (V,Sy.1). Since Vo1 = {0},
R% (V,V)=1{0}. Let h: V — R be defined by

Sk+1
h(zy, ..., 2501) =220, (21,...,2541) € V).

Then @ = sgrad(h). Hence the zeros of Py are the critical points of h|S**.

4.10.2. Zeroes of the phase vector field. As in section 4.5, it is conve-
nient to introduce a finite Sy i-invariant subset £ of V' which parameterizes the
zeros of Pg. Let pe k= {1,...,k} and set ¢ =k + 1 —p. We define

e, =(1/p,....1/p,—1/q,...,—1/q) € V C R**!

(with p coordinates = 1/p and ¢ coordinates = —1/q). Set &, = Sk11€,. Then
&, consists of all points of V' with p coordinates equal to 1/p and ¢ coordinates
equal to —1/q. Let &€ = Upex&,y. If p+qg =k +1, then £, = —&,. For e € €&,
we let L. denote the line Re. The axes of symmetry for (V) Si,1) are the lines
L.,ec& Ifeef, then g/|e| is a zero of Py and every zero of Pg is of this
form. Thus the map p: &€ — Z(Pg) defined by u(e) = /||e|| is an isomorphism
of Ski1-sets. Every z € Z(Pg) is a hyperbolic zero of Pg.

Letp € kand ¢ = k+1—p. Lete € £,. Then Q(e) = ae, wherea = 1/p—1/q.
If p # q, then o # 0. Hence if k 4+ 1 is odd, then () is non-degenerate and it
follows that () is of hyperbolic type. If p = ¢, then o = 0. Consequently if k + 1
is even, then @) is degenerate and is of relatively hyperbolic type.

PROPOSITION 4.10.1. Let k+ 1 be odd. Then
In particular, PSZHI(V, V)i is a dense open subset of ngH(V, V).

PROOF. Since ngH(V, V) = RQ, the proof is immediate. O
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4.10.3. Subgroups of Sy ;. A proof of the following well-known result may
be found in [25, page 230] or [157, 12.7.1].

LEMMA 4.10.2. Let G be a subgroup of Ski1. Then (V,G) is absolutely irre-
ducible if and only if G is a doubly transitive subgroup of Ski1.

LEMMA 4.10.3. Let G be a subgroup of Ski1. If G satisfies either (a) G is a
triply transitive subgroup of Syy1, or (b) k = 4 and G is the alternating group
Ay, then PA(V,V) = ngH(V, V).

Proor. We leave the proof, which is a direct computation, as an exercise. [J

4.10.4. The sign and index functions. Let Z(Q) = {x € S(V) | Q(x) =
0} and Z(Pg)1 = Z(Po) \ Z(Q). Set EM = pu=(Z(Pg)1). It is easy to check
that €V = Uper opers1 &y If K+ 1 is odd, then €Y = &, Clearly Z(Pg),
(respectively, E1)) is a Sy j-invariant subset of Z(Pg) (respectively, £). Let
P = aQ, with a # 0, and J¥ = \x + P(x). For each z € Z(Pg);, let the solution
curve 7®) for JP be defined as in section 4.6.3. Let v, = v(*)|[0,1]. The sign and
index of v, (or [v,]) are given by:

LEMMA 4.10.4. Let p € k be such that2p # k+ 1 and let q=k+ 1 —p. Let
e €&, and let z = p(e), so that z € Z(Pg),. Let P, J¥ and ~y. be as above.
(1) Assume that a > 0. Then sgn(vy.) = sgn(p —q). If p < q, then ind(7y,) =
q—1, and if p > q, then ind(y,) = q.
(2) Assume that a < 0. Then sgn(vy,) = sgn(q—p). If ¢ < p, then ind(~y,) =
p—1, and if ¢ > p, then ind(vy,) =p

PRrROOF. The result follows from proposition 4.6.8.

REMARK 4.10.5. All the branches 7, given by lemma 4.10.4 satisfy 1 <
ind(7,) < k. Thus 7, is never a solution branch of sources or sinks.

It is convenient to define two distinct structures of an abstract signed indexed
branching pattern on the Syyi-set £1). We define sign functions sgn +, and sgn_
and index functions ind, and ind_ on €M as follows:

We have EW) = Upey apsr11&,- Let p €k with 2p £k +1, ¢ =k +1—p and
e €&, Wesetsgn,(e) =sgn(p—q) and sgn_(e) = sgn(q —p) = —sgny(e). If
p < q, we set ind, (e) = ¢—1 and ind_(e) = p. If p > ¢, then we set ind, (&) = ¢
and ind_(g) = p— 1. Thus (€W, sgn,, ind,) and (€W, sgn_, ind_) are abstract
signed indexed branching patterns.

LEMMA 4.10.6. Let e € EM and set z = u(e). Let P = aQ, J¥ and v, be as
above. If a > 0, then sgn(vy.) = sgn, (€) and ind(y,) = indy(e). If a < 0, then
sgn(vy.) = sgn_(e) and ind(y,) = ind_(g).

PRrROOF. The result follows from the definitions and lemma 4.10.4. O
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4.10.5. The case k£ + 1 odd.

PROPOSITION 4.10.7. Let k+ 1 be odd and G be a doubly transitive subgroup
of Sk+1. Then (V, Q) is 2-determined.

PROOF. Since k+1 is odd, @ is a hyperbolic element. The proof now follows
that of theorem 4.5.11. O

COROLLARY 4.10.8. Let k +1 be odd. Then

(1) (V, Sky1) is 2-determined.

(2) (V, Agi1) is 2-determined, k > 4.

(3) Let q be a prime power. If we regard PGLy(F,) as a (triply transitive)
subgroup of Syi1, then (V, PGLy(F,)) is 2-determined.

The following theorem, which follows from the previous results and discussion,
summarizes the results in case k + 1 is odd.

THEOREM 4.10.9. Let k+ 1 be odd and G be a doubly transitive subgroup of
Sir.

(1) Let X € Vo(V, Q) satisfy J*(X) = aQ, with a # 0. Then X € S(V,G).
If a > 0 (respectively, a < 0), then the signed indexed branching pattern
Y*(X) is isomorphic to (&, sgn,, indy) (respectively, (£, sgn_, ind_)).

(2) {(G:) | e € &} is an admissible family of symmetry breaking isotropy
types for (V, Q).

(3) Suppose that PE(V,V) = P§,  (V,V). If X € S(V,G), then the signed,
indexed branching pattern ¥*(X) is isomorphic to either (€, sgn,, ind,)
or (€, sgn_, ind_). In particular {(G.) | e € E} is the unique admis-
sible family of symmetry breaking isotropy types for (V,G) and (G.) is
generically symmetry breaking for every e € £.

ExAMPLE 4.10.10. Let G = Aff;(IF5) C S5. Then the isotropy type (G.,) is a
submaximal symmetry breaking isotropy type. Thus (V,G) does not satisfy the
MISC. (But the results are quite different for (V,G x (—Iy)), see section5.4.)

4.10.6. The case k+1 even. Let k+ 1 = 2¢ be even and G be a subgroup
of Si41 such that

(a) (V,G) is absolutely irreducible,
(b) P&V, V) =P5_ (V.V).

It follows from our previous results that Z(Q) = (&) and that each z € Z(Q)
is a hyperbolic zero of Py. However, if z € Z(Q), then a(Q,z) = 0, so that
theorem 4.8.2 does not apply. Instead we use the results of section 4.8.1.
Following the notation of section 4.8.1, let T'= cQ + P € Ay(V, G). We define
a sign function sgn, and an index function indy on the G-set £. If ¢ € €M) we
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define
sgnp(e) = sgn,(e), if ¢ >0,
= sgn_(g), ife<O,
indr(e) = indy(e), if ¢ >0,
= ind_(g), if ¢ <O.

Given € € & = p HZ(Q)), set z = u(e). We define sgny(e) = —sgn(p,(P)). If
sgnr(e) = +1, then set indy(e) = ¢ and if sgny(e) = —1, set indr(e) = ¢ — 1.

THEOREM 4.10.11. Assume that k 4+ 1 = 20 is even. Let G be a subgroup of
Sky1 such that (V,G) is absolutely irreducible and P&(V,V) = P§_ (V,V). Let
X € Vo(V,G) be such that J*(f) € Ao(V,G) and set J*(f) = cQ+ P =T as
above.

(1) For each z € Z(Pg) there exists a smooth curve v*) : [=6,,8,] — V x R
of solutions to X = 0 with d(v,) = z.
(2) X € S(V, Q).
(3) *(X) s isomorphic to (Z(Pg),sguy, indr).
In particular G-equivariant bifurcation problems on (V,G) are 3-determined.

PROOF. Statements (1,2) and the 3-determinacy follow from lemma 4.8.5,
theorem 4.8.3 and lemma 4.8.1. Statement (3) follows from the definition of
the index and sgn functions together with the earlier results holding for the 2-
determined case. U

EXAMPLE 4.10.12. Let k 4+ 1 be even. It follows from theorem 4.10.11 that
(V, Sky1) is 3-determined and, if £ > 3, that (V) Ag;1) is 3-determined.

COROLLARY 4.10.13. Assume k+1 is even and let G be as in theorem 4.10.11.
The family {(G.) | € € £} is the unique admissible family of symmetry breaking
isotropy types for (V,G). Consequently the isotropy type (G¢) is generically sym-
metry breaking for every e € &£.

ProprosITION 4.10.14. (k + 1 arbitrary). (V,Sk11) satisfies the MISC. If
k > 3, then (V, Ayy1) satisfies the MISC.

PrROOF. Set W = Siyq1 and, if & > 3, G = A,,. It follows from corol-
lary 4.10.13 that {(W.) | e € &} (respectively, {(G.) | e € £}) is the unique
admissible family of symmetry breaking isotropy types for (V, W) (respectively,
(V,G)). But now it is easy to show that for every € € £, the line Re is an axis of
symmetry for (V, W) (respectively, (V,G)). Hence, for every € € £, the isotropy
type (W.) (respectively, (G.)) is a maximal isotropy type. O

EXAMPLE 4.10.15. Let ¢ be a prime power > 7 and assume that ¢ # 8. Let
G = PGLy(F,) C Sy41- Then an easy combinatorial argument shows that the
isotropy type (G.,) is submaximal. Thus it follows from theorem 4.10.11 and
proposition 4.10.14 that (V, G) does not satisfy the MISC.
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4.11. The groups Sii1 X Zo and Ayy1 X Zo

Let G = Ski1 X Zo and H = Agy1 X Zy, where Zs = (—Igx). In this section
we examine the equivariant bifurcation theory of (V,G) and (V, H), where V =
R* is as in the previous section. All of the results follow quickly from direct
calculations on equivariants and zeros of phase vector fields. In most cases, we
simply state results without giving proofs. The equivariant bifurcation theory of
these representations is of interest in the study of period doubling bifurcations of
representations with Sgi; or Axy1 symmetry (see [5] and chapter 10).

Let £ > 3. The action of Zy = (—Igr) commutes with the action of Sy, on
V and so we get an absolutely irreducible representation of the product group
G=S8141 xZyon V. If k+1=4, then (V,G) = (R3 Hj). Since k > 3, (V, H)
is also absolutely irreducible. We list below a number of computational results
on equivariants and zeros of phase vector fields for (V,G) and (V, H). These all
follow trivially from the corresponding standard results for (V, Syy1).

(a) PV, V) =P5 _ (V,V) =PV, V).

Sk+1
(b) If m is even, then PR(V,V) = P2(V,V) = {0}.
(c) P2(V,V) = P3(V,V) is 2-dimensional. It has a basis {R,C'}, where R

and C' are defined as follows:
R(z) = [[z]*z, (z€V).
If 7 : R¥*! — V denotes the orthogonal projection on V then
Clx) =n(2},...,20.,), (xeV).
We refer to C' as the basic cubic equivariant for (V,G) and (V, H).
It follows from (b,c) that d(V,G) = d(V, H) = 3.

4.11.1. The zeros of P-. We find the zeros of the phase vector field Pc.
First, some notation. Let I'(k+ 1) be the set of all triples (p, ¢, ) € N? satisfying
p+q+r=k+1 p<qg<r, ¢>0.

We define the plane D C R? by
D ={(a,b,c) €R®|a+b+c=0}
Given (p,q,r) € I'(k + 1), set
D(p,q,r) ={(a,b,c) € D | pa+ gb+rc=0}.
If p=gq=r,then D(p,q,r) = D. If p < r, then D(p, q,r) is a line through 0 in D.
In the this case we set y(p,q,7) = (r—¢,p—r,q—p) and D(p,q,r) = Ry(p, q,7).
For each (p,q,r) € I'(k + 1), define the linear map 7 = (7,...7441) : D —
RF by
Ti(a,b,c) = a,if 1 <i<np,
= b ifp<i<p+g,
= ¢ ifp+g<i<k+1
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The map 7 is injective and 7(D) NV = 7(D(p,q,r)). Set C(p,q,r) =
7(D(p,q,7)) and E(p,q,r) = Sp+1(C(p,q,7)). If p < r, then E(p,q,r) is a fi-
nite union of lines (through 0) in V. If p = ¢ = r, then E(p,q,7) = E(p,p,p) is
a finite union of 2-planes.

Set Z(p,q,r) = E(p,q,7)NS(V). It p < r,set 2(p, q,7) = y(p,q,7)/Iy(p,q,7) |-
In this case, Z(p, q,r) is equal to Gz(p, q,r).

We have the following description of Z(P¢).

PROPOSITION 4.11.1. Z(Pc) = Upgrerw+nZ(p, q,7).

REMARK 4.11.2. Assume that k + 1 is divisible by 3, say k + 1 = 3p. Then
Z(p,p,p) is a finite union of great circles on S(V'). Thus each z € Z(p,p,p) is a
non-simple zero of Pc.

We define a polynomial function M : R3 — R by
M(x,y,2) = 2(x* +y* + 2%) + 6zyz — 3(xy(x +y) + yz(y + 2) + z0(2 + 1)).

PROPOSITION 4.11.3. Let (p,q,r) € I'(k + 1) with p < r.

(a) Assume that p = 0. Then z(p,q,r) is a hyperbolic zero of Pc if r # 2q
and z(p,q,r) is a non-simple zero of P if r = 2q.

(b) Assume that p >0 and (p—q)(¢—1) = 0. Then 2(p,q,r) is a hyperbolic
zero of Pc.

(¢) Assume that r > q > p > 0. Then z(p,q,7) is a hyperbolic zero of Pc if
M(p,q,r) # 0 and z(p, q,7) is a non-simple zero of P if M(p,q,r) = 0.

The proof depends on the explicit calculation of the linearization 7%, 4 Pc.

LEMMA 4.11.4. Let (p,q,r) € I'(k+ 1) with 0 < p < g < r. If 3 does not
divide k + 1, then M (p,q,r) # 0.

COROLLARY 4.11.5. If 3 does not divide k + 1, then every zero of the phase
vector field Pe is hyperbolic.

4.11.2. Applications.

PROPOSITION 4.11.6. Let (p,q,r) € I'(k+1) withp < r. Assume that z(p, q,r)
is a hyperbolic zero of Pc. Then the isotropy type (G.ipqr)) 95 a generically
symmetry breaking isotropy type for (V,G).

The same result holds for (V, H).

PROPOSITION 4.11.7. Let (p,q,r) € I'(k + 1) with p < r.
(1) If0 < p < q <, then (G.pqr) s a submazimal isotropy type for (V,G).
(2) If either p =0 orp >0 and (p —q)(q —1r) = 0, then Rz(p,q,r) is an
axis of symmetry for (V,G). In this case the isotropy type (G.(pqr)) 15 @
mazximal isotropy type which is generically symmetry breaking for (V,G).

The same results holds for (V, H).
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REMARK 4.11.8. Let k+ 1 be divisible by 3, say k+ 1 = 3¢. Then (0, ¢, 2/¢) €
['(k+1). We see from proposition 4.11.3 that z(0, ¢, 2¢) is not a simple zero of P,
so that proposition 4.11.6 does not apply to show that (G.o2¢) is a symmetry
breaking isotropy type. However, it does follow from proposition 4.11.7 that
the isotropy type (G.,,2¢)) is generically symmetry breaking. Note also that
2(0,¢,20) lies on the great circle Z(¢,¢,0) C Z(Pc).

PROPOSITION 4.11.9. Assume that 3 does not divide k+1. Then the following
results hold

(1) P2(V, V), = P3(V, V), is a dense open subset of PS(V,V) = P5(V,V).
Hence (V,G) and (V,G) are 3-determined.

(2) {(Gzpgm) | (p,q,7) € T(k+ 1)} is the unique admissible family of sym-
metry breaking isotropy types for (V,G). Thus, for each (p,q,r) €
L'(k + 1), the isotropy type G.pgr 5 generically symmetry breaking.
The same result holds for (V, H).

(3) Let f € Vo(V,G) be stable. Then the branching pattern X(f) is isomor-
phic as a G-set to Z(Pc) = Uy g.ner+1) L(Pe).

ProposITION 4.11.10. If k + 1 = 4,5, then (V,G) and (V, H) satisfy the
MISC. If Kk +1 > 6, then there exist submaximal symmetry breaking isotropy
types for (V,G) and for (V, H).

4.12. Appendix: Proof of theorem on hyperbolic elements

We assume standard results on semialgebraic sets (basic definitions, results
and references on semialgebraic sets may be found in section 6.8). In order to
avoid a lengthy exposition of elementary algebraic geometry, we need to assume
some basic properties of constructible and algebraic subsets of a complex algebraic
variety (we refer the reader to [132, Chapter 2| for the theory of constructible
sets).

A subset X of a complex vector space constructible if it can be written as
a finite union of sets defined by complex polynomial equalities and inequalities
(that is, by conditions of the form p(z) = 0 and ¢(z) # 0). More generally, we
can define constructible subsets of complex algebraic varieties.

Let E and W be (finite dimensional) complex vector spaces. We list some
basic properties of constructible sets (see [132] for proofs).

A1l: If X C E is an algebraic set and p: E — W is a complex polynomial map,
then p(X) is a constructible subset of W.

A2: If X C E is a constructible set containing an interior point (usual topology),
then X is dense in E (usual topology).
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A3: If X C E is constructible, then X is contained in an algebraic subset of E
of the same dimension.

From now on we follow the notation of section 4.6.4. If E' is a linear subspace
of PYV,V), d > 2, let E C P4V, V) denote the complexification of E. Let Y
be the complex algebraic subvariety of E x ¥" x C defined by

Y = {(Qu,N) | Q(u) = Au},
and Yg denote the set of real points of Y. That is, Yr = Y N (E x S" x R).
We identify R"™! (respectively, C"™!) with the space of all real (respectively,
complex) polynomials in one variable which are of degree n + 1 and have leading
coefficient 1. Thus a = (ay, ..., a,+1) € R*™! will correspond to the polynomial

pa(t) =" b at" + .+ A

It is well-known (and elementary) that there exists an n-dimensional semialge-
braic subset X of R"*! such that p, has a root with real part zero if and only if
ac X. Let Z; C R""! be the set of all a € R*"! such that the polynomial p, has
a factor of the form t? + a for some o € R. Straightforward elimination theory
shows that Z; is the zero locus of a non-trivial real polynomial map h : R** — R.
Let Z, be the hyperplane in R**! defined by a,4; = 0 and let Z = Z; U Z,. It is
clear that X C Z. Let Z denote the complexification of Z. Thus

Z= {a = (ah s 7an+1) € Cn+1 ’ &nJrlh(a) = O}

Note that a € Z if and only if either p,(0) = 0 or p, has a factor of the form
t? + « for some a € C.

Now let 7 : Y — R™! be the map which assigns to (Q,u,\) € Y the
coefficients of the characteristic polynomial of DQ(u) — Aly,. Let p: Y — E
denote the restriction of the projection E x " x C — E. Clearly 7, p are the
restrictions of polynomial maps and 7(Yg) C R"™ and p(Yg) C E.

LEMMA 4.12.1. Assume that E C PV, V) contains an element Q of hyper-
bolic type. Then prn~(Z) C E has no interior points.

PROOF. Since 7 is the restriction of a polynomial map, 7—!(Z) is an algebraic
subset of Y. Hence pr~'(Z) is constructible by Al. If pr~'(Z) contains an
interior point, then it is dense in E by A2. But this contradicts lemma 4.6.13. [J

The next lemma is an immediate consequence of A3 and lemma 4.12.1.

LEMMA 4.12.2. Assume that E contains a map of hyperbolic type. Then
prn~Y(Z) is contained in an algebraic subset T of E of codimension > 1.

LEMMA 4.12.3. If E contains a map of hyperbolic type, then there exists an
open and dense semi-algebraic subset of E consisting of maps of hyperbolic type.

PROOF. First of all, note that the set N of elements of E which are not of
hyperbolic type form a closed semialgebraic set. It suffices to prove that the
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interior of N is empty. Let U be an open subset of F contained in N. Clearly
N C prY(Z). By lemma 4.12.2, pr—!(Z) is contained in an algebraic subset T
of E which is of codimension > 1. Hence TN E cannot contain a non-empty open
subset of . Thus U must be empty. U
Proof of theorem 4.6.15. Lemma 4.12.3 implies theorem 4.6.15 in case E
contains a map of hyperbolic type. The proof of theorem 4.6.15 in case E contains
a map of simple type is similar (and much easier). If E contains a map of relatively
hyperbolic type (or relatively simple type), the proof is similar, but somewhat
more complicated. We leave details to the reader. 0

4.13. Notes on chapter 4

Most of the chapter is based on the work of Roger Richardson and the au-
thor on steady state equivariant bifurcation [70, 71, 72, 73, 57]. The original
motivation was the Maximal Isotropy Subgroup Conjecture (MISC) proposed by
Golubitsky [79] (in the context of bifurcation theory) and by Michel [126] (in
the context of Higgs-Landau theories and phase transitions) and we refer to the
introduction of [72] where there is a more extended discussion, with references.
(The article [71] is devoted to MISC for finite reflection groups and considers
examples we do not discuss in this book — including symmetry breaking for the
icosahedral group and the Weyl group of type F}.)

Historically speaking, the first general results on equivariant bifurcation ap-
pear in the important 1973 paper of Ruelle [151]. By the mid 1980’s there was a
substantial body of results on equivariant bifurcation theory and its applications.
The state of the art at that time is described very well in the book Singularities
and Groups in Bifurcation Theory by Golubitsky, Stewart and Schaeffer [84].
This book contains an extensive set of references as well as many interesting
applications (see [86] for an updated perspective). However, the methods (and
aims) of [84] are rather different from those given here. Unlike [84], we make no
real use of the theory of singularities of differentiable maps. This is partly because
we do not investigate equivariant unfolding theory (see [84, Chapters XIV,XV])
— our emphasis is strictly on the codimension one theory. More significantly, sin-
gularity theory methods seem inappropriate when it comes to proving genericity
theorems or considering actions by non-finite groups. For the analysis of generic-
ity, we use methods based on equivariant transversality (see chapter 6). However,
the results of chapter 4 show that in many cases one can use quite elementary
techniques to verify stability, genericity and determinacy. Nowhere, for example,
do we make any use of Schwarz’s theorem on smooth invariants [154]. Finally, we
mention the work of Damon [37, 38, 39] on equivariant bifurcation and solution
branches. This work uses singularity theory methods to obtain general results on
equivariant bifurcations.



CHAPTER 5

Equivariant Bifurcation Theory: Dynamics

In this chapter we investigate the dynamics that can be generated in generic
equivariant bifurcations. Unlike what happens in the asymmetric case, when a
sink loses stability in a generic steady state equivariant bifurcation, we can expect
phenomena ranging from long period limit cycles, through heteroclinic networks
to chaotic dynamics. We also give some examples of what can happen in generic
equivariant Hopf bifurcations.

We start by describing a very useful technical and conceptual tool for the
analysis of steady state bifurcations: the invariant sphere theorem. In many
cases, we can use this result to remove dependence on parameters and reduce the
dimension of the phase space by one. Later in the chapter we give a variant of this
result that is appropriate for the analysis of the equivariant Hopf bifurcation and
is closely related to the classical blowing-up transformation of complex algebraic
geometry.

5.1. The invariant sphere theorem
Before we state the invariant sphere theorem, we need some definitions.

DEFINITION 5.1.1. Suppose that X and Y are topological spaces and ®;, W,
are flows on X and Y respectively. The flows ®, and ¥, are topologically equiva-
lent if there is a homeomorphism h : X — Y such that h maps each trajectory of
®, onto a (unique) trajectory of W;. We call h a topological equivalence between
®, and ¥,. If additionally h®;, = W,h, we say h is a topological conjugacy and
the flows are topologically conjugate

REMARK 5.1.2. Let M be compact and X be a smooth vector field on M
with flow ®;X. Then X (or ®;) is structurally stable if for all smooth vector fields
Y sufficiently C'-close to X, ®) is topologically equivalent to ®X. (See Smale’s
survey [163] for more details on structural stability and its characterization.)

Let V' be an (n + 1)-dimensional real vector space with inner product ( , )
and norm || ||. We denote the unit sphere of V' by S™.

DEFINITION 5.1.3. A polynomial Q € P*™(V. V), p > 1, is contracting if
(Qu),u) <0, (ues").

EXERCISE 5.1.4. Show that if (V,G) is an absolutely irreducible representa-
tion and there exists an inner product on V' relative to which ) € Pép TV, V) is

115
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contracting, then @) is contracting with respect to every G-invariant inner prod-
uct on V. In particular, the contractivity of @) is defined independently of the
choice of iG-invariant inner product on an absolutely irreducible representation.

THEOREM 5.1.5 ([57, Theorem 5.1]). Let p > 1 and suppose that QQ €
P¥TYV. V) is contracting. Then, for every A\ > 0, there exists a unique n-
dimensional sphere S(\) C V' \ {0} which is invariant by the flow of

(5.1) = x4+ Q(x).
Further,

(a) S(A) is globally attracting in the sense that every trajectory x(t) of (5.1)
with nonzero initial condition is asymptotic to S(\) as t — 400.

(b) S(\) is embedded as a topological submanifold of V' and the bounded
component of V'\ S(X) contains the origin.

(¢) The flow of (5.1) restricted to S(\) is topologically equivalent to the flow
of the phase vector field Pg.

PrROOF. We start by simplifying (5.1) using rescaling and coordinate transfor-
mations. First of all, transform (5.1) using generalized spherical polar coordinates
x = Ru, (u, R) € S™ x R (see section 4.7). We obtain
(5.2) u = R¥Pg(u),

(5.3) R = AR+ R*p(u),
where p(u) = (Q(u),u) and Py(u) = Q(u) — p(u)u is the phase vector field

defined in section 4.7. Since z = 0 is obviously a global sink for A < 0, it is no
loss of generality to assume that A > 0 in what follows. We make the scaling

transformations R = A7 and s = M. If we let 7, u denote the derivatives of u
and r with respect to s, we find that (5.2,5.3) transform to

(5.4) i = r¥Pq(u),
(5.5) io= 1+ p(u),

Since it is no loss of generality to assume that » > 0, we may make a further
transformation I = r?. The resulting set of equations is given by

(56) u = ]PQ(U),

(5.7) I = 2pI(1+ Ip(u)).

Since p is strictly negative, it follows that solutions to (5.6,5.7) are defined for all
positive time. Clearly I = 0 (that is S™ x {0}) is an invariant repulsive sphere
for this system. Let pg = inf,egn p(u) and set Ip = —1/(2pg). The vector

field defined by (5.6,5.7) is transverse to S™ x {Ip} and outward pointing. In
particular, if (u(s), I(s)) is a trajectory of (5.6,5.7) with 1(0) > Iy, then

I(s) > 1g, all s>0.
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Let C°(S™,R) denote the Banach space of all continuous R-valued maps on
S™ supremum norm topology. Denote the associated norm by || ||o. Let X denote
the closed subspace of CY(S™ R) defined by

X ={¢€ C°(S™"R) | £(S") C [Iq,00)}.
Every element ¢ € X determines a continuous graph map
graph, : 5" — 5" X R,

defined by graph(u) = (u,&(u)), u € S™. Let graph({) denote the image of
graph,. Obviously graph(¢) is a topologically embedded sphere, homeomorphic
to S™, which separates S™ x R into two pieces, one containing S™ x {0}.

We construct the invariant spheres S(\) by proving that there exists a unique
flow-invariant graph contained in S™ x [Ig,00). In order to do this we show
that the time-1 map of the flow of (5.6,5.7), restricted to S™ x [Ig, 00), induces
a contractive ‘graph transform’ operator on X. We start by observing that on
S™ x [Ig,0), the phase portrait of (5.6,5.7) is identical to that of the system
obtained by dividing the right hand side of (5.6,5.7) by I.

(53) i = Polw)
(5.9) I = 2p(1 4 Ip(u)).

This system is a skew product system over 4 = Pg(u). If we let &, = (d¥, d]),
t > 0, denote the semiflow of (5.8,5.9), then for initial conditions A; = (uq, R1),
Ay = (ug, Ry), with u; = ug, we have ®}(A;) = ®}(As), all t > 0. Hence O} is a

function of u € S™.
We define the graph transform operator G : X — X by

(5.10) G(&)(u) = P1(PY;(u), (P, (w))), (u€ ™€ € X).
We have
graph(G(¢)) = @1 (graph(¢)).
We claim that G is a contraction mapping. For this, fix ug € S™ and choose
I, I € [Ig,00). Let (u;(s), I;(s)) denote the solutions of (5.8,5.9) with u;(0) = wy,
I;(0) = I;,7 = 1,2. Since ®" is independent of I, we may set %(S) =u(s),1=1,2,
where u(s) = ®L(ug). Set A(s) = (I; — I1)(s). Computing A using (5.9), we find
that
A = 2pp(u)A.

Now for all u € S™, 2pp(u) < —K, where K = inf,cgn —p(u) > 0. It follows
from Gronwall’s inequality (or directly) that |A(1)] < e ®¥|A(0)| and so
(5.11) 1L(1) — L(1)| < e ™I — L.
In terms of the operator G, we have

1G(&) = Gmllo < e N1& = nllo, (&, € X).
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Since e® < 1, it follows that G is a contraction mapping and so G has a unique
fixed point = € X.

As we have already pointed out, graph(Z) defines a topologically embedded
sphere S C S" x [Ig, 00) which is homeomorphic to S™ and separates S™ x [, 00)
into two components. Since every trajectory with initial condition (Iy,u;) €
S™ x (0,00) eventually exits S™ x (0, Ig), it follows that the forward trajectory
of every point of S x (0,00) is forward asymptotic to S. Consequently, every
flow-invariant subset of S x (0, 00) must be contained in S. In particular, S is
the unique n-dimensional flow-invariant sphere contained in S™ x (0, 00).

We construct the required invariant spheres S(\) C V', A > 0, by transforming
S back to V by our A-dependent coordinate and rescaling transformations. The
composite of these transformations determines a topological equivalence between
the flow of (5.8,5.9) restricted to S and the flow induced by (5.1) on S()\). Finally
observe that the flow on S is topologically equivalent to the flow of Pg. Indeed,
the required topological equivalence is obtained by restricting the projection map
S" x R — S™ to S = graph(Z). O

REMARKS 5.1.6. (1) Although the family of invariant spheres given by the-

orem 5.1.5 may have some differentiability properties, they will almost never be
smoothly (that is C*°) embedded. It is easy to construct examples where the
invariant spheres are not even C''-embedded (see exercises).
(2) If we assume that V' is a G-representation and @) is G-equivariant, then the
invariant spheres given by theorem 5.1.5 are G-invariant. This can be seen in two
ways. First, we can make all the constructions and definitions used in the proof
of the theorem G-equivariant. (For example, work with the closed subspace of
continuous G-invariant maps on S™.) Alternatively, note that it follows by the
G-equivariance of the flow and the uniqueness of the invariant spheres that all
the spheres are G-invariant.

EXERCISE 5.1.7. Consider the differential equation X’ = X+Q(X), where @ :
R? — R? is homogeneous of degree 3 and contracting. Find examples where (a)
the differential equation has four or six or eight nontrivial hyperbolic equilibria;
(b) The invariant circle is not a C' submanifold of R?; (¢) The invariant circle is
a periodic orbit. In case (c), how smooth is the invariant circle?

5.1.1. Extensions and generalizations. Theorem 5.1.5 applies to differ-
ential equations which are of the form 2’ = Az + Q(x), where @ is a homogeneous
polynomial of odd degree. This result is already very effective for the analysis of
a wide range of problems in equivariant bifurcation theory — for example, most of
the 3-determined bifurcation problems considered in the previous chapter. How-
ever, it is useful to describe what happens when we allow for higher order terms
as well as dependence of nonlinear terms on A. Some of the results we describe
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depend on the theory of normal hyperbolicity [93] and we shall omit most techni-
cal details of proofs. We shall also restrict attention to the most interesting case
where () is of degree three.

LEMMA 5.1.8. Let Q € P3(V,V), H € C*(V,V), J € C®(V xR, V) and
define

(5.12) ' = e+ Q(z) + AH(z) + J(z, \).

Suppose that Q is contracting, H(z) = O(||z||*) and J(z,\) = O(||z|*). We
may find \g > 0, such that if X € (0, \o], and we polar blow-up V' and rescale by
R%* =\, s = M, then the system (5.12) transforms to

(5.13) i = I(Po(u)+A70(1))
(5.14) I = 2I(1+ Ip(u) + A20(1))

PROOF. A straightforward computation similar to that used in the proof of
Theorem 5.1.5. O

COROLLARY 5.1.9. (Assume the hypotheses of Lemma 5.1.8.) Suppose that
Pg is a structurally stable vector field on S™. There exists Ay € (0, \o] and an
open neighbourhood U of 0 € V' such that for every A € (0, \]. the differential
equation (5.12) has a flow-invariant sphere S(X\) C U such that

(1) For every x € U, x # 0, the trajectory of (5.12) through x is forward
asymptotic to S(A).

(2) The flow of (5.12) restricted to S(\) is topologically equivalent to that of
Pg on S™.

PROOF. We sketch the main ideas (which depend on general results on struc-
tural stability [163, 148]). As in the proof of theorem 5.1.5, it suffices to consider

(5.15) i = Polu)+A20(1))
(5.16) [ = 2+42Ip(u) +A20(1)).

Suppose A = 0 and let S C S" x [Ig,00) be the invariant sphere given by (the
proof of) theorem 5.1.5. Choose an open neighbourhood U of S such that OU
is smooth and the vector field defined by (5.15,5.16) is transverse to OU and
everywhere inward pointing. Let 7y : U — S™ denote the projection onto S™.
Let &, : U — U denoted the associated semiflow. We remark that o, can be
extended to a smooth flow on S"*!' > U with two repelling hyperbolic points
in S"*1\ U and such that the trajectory through every other point of S"*1\ U
eventually crosses OU. The flow of Py is topologically equivalent to the induced
flow ®,|S : S — S. Each basic set A in the spectral decomposition [163] of
P corresponds to a transitive invariant set A = 7' (A) N S for @,. If W*(x) is
the stable manifold through = € A, then m;;'(W*(z)) is the stable manifold for
i = n; (x)NS € A. Similarly, we may lift W*(z) to the unstable manifold W ()



120 5. EQUIVARIANT BIFURCATION THEORY: DYNAMICS

through Z which projects 1:1 onto W*(z). We show that each set A is hyperbolic
for @, — this is elementary if A is either an equilibrium point or a limit cycle. The
requisite Axiom A and strong transversality conditions characterizing structural
stability continue to hold on U. Since the basic sets we add to extend ®; to S™**
are both hyperbolic repellors, it follows that ®, : S**! — S"! satisfies Axiom A
and the strong transversality condition and so is structurally stable [148]. The
same is true for (5.15,5.16) for sufficiently small positive values of \. U

COROLLARY 5.1.10. (Assume the hypotheses of Lemma 5.1.8.) Let A = 0
and suppose that the invariant sphere S for (5.13,5.14) is normally hyperbolic.
Then there exists Ay € (0, Xo] and an open neighbourhood U of 0 € V' such that
for every X € (0, \]. the differential equation (5.12) has a flow-invariant sphere
S(A\) C U such that for every x € U, x # 0, the trajectory of (5.12) through x is
forward asymptotic to S(\).

PRrooOF. This is a standard application of results on the persistence of nor-
mally hyperbolic sets [93]. O

COROLLARY 5.1.11. Suppose that 2’ = Az + F(z) where J°F(0) = 0. Let Zg
be the one parameter family of smooth vector fields on S(V') defined by

Zp(u) = R7*(F(Ru) — (F(Ru),u)u), (ue S(V)).

If R # 0, then every zero uy = u(R) of Zr determines a unique zero z(ug) of
2= Az + F(z), where A\ = \g is uniquely determined by ug.

PROOF. In order that Rug be a zero of 2/ = Az + F(z), it suffices that AR +
(F(Rug),ug) = 0. That is, \g = —R™Y(F(Rug), uo). O

REMARK 5.1.12. Let (V,G) be absolutely irreducible. If X € S(V,G), then
for the computation of ¥*(X) we may always assume that higher order terms
are independent of A (this uses equivariant transversality — see chapter 7). Thus,
it follows from corollary 5.1.11 that, for stable families, branches correspond to
curves u(R) of zeros in S(V') for the one parameter families Zp.

5.1.2. Applying the invariant sphere theorem. Let (V,G) be absolutely
irreducible. Assume that PZ(V, V) = {0} and G-equivariant bifurcation problems
on (V,G) are 3-determined.

Suppose X € V, can be written X (x,\) = Az + Q(z) = J% (=, )\), where
Q € P3(V,V). For a € R, define X,(z,\) = X(z,\) + al|z|]*z. If X € S(V,G)
(X is stable), it follows from results we prove in chapter 7 that

(1) For all but finitely many values of a € R, X, € §(V,G).

(2) For all a € R, ¥(X,) = X(X).
Note that this result is easy to verify for the hyperoctahedral representations
(R*, H}) since the branches of solutions are in 1:1 correspondence with zeros of
the phase vector field which is independent of the radial term a||x||*z.
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Consequently, if we are interested in the branching pattern, rather than the
signed indexed branching pattern, it is no loss of generality to add a radial term
al|z||*r and take a sufficiently negative so that Q(x) + al/z|*z is contracting.
There are several advantages to this approach. First of all, the problem of deter-
mining the branching pattern is reduced to that of finding the equilibria of the
phase vector field Pg. More interestingly, the dynamics of the phase vector field
Pg determine the dynamics generated by the associated (supercritical) bifurca-
tion of X. That is, if the conditions of the invariant sphere theorem hold, all
branching is supercritical. Hence we can explore the dynamics generated in the
bifurcation merely by examining dynamics of Pg on S™. Since S™ is compact,
this allows the easy use of topological tools (such as the Euler-Poincaré index) to
determine the number of equilibria. Although the phase vector field will typically
not be structurally stable (in the class of non-equivariant vector fields) it will of-
ten be equivariantly structurally stable. This allows the possibility of proving
equivariant generalizations of corollary 5.1.9.

5.2. The examples of dos Reis and Guckenheimer & Holmes

A feature of equivariant dynamics is the presence of robust saddle connections
that would be non-generic for asymmetric vector fields. More formally, a sad-
dle connection is a non-transverse intersection of stable and unstable manifolds.
Nevertheless this type of intersection can sometimes persist under equivariant
perturbations of the vector field and provides an example of what we later call
G-transversality (see chapter 6). In figure 1, we show a robust saddle connection
for a Zy-equivariant vector field on R2. In this case (R?)%? is the z-axis and a, b
are hyperbolic saddles on the x-axis. The connection between a and b cannot be
broken by Zs-equivariant perturbations of the vector field.

F1GURE 1. Robust non-transverse saddle connection

Dos Reis [146], as part of a classification of structurally stable equivariant
vector fields on 2-manifolds, observed that it was possible to have a robust cycle
of non-transverse saddle connections for a Z3-equivariant vector field on the two-
sphere. This type of cycle is called a heteroclinic cycle (or homoclinic cycle, if the
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connection is between equilibria on the same group orbit). This phenomenon was
rediscovered in the context of bifurcation theory by Guckenheimer & Holmes [87]
(homoclinic cycles are also a well-known phenomenon in the theory of Lotka-
Volterra equations and population models [122, 94, 95]).

We shall describe the example of Guckenheimer and Holmes as it provides a
nice application of the invariant sphere theorem to equivariant dynamics.

With a view to subsequent applications, we first establish some general con-
ventions. Unless stated to the contrary, we restrict to absolutely irreducible
representations (R",G) where n > 3, G = A, x T C H, and T is a transitive
subgroup of S,,. We define the ‘spherical simplex’

An—l :{(ul,...,un) GSn_l | Uty ..., Up ZO}

We remark that A,,_; is a T-invariant fundamental domain for the action of A,
on S"7! (see (a,b,c) below). Let A2_; denote the interior of A,,_;. We record the
following properties of A, ;.

(a) Ugen, gAp—1 = S"1.

(b) For all g € A, gAS_; NAS_; # 0 if and only if g = 1.

(¢) An—y is T-invariant.
Every point in dA,,_; lies on a coordinate hyperplane. Since a coordinate hyper-
plane is a fixed point subspace of R" disjoint from A;_,, A, _; is flow invariant
for any smooth G-equivariant vector field on S™~!. Consequently, in order to
describe the dynamics of a G-equivariant vector field X on S™~!, it suffices to
describe the dynamics of X|A,,_;.

Suppose that n = 3 and G = Az x Z3. Let Q = (Q1,Qq,Q3) € P (R3 R3).
Since @ is Asz-equivariant, @); = xZQ,(x%,xg,mg), where Q; is linear, i = 1,2, 3.
By Zs-equivariance, once we know Q; the remaining components can be obtained
by cyclic permutation of the coordinates. Since Q; is linear we therefore have

Qi(r1,72,73) = 1’1(@||I||2+a2$§+a3$§),
Qa(x1, 9, 23) = wo(allz|® + azal + asz?),
Qs(w1,22,23) = x3(al|z|? + aza} + aza3).

where a, aq, a3 € R.

LEMMA 5.2.1. Q is contracting if and only if
(5.17) a<0,3a+ay+asz<0.

PROOF. We have (Q(z),z) = aljz||* + (az + a3) (2723 + 2325 + x327). Taking
r=(1,0,0) and = = (1,1, 1), we see that (5.17) is a necessary condition for @) to
be contracting. For sufficiency, note that al|z||* = % > ici (@} — x3)? 4 Ba(xizs +
r3x3 + 2ir?). O

If (5.17) is satisfied, we may apply the invariant sphere theorem and reduce

the analysis of equivariant bifurcations of 2’ = J%(z, \) at zero to the analysis
of Pg|Ay. In this case, Ay is the spherical triangle with vertices pipo = (1,0, 0),
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po1o = (0,1,0), and poo1 = (0,0,1) (see figure 4 and note these vertices have
maximal isotropy). The coordinate planes meet S? in three invariant circles
which determine the boundary of Ay. We denote the other point in Ay with
maximal isotropy by pi11 = (1,1,1)/v/3 (R(1,1,1) is an axis of symmetry).
Using lemma 4.6.6, it is easy to compute the eigenvalues of the linearization of
Pg at pigo and p111. We find that the eigenvalues of the linearization at pioo are as
and ay with corresponding eigenspaces Re; and Res respectively. The remaining
eigenvalues and eigenspaces at po1g, poo1 are obtained by cyclic permutation.
The complex eigenvalues of the linearization of Py at pi1; are

%(—(&2 + as) £ 1V/3(ay — as)).

The corresponding eigenspace is the plane xy + x5 + 3 = 0. The eigenvalues at
p111 are real if and only if as = as.

We claim that P has equilibria of submaximal isotropy type (Z2) if and only
if asaz > 0. Since points with isotropy type (Zs) lie on dAs, one coordinate is
zero. It suffices to look for equilibria of the form (u,v,0), uv # 0. Now (u,v,0)
is an equilibrium of Py if and only if J9((u,v,0), A) = 0 for some . Computing,
the latter condition is equivalent to

M+ u(a(u® +0?) + agv?) = 0,
M+ v(a(u® +v?) + azu®) = 0.

Divide the first equation by u, the second by v and subtract the second equation
from the first. We obtain

CLQ’Uz = CL3U2.

This equation has non-zero solutions if and only if asas > 0. If asas > 0, we
denote the equilibrium point with submaximal isotropy (Zsy) lying on the edge
joining pigp and pi11 by p11p. We leave it as an exercise for the reader to show
that if asaz > 0, then pyjp is a hyperbolic saddle point (the eigenvalues of the
linearization of Py at p11o are real, non-zero and of opposite sign). Hence all the
zeros of Py we have found so far are hyperbolic provided that

asagz, as + az # 0.

The corresponding branches of 2’ = J9(z, \) will be hyperbolic if, in addition, a #
0. Granted these conditions on the coefficients, it follows either by theorem 4.9 or
direct computation, that we have located all the zeros of Py and corresponding
branches of ' = J9(z, \).

Referring to figure 2, the stabilities of the equilibria of Py remain constant
on the open regions +A;, +A,, £A3 of (as,as)-parameter space. If we vary
(ag,a3) counterclockwise round the unit circle in the (ag,as)-plane, we obtain
the sequence of phase portraits for Pg shown in figure 3. In figure 3(a), we
have taken as = az. In this case Pg is Hs-equivariant and a gradient vector
field. In particular, Py can have no periodic orbits. As we approach the line
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FIGURE 2. Regions of stability for Pg

as = 0, the saddle point p;19 moves counter-clockwise along the boundary of A
as shown in figure 3(b). The linearization of Pg at p111 has complex eigenvalues.
In figure 3(c), we have taken as < 0, az > 0 and ay + ag > 0. The saddle point
p110 has now disappeared and Pg has no sources. Instead, Pg has a homoclinic!
cycle comprised of the stable and unstable manifolds (within As) of the saddle
points pigo, Poio, Pooi- Lhe point pi1; is a sink. As we cross the line as + a3 = 0,
Pg undergoes a degenerate Hopf bifurcation. We leave it as an exercise — see
below — to show that when ay + a3 = 0, all trajectories of Pg not lying on the
homoclinic cycle or equal to pj1; are periodic (with orbits given by ujusus = c,
c € (0,4/3/9).)

Passing into the region As, p11; becomes a source and we continue to have a
homoclinic cycle joining the saddle points pigo, Poio, Poor — see figure 3(d).

When we move into —A;, —A, and —Az, we get the corresponding pictures
we saw for Ay, A and A3z but with arrows reversed.

Let asas < 0 and denote the corresponding homoclinic cycle of Pg by X. We
say that ¥ is an attracting homoclinic cycle if we can find an open neighborhood U
of ¥ such that every trajectory of Pg through a point of U is forward asymptotic
to . Similarly, we say X is repelling if we can find U such that backward
trajectories through points of U are asymptotic to X. It follows from a theorem
of dos Reis [146], that X is attracting (respectively, repelling) if the absolute value
of the product of the negative eigenvalues round X is greater than (respectively,
less than) the product of the positive eigenvalues round . Applying dos Reis’
theorem, we see that if ay < 0 < ag, then ¥ is attracting (respectively, repelling)
if |ag| > a3 (respectively, |as| < a3). In our situation, this result may be easily
deduced using the Lyapunov function V(uy, us, u3) = ujusug

IThe connections are between equilibria on the same G-orbit
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FIGURE 3. Dynamics on As

Poo1

Po1o

FIGURE 4. An attracting homoclinic cycle on S?

EXERCISE 5.2.2. Show that if V(uy,us,u3) = ujusug, then we have V =
(ay + a3)p(uy,ug,uz)V, where p > 0 on Ay and is equal to zero if and only if
u = uy = ug = 1/ V3. Deduce that ¥ is an attracting homoclinic cycle if
as + a3 < 0 and repelling if as + ag > 0. Show also that if as + ag = 0 then
trajectories through points not lying on dAy U {p111} are periodic.

125
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A degenerate Hopf bifurcation occurs at points (as, as) satisfying as + a3z = 0
(see the previous exercise). If we are prepared to add higher order equivariant
terms to () and consider, via the invariant sphere theorem, the corresponding
perturbation of Py, it is possible to obtain a non-degenerate Hopf bifurcation —
relative to an arc of parameters cutting the line as + a3 = 0 transversally. How-
ever, we never obtain branches of limit cycles for generic primary G-equivariant
bifurcations. Branches of limit cycles only appear stably in secondary bifurca-
tions.

We refer the reader to [87, 74| for more detailed computations and a discus-
sion of the relevance of this example for applications.

5.3. Steady state bifurcation to limit cycles

Let G = Ay x Zy C O(4). In this section, we describe some of the new
dynamical phenomena that can occur in G-equivariant bifurcations on R* (most
of what we say is a summary of results presented in [74] and we refer the reader
to that article for details of proofs we omit). We also look at the dynamical
implications of replacing G by the index two subgroup G* = (A4 % Z,) (G*
continues to act absolutely irreducibly on R%).

5.3.1. Axes of symmetry in Aj.

(1) There are four axes Rey,...Re, associated with the maximal isotropy
type (Z3). We let pigoo = (1,0,0,0) denote the intersection of Re; with
the pOSitiVG orthant of S3 and similarly define Po100, Poo10, Pooo1 -

(2) There is one axis R(1, 1,1, 1) with associated maximal isotropy type (Zy).
We denote the corresponding point on the positive orthant As of S® by

Pi111-
(3) There are two axes R(1,0,1,0), R(0,1,0,1) with associated maximal

isotropy type (Z3 x S3). We denote the corresponding points on As by
P1o10 and poio1-

Aside from the points poigo, - - . , Poro1 described above, all other points in A3 C S?
have submaximal isotropy.

5.3.2. Cubic equivariants. Let Q = (Q1,...,Q4) € PS(RYR*). Just as
in the previous section, it suffices to find () since the remaining components of
() are obtained by cyclic permutation of the variables in ;. We find that

Q1(x) = z1(a||x|* + aox3 + asxi + ay2?), (x = (x1,...,24) € RY),
where a, as, a3, a, € R.
LEMMA 5.3.1. The polynomial Q) is contracting if and only if
(5.18) a, 2a + ag, 4a + as + ay, 4a + as + as + ay < 0.
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PROOF. We leave this as an exercise for the reader (details are in [74]). O

Suppose that @) is contracting. Just as in our analysis of the Guckenheimer-
Holmes example, it suffices to consider the dynamics of Pg|A;.

Equilibria of Pg. We have already identified seven equilibria of Pg|As that
are forced by symmetry. Since G C Hy, we can also expect that for certain values
of as, asz, ay there will be equilibria p1100, Po110, Poo11 and pigo; on the edges of Aj
and equilibria P1110, Po111, P1o11 and P1101 On the faces of A3. Since G C H4, it
follows from the results of chapter 4 that there will be an open and dense subset
A of the space of coefficients as, as, a4 such that for all (as,as,as) € A, Pg has
at most 15 equilibria and all of these equilibria will be hyperbolic.

LEMMA 5.3.2 ([74]). Define
Ko = a§+a4(a3—a2), k1 = ag(az—az+as), Ko = ai+a2(a3—a4), K = Ko+K1+Ka.
(1) The eigenvalues of the linearization of Pg at piogo are
(5.19) a4, Az, a2

with eigenspaces Res, Res and Rey respectively.
(2) The eigenvalues of the linearization of Pg at pi111 are

(5.20) (a3 — (ag + a4))/2, —(as £ 1(az — aq))/2.
(3) The eigenvalues of the linearization of Pg at pio1o are
(5.21) (ay — ag + aq) /2 (multiplicity 2), —as.

(4) There exist zeros with submazimal isotropy type (Z3) if and only if azas >
0. If asas > 0, the eigenvalues of the linearization of Pg at piigo are

—2a2a4 Ko av)

(5.22) , , .
as +ay ag+ay asg -+ ay

(5) There exist equilibria with submaximal isotropy type (Zsa) if and only if
(5.23) sgn(ko) = sgn(k1) = sgn(kz) # 0

If this condition holds, the eigenvalues of the linearization of Pg at p1110
are
20, 20 ki((ag — aq)® + a3)

Y Y Y

K K Kas

where o4 are the solutions to
o® + oas(as + a3) + kikgkz = 0.

ProOF. We verify the conditions for the existence of equilibria of isotropy
type (Zy) and leave the remaining straightforward — if tedious — computations
to the reader (more details are in [74]). Suppose then that there is a solution
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p0001

Pooto

FIGURE 5. Edge cycle on Aj

of isotropy type (Z,). That is, there exists (uy,us,us3,0) € S, with ujususz # 0,
and ¢ € R, such that

ul(agug + agug) = cuy,
ug(agug + a4u%) = Cug,
us(asul + agu3) = cus.

Since ujusus # 0, it follows that
2 2 2 2 2 2
A2U5 4 A3U3 = AgU5 + A4UT = A3U] + AqU5.

Eliminating uZ from these equations we find that ryu? = kou3 and so sgn(kg) =
sgn(xy). Eliminating u? we find rou? = kju2 and so sgn(k;) = sgn(ks). Hence
(5.23) is a necessary condition for the existence of solutions of isotropy type (Zs).
The proof of the converse is similarly straightforward. O

5.3.3. Homoclinic cycles. It follows from lemma 5.3.2 (1,4) that if asay <
0, then there is a homoclinic cycle ¥ g connecting the vertices pi110, - - -, Pooor- We
refer to figure 5 for the case as, a3 < 0 < ay. We refer to X as an edge cycle as
it is comprised of edges from the simplex As.

Let F' denote the 2-face of A3 defined by the vertices pigoo, Po100, Pooo1- It is
possible to choose as, a3 < 0 < a4 such that either pgi9; is a source in the face F
and there is no submaximal equilibrium py191 or pgi1o1 € F' is a saddle and there
is a source pii0; € F.
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There are various types of attractivity (and repulsiveness) that are displayed
by the edge cycle ¥g. Before we describe these properties, we need some new
notation and definitions.

Let d denote the G-invariant metric on S? induced from the Euclidean metric
on R*. Let ®; denote the flow of Pg. Let U be a nonempty open subset of Aj
and u € U. We say that u exits U if there exists T'= T'(u) > 0 such that

(1) ®y(u) € U for all t € [0, T).
(2) P (w) £ U.
We call T'(u) the exit time (for u).
The set U is a transient set (for the flow ®;) if every point of U eventually
exits U. We allow the possibility that a trajectory which exits U may, at some

later time, re-enter U.
Define dy : A3 — R by

ds(u) = inf{d(u,v) | v € 0A3}.
Let U be a neighbourhood of ¥z in A3. Define
U. = U \ 8/\3

DEFINITION 5.3.3 ([74]). (1) Xg is an attracting heteroclinic cycle of Py
if for every open neighbourhoodheteroclinic cyclelattracting V' of Xg in
A3 there exists an open neighbourhood U C V of ¥Xg such that the
forward trajectory of every u € U lies in V' and is forward asymptotic
to X g. We say X is a repelling heteroclinic cycle if ¥ is attracting for
—Pg.

(2) Xg is a boundary-attracting saddle if for every open neighbourhood V' of
Y g in A3 there exists an open neighbourhood U C V of ¥g and € > 0
such that

(a) U* is transient.
(b) The forward trajectory of every u € U N JA3 lies within V' N 0A3
and is forward asymptotic to Xg.
(c) If u € U* has exit time T' = T'(u) then dy(®r(u)) > e.
We say that Y is a boundary-repelling saddle if ¥g is a boundary-
attracting saddle for —Pg.

REMARK 5.3.4. If X is a boundary-attracting saddle, then the stable set
W#(Xg) will be a subset of OA3. There will be an ‘unstable set” W*(Xg) such
that W"(Xg)\ X lies in the interior of A3. In particular, the local unstable set of
Y g points into the interior of A3 along Y. Viewed from 0Aj3, X is an attractor
but seen from the interior of Az, X appears to be a repellor. This phenomenon
is qualitatively similar to the dynamics of the degenerate saddle 2’ = —z3, where
the origin attracts points on the z and y-axis (z = x +iy) and repels points along
the lines z + y = 0.
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FIGURE 6. Face cycle on Aj

PROPOSITION 5.3.5. Assume that asay < 0. Let X denote the homoclinic
cycle for the flow of Pg|As.
(1) If as + a3 + aq, a3 < 0 (respectively, as + az + aq, a3 > 0), then g is an
attracting (respectively, repelling) homoclinic cycle.
(2) If ag + az + ag > 0 > a3 (respectively, as + az + a4 < 0 < a3z), Xg is a
boundary-attracting saddle (respectively, boundary-repelling saddle).

PROOF. A direct proof parts (1,2) is given in [74]. Part (1) of the result also
follows from more recent general (and by now standard) results on the stability
of heteroclinic cycles (see [108] and [94]). We give a proof of the more difficult
part (2) later in this section (see lemmas 5.3.9, 5.3.11, 5.3.12). O

It is also possible for A3 to support a face heteroclinic cycle.

PROPOSITION 5.3.6. Assume that asay > 0 and koko < 0. Then A3 has a
face heteroclinic cycle g joining the equilibria p1100, Po110, Poo11 and Pioo1 (See
figure 6).

If ko + Ko < 0 < ag + ay (respectively, ko + ko > 0 > ay + ay), then Xp is an
attracting (respectively, repelling) heteroclinic cycle.

PRrROOF. We refer the reader to [74, Theorem 5.2] (or [108]). O
For the remainder of this section we assume that asas < 0 and set Xg = 2.
By lemma 5.3.2, the eigenvalues of the linearization of Py at pii11 are (az —
(ag + a4))/2, — (a3 £ 1(ag — aq))/2. Since asay < 0 (and so as # asz), we always
have a complex conjugate pair of eigenvalues. If a3 < 0 and a3 < as + a4, then
p1111 18 a saddle-point with two-dimensional unstable manifold transverse to the
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symmetry line through pi111 joining pp1o1 to pioip (see figure 5). It follows from
proposition 5.3.5 that if as + a3 + a4 > 0 > a3, then X is a boundary-attracting
saddle. In this case, the unstable set W*(Xg) points into the interior of As. If
as +az +as > 0 > a3, and asay < 0 then az < as + a4 and it is easy to check
from lemma 5.3.2 that Pg has no attracting equilibria in As. Since X is not an
attractor, this strongly suggests that the interior A3 contains recurrent dynamics.

THEOREM 5.3.7. Suppose that
(5.24) asay < 0,
(5.25) as(as +asz+ayg) < O.
then Pg has a periodic orbit contained in the interior of As.

We need some preliminaries before we give the proof of theorem 5.3.7. We
denote the coordinates of points in Az C R* by (zy, ..., x4) and regard subscripts
as being defined mod 4.

For i € Z, we define the following subsets of A3 (see figure 7).

Ri = {(Ul, Ce ,U4> € A3 | U; Z Uit2 and Ujr1 = qu}

F, = {(ul,...,m) €R; ’ U; > Uijt2 > 0 and Uit1, Ui4-3 >0}
Qz‘ = {(ul, Ce ,U4) S A3 | U; Z Ui42 and Uit Z Ui+3}

D, = {(ul, c ,’LL4) € Ag | U; > Uiy > 0 and Ujp1 > Ujgr3 > O}

Let A3 denote the set of interior points of A3 C S3. For i € Z we have
E - Angla DZ:Ang“
0p82% = OaDi = RiUR;pa,
Z4Qi = A37
N2y = Rig

Conditions (5.24,5.25) of the theorem imply that k1 = as(as + a4 — az) < 0.
Using lemma 5.3.2(5), we may show that Pg has no equilibria of isotropy type
(Z3). Suppose that a3 < 0. Then the points pigi0, Po1o1 are sources and the
one-dimensional stable manifold of pi117 is contained in the arc uy = us, us = uy
connecting pig10 and po1o1-

LEMMA 5.3.8. Suppose that as,as,ay satisfy (5.24,5.25) and ay > 0 > as.
Then for 1 < i < 4 there exist smooth functions T; : F; — R satisfying
(1) T;(u) > 0, allu € F,.
(2) ®(u,Ti(u)) € Fiyr and T;(u) is the smallest positive number for which
this is true.
(3) If g € Zy maps F; to F; then T; = T;g.

A similar result holds if ay < 0 < as.
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Proor. We construct 7' = T7 : F; — R. The remaining maps 7; are then
defined by Z,-equivariance. We assume az < 0 and so, az(as + a4 — az) < 0, we
have ay + a4 > as.

For t € [0,1], define L; : R®* — R by

Li(zy,...,24) = (1 = t)(x1 — x3) — tas.
The zero sets H; = L;*(0) define a pencil of planes meeting A3 along the curve
uy = uz = 0. Clearly, Hy N )y = Ry, Hy N2 is the face of 2; defined by us =0
and
U #no=a.
te[0,1]
The normal to Hy, pointing towards F; away from F; in €2y is given by

ny = (1—1¢,0,—1,0).
Let u € D;. Computing, we find that
(Pa), mi) = (1= t)us((az — aq) (ud — u2) + as(u? — ).
Since we are assuming as, as < 0 < ay, it follows from the definition of D; that
(Pg(u),n;) <0, forallue Dy, tel0,1).

Hence, if u € F1, the forward ®-trajectory through u meets each H, transversally,
t € [0,1). There are two possibilities: Either (1) ®;(u) is asymptotic to a zero
of Pg in Q4 or (2) ®,(u) eventually exits D;. It follows from our remarks prior
to the statement of the lemma that there are no points in D, lying in the stable
manifold of a zero of Pg. Hence (1) cannot occur. Consequently, the trajectory
®,(u) eventually exits through a face of €. Since 0Aj is ®-invariant and Pg
is inward pointing along Fj, ®;(u) must exit through F,. Hence there exists a



5.3. STEADY STATE BIFURCATION TO LIMIT CYCLES 133

Pooot y-axis

X-axis

i
Ping
i

- Pooto

D+

Po100

FIGURE 8. The local section Dj

(minimal) T'(u) > 0 such that ®(u,7'(u)) € F2. This construction defines the
required map 7' : F; — R. The smoothness of T" is a routine application of the
implicit function theorem. 0

Let A; : Fi — Fit1 be the diffeomorphism defined by A;(u) = ®(u, T;(u))
(notation of lemma 5.3.8). If we define S = Ay 0 A30 Ay0 Ay : Fy — Fi, then §
is a smooth Zj-equivariant diffeomorphism of F;. We regard S as the Poincaré
map of ¢ associated to the cross-section Fj.

Fix a point ¢ € Aj lying in the interior of the edge FEj5 joining pigeo to
Poioo- Let D, denote the open r-disk, center zero in R%. Set D; = D and let
Dt = {(z,y) € D|z,y > 0}. We similarly define D}, 0 < r < 1. Fix an
embedding p : D — S® such that (1) p M Eia, (2) p(D) N Ej3 = {q} and (3)
p(D)N Az = p(DT). Give p(DT) = D the coordinates inherited from D*. We
may assume that = 0 corresponds to the face z3 = 0 and y = 0 to the face x4 =0
(see figure 8). Let x be the generator of Z, satisfying kpiooo = poioo- We may
choose r € (0, 1) such that ®; determines a Poincaré map P : D — kDt ~ D™.
For x # 0, we define P(z,y) = @y, (x,y), where t(z,y) is the smallest strictly
positive number such that @, ,)(z,y) € kKDT. We define P(0,y) = 0 (rq). With
this definition of P it is easy to verify that P is continuous.

LEMMA 5.3.9. Assume that az,a3 < 0 < a4 and az(as + az + a4) < 0. Let
p=—%2 v=—2 (sothat p+v € (0,1)).
(1) Pg is C* linearizable at piono-

(2) We may choose coordinates on D and find continuous strictly positive
functions A, B : DY — R such that

P(x,y) = (A(z,y)z"y, B(z,y)x").

PRrOOF. The conditions on the coefficients imply that |as + aq| # |as|, a2 +
az| # |a4| and |ay + az| # |ag|. Since Pg is C? (in fact, C*), it follows from
the Bellickii-Samoval linearization theorems [10, 11] that Pg is C'-linearizable
at pioop. Taking a Cl-linear coordinate system at piggp, we can explicitly solve
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Pg on a neighbourhood of pjgpp and hence estimate the time function t(z,y)
used in the definition of P(z,y). We omit the straightforward details (see [74] or
[108)). O

REMARK 5.3.10. If as + a3 + a4, asay, ag < 0, the second part of lemma 5.3.9
will hold provided that the non-resonance conditions |a; + a;| # |ay| are satisfied.
In this case u+v > 1 and this gives an easy way to prove that Y is an attracting
homoclinic cycle (see [74]). It can be shown that this result holds if the non-
resonance conditions fail.

Continuing with the notational assumptions of lemma 5.3.9, define

O
d= .
2

If az(ag + a3 + ay) < 0, and so p + v € (0,1), it follows that A, € (0,1).
The asymptotic behaviour of iterates of the map P defined in lemma 5.3.9 is
dominated by A4. Specifically, suppose that we are given ¢, > 0. Let H(c, «)
denote the “hyperbola” in DT defined by 2%y = ¢ and define

E(c,a) = {(z,y) € D" | 2%y > c}.

LEMMA 5.3.11. (Notation as above.) Let P : D} — D% be the map defined
by P(x,y) = (Azty, Bx"), where A, B are for the present assumed to be strictly
positive constants. Set C = (BA*)Y/(1=2)  Let S :[0,00) — [0,00) be the map
defined by

S(c) = B(Ac)M, c € R.
Then
(1) Forallc € (0,00), P(H(c,A\q)) = H(S(c),\a); P(E(c, a)) = E(S(c), Aa).
(2) If A\a < 1 (equivalently, p+ v < 1), then S(c) > ¢, for all ¢ € (0,C).
(3) We may choose a closed neighbourhood U of 0 € Df and find e > 0 such
that if we set U* = U \ OD™, then U® is transient and if x € U® exits
after N iterations of P, we have d(P"(x),0D") > ¢.

PROOF. Fix ¢ > 0. The hyperbola H(c,\;) C DT has parameterization
(t,ct=>4), t > 0. Computing, we find that P(t,ct=*) = (T, B(Ac)*T ), where
T = Act*~*¢. Hence, we have proved (1). The proof of (2) is a simple computation
which depends on the fact that C' is the (unique) fixed point of S. It remains to
prove (3). Let o > 0 and set

- v _ (0 yv/u
n on, Yo B(Ayl) :
Let U be the open rectangular neighbourhood of O € D with edges the z- and
y-axis together with the lines y = vy, © = z¢. Using the conditions v + pu < 1,
w, v > 0, we may find £y > 0 such that for all zy € (0, %], we have yy < y;. Fix
xo € (0, Zo]. A simple computation shows that if we choose £ > 0 satisfying

€< min{:v(()l_”)y/”, By},
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then every X € U*® eventually exits U. If X € U*® exits after N iterations of P,
then d(PN(X),0D") > e. O

A straightforward openness and continuity argument proves the following ex-
tension of lemma 5.3.11 which allows for the coefficients of P to be continuous
non-constant functions.

LEMMA 5.3.12. (Notation as above.) Let P : D} — D™ be the map defined
by P(x,y) = (Axty, Bz¥), where A, B are strictly positive continuous functions.
Assume A\g < 1. There ezist C > 0 and a continuous strictly monotone increasing
map S : [0,C) — [0,00) such that

(1) For all c € (0,C), P(H(c,\q)) C E(S(c), \a).

(2) We may choose a closed neighbourhood U of 0 € D and find e > 0 such
that if we set U* = U \ OD™, then U® is transient and if x € U® exits
after N iterations of P, we have d(PY(x),0D") > ¢.

REMARK 5.3.13. Proposition 5.3.5(2) follows from lemma 5.3.12.

Proof of theorem 5.3.7 We assume ay, a3 < 0 < a4 (the proof is similar, or
follows by time-reversal, if a3 > 0 and/or ay < 0 < ay). In order to prove that
Pg has a limit cycle in the interior of Ag, it suffices to show that S : 7y — F;
has a fixed point. For this it suffices to construct a closed disc D C F; such that
S(D) C D. It then follows from the Brouwer fixed point theorem that S has a
fixed point. Our construction of D depends on finding a solid torus

T C A3\ W#(puin)

such that Py is everywhere transverse to OT and inward pointing and TNF; = D
is a closed disc. It then follows from the transversality of Pg to 0T that S(D) C
D.

Let L C Aj denote the arc joining pipi0, pPoio1 defined by the intersection
of A3 with the plane Tl = T3, 1 = T3. Since the equilibria P10105 Poio1, Pi111
are hyperbolic and W*(p1111) = L, it follows that we may construct a closed
neighbourhood V' of L in A3 such that

(1) OV is smooth and diffeomorphic to a cylinder (with boundary contained
in 81\3)

(2) Pg is transverse to OV and outward pointing.

(3) The forward trajectory of every point in V' \ L eventually exits U.

It follows from lemma 5.3.12 that we can choose a transverse local section
D+ through a point ¢ of the edge joining pigog t0 poiop and ¢, > 0 such that
PY(H(c,\g) N D}) C E(d,\g), where ¢ > 0. If u € H(c,\q) N D;, define
t(u) by P*(u) = @y (u) and let M be the smooth surface with boundary and
corners swept out by @ M = Uycpnnps Pul[0,t(0)]). Since the boundary
component U, y.»np: (0, t(1)) is disjoint from H(c, Aq) N Dy, we may deform
M to M’ so that (a) Pg is everywhere transverse to M’ and points into the
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interior of Ag, and (b) M’ is a smooth surface with boundary consisting of two
components, diffeomorphic to circles. We now continue the surface M’ to OV
Rounding corners where the extension meets 0V, we obtain a smooth surface
K C A§ which equals M’ near X5 and 0V away from the faces of As. A further
deformation of K supported outside V' and M’ enables us to require Py h K and
inward pointing (for this we can use transversality estimates used in the proof of
lemma 5.3.8). The surface K is a 2-torus and we let T C A$ denote the solid
torus comprising K together with all the points inside K, The intersection of T
F1 will be a closed 2-disk such that S(D) C D. O

5.3.4. Stabilities and a ‘hidden Hopf bifurcation’. Theorem 5.3.7 gives
no information on the number of limit cycles in Az or their stabilities. We con-
jecture that there there is at most one limit cycle in A3 with stability determined
in the obvious way by the stabilities of the equilibria on A3. In particular, if
as, asay, az(as + a4 + az) < 0, then the limit cycle should be attracting.

Fix the parameters as, as and assume that as + a4 # 0. Set a3 = s and for
s € R, consider the family P9 where

Q1(s)(z1,...,14) = x1 — x1(a||z|* + agxd + sx3 + asx?).
The eigenvalues of the linearization of PRE) at p1111 are given by

5 —(ag + ay) N — —s+1(ag — az) 5 - —s —1(ay — ay)
s = 9 sy Ns — 9 )y Ns — 9 .
It follows that for all s € R, the imaginary parts of the complex conjugate pair
\s, As are non-zero. Further, for s near zero, the real eigenvalue p, is non-zero. As
s increases through zero, the complex conjugate pair A, \s cross the imaginary
axis at non-zero speed. The next result, which is proved in [74, section 4] using a
centre-manifold analysis, shows that there is a non-degenerate Hopf bifurcation
at s = 0.

THEOREM 5.3.14. Assume ay + a4 # 0 and set 0 = —sign(as + ay).

(1) There exists o = afag, as) > 0, such that P?®) has a branch of limit cy-
cles for s € (0,0a]. Ass — 0, the period of the limit cycles is asymptotic
to 2/|ay — as| and the diameter to \/|s|. The limit cycles are attracting
if o = —1 and repelling if ¢ = 1. Furthermore, for ¢ € (0, —ca], P9
has no limit cycles in a neighbourhood of pi111.

(2) Let f € Vo(R* xR, Q) and set Q = 52 f5(0). Suppose that the coefficients
of Q satisfy as£ay # 0, 4da+as+ay # 0 and az € (0, 0a] where o, a are
as defined in (1). Then there exists Ao # 0, with sign(X\g) = —sign(4a +
as + ay), such that there is a branch of limit cycles of ©’ = f(x,\) for
A€ (0,X]. As X\ — 0, the period of the limit cycles is asymptotic
to |N71/|(ay — a2)| and the diameter is asymptotically proportional to
V|Aas|. The limit cycles are attracting if o < 0 < Ao, repelling if Ay <
0 < o and saddles if A\go > 0.
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We refer to the phenomenon described by theorem 5.3.14 (2) as a ‘hidden Hopf
bifurcation’. Using part (1) if the theorem, it is possible to identify non-empty
open subsets of the (as, as, as)-parameter space for which there exist exactly one
limit cycle in Aj.

REMARKS 5.3.15. (1) In this section we have emphasized phenomena asso-
ciated to the edge cycle ¥g; notably the co-existence of ¥ and a limit cycle.
It follows from theorem 5.3.14 and proposition 5.3.6, that the face cycle X can
also coexist with a limit cycle.

(2) If instead of the group Ay x Z,, we look at the determinant one subgroup
G* = (A4 X Zy)', the regions Az are no longer flow-invariant for Pg. The compo-
nents of a general homogeneous cubic equivariant ) are given by

Qj(x1,. .., w4) = zj(allz]]® + Siiyaix? ;) + (=1 ewr ... 25 .. 2y,

where " denotes omission and a,...,e € R. If asay < 0, we continue to have the
edge cycle Y but now trajectories can wind around X g, exit A3 and explore other
parts of S3. Chaotic dynamics are seen in numerical explorations of the dynamics
of Pg. If we look at a G*-equivariant family 2/ = X (z,\), X € Vo(R* x R, R?),
then the bifurcation that occurs as A passes through zero can result in bifurcation
to chaotic dynamics or ‘instant chaos’. We refer the reader to the articles by
Guckenheimer & Worfolk [89], and Worfolk [182] for more details about this
phenomenom. (We give another example of instant chaos in the next section.)

5.4. Bifurcation to complex dynamics in dimension four

In this section we describe some of the complex dynamics associated to bi-
furcations on a four dimensional absolutely irreducible representation. This rep-
resentation also gives the lowest dimensional example where the converse to the
MISC fails. We start with a description of the representation which closely fol-
lows [61, Appendix].

Let G C S; be the group generated by s = (12345), t = (2453) € S5. Straight-
forward computations verify that st = ts? and |@ | = 20. It is easy to see that G is
isomorphic to the group Aff;(IF5) of affine automorphisms of 5 (see section 4.5.6
and examples 1.2.7(4)). Take the standard irreducible representation of S; on
R* and restrict to G. Since G is a doubly transitive subgroup of Ss, (R?, @) is
absolutely irreducible by lemma 4.10.2.

EXERCISE 5.4.1. (1) Verify the relations ts = s%, ts* = s*t and ts* = s%.
(2) Verify that (s) is a normal subgroup of G and that G = (s) x (t).

5.4.1. A basis for the action of G on C%. Complexifying the action of
G, we obtain a complex irreducible action of G on C*. Let S denote the 5 x 5
permutation matrix corresponding to the generator s = (12345). Set e = w.
The eigenvalues of S : C° — C® are {w" |k = 0,...,4}. The eigenvectors e;
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corresponding to w?, 1 < i < 4 are

e = (Lw"w’, ww),
e = (1w w, wt w?),
es = (L,whw' w,w?),
e; = (Lw,w? W wh).

Since Y, w' =0, {e1,es, €3, €4} is a basis for C* = z; + ... 25 = 0.

LEMMA 5.4.2. Relative to the basis {e1, ez, €3,€4} we have

2 3 4
s(z1,22,23,24) = (wz1,w 29, W 23, W 24),
t(Zl,ZQ723,Z4) — (Z37217Z4722)'
Proor. We leave the straightforward verification to the reader. 0

LEMMA 5.4.3. Let V be the four dimensional real subspace of C* defined by
V ={(x1,2,%,%) | 21,2 € C}.

Then

(a) V is a G-invariant subspace of C* and (V,G) = (R*, G) (as real repre-
sentations).
(b) Relative to the complex coordinates (21, z2) on V', we have

s(z1,20) = (wzl,wg@),

t(Zl, ZQ) = (22, Zl).

PROOF. Since @ = w* and ©? = w?, G-invariance of V follows from

_ 2 —5
S<ZI7Z2722721) == (CUZl,W 227w2237w424>7
t<21722722721) - (22521721722)-
Since (R*, () is absolutely irreducible, (C*, ) is isomorphic as a real representa-

tion to two copies of (R?, G’) In particular, every nontrivial G-invariant subspace
of (C*, ) is isomorphic as a real representation to (R?, G). O

5.4.2. The representation (V,G). Let G C O(V) be the group gener-
ated by G and —Iy,. Obviously, |G| = 40, (V, Q) is absolutely irreducible and
P2 (V,V) = {0}, n > 0. We leave as an exercise the straightforward computation
that a vector space basis {R, p, ¢} for P3(V,V) is given by

R(z1,22) = (Jaa]* + |22*) (21, 22),

p(Zl,Zz) = (2%22721222)a
q(z1,2) = (%,7).
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EXERCISE 5.4.4. (1) Verify that {R, p, ¢} is a basis for P3(V,V).
(2) Show that q;(z1, 22) = (23, 2%), q2(21, 22) = (2129, 21 22) is a basis for PC%(V, V).
Hence show that there exists a nontrivial homogeneous quadratic () € PC%(V, V)

such that (Q(z),z) =0, allxz € V.

We will mainly be interested in looking at the dynamics and bifurcation theory

of normalized cubic truncations Az + Q(z) € Pg’)(V, V). The next lemma gives
conditions when the invariant sphere theorem applies.

LEMMA 5.4.5. Let Q(z) = aR(z) + pp(2) + vq(z), where o, 3,y € R. Then
Q is contracting if and only if
a <0, and|B+7| < —2a.

PROOF. Setting (z1, 22) = u and computing, we find that

@Qu)u) = aful + 257

Making the polar coordinate substitutions z; = r;¢"%, i = 1,2, we find that
(Q(u),u) a(r? +13) + (B + y)rira[ri cos(30; + 0y) + 3 cos(30y — 6,)],

a(r +13)* + |8+ lrira(rf +13),

r% + r%

2

23 3 = .3 =3
(Z1Z2 + 2720 + Z125 + 2175).

IN

< a(rf+7m3)*+ 8+ (r} +1r3),

+
B2 2 4y
The sufficiency of the conditions follows immediately from this estimate. Neces-
sity follows by taking 36, € {0, 7}, 5 = 0 and r; = ro. O

IN

(o +

5.4.3. Geometry of the representation (V,(G). Take complex coordi-
nates (21, z2) on V and real coordinates (z1, y1, T2, o), where z; = z;+1y;, i = 1, 2.

LEMMA 5.4.6. Representative proper fized point spaces of (V,G) are given by
A =R(1,0,1,0) = VO (azis of symmetry, (t) = Z,).
B =R(1,0,—1,0) = V= (azis of symmetry, (—t) = Z,).
S = {(21,0,22,0) | 1,25 € R} = V) (submazimal stratum, (t*) = Z,).
P = {(0,y1,0,%) | y1,52 € R} = V) (maximal orbit stratum, (—t2) =
Zs) and N((—t%))/{—t?) = Zy,.
There are five azes of type (A), five azes of type (B), five planes of type (S) and
five planes of type (P). There are no three dimensional fized point subspaces and
all other points in V' have trivial isotropy.

The proof is straightforward and omitted.

REMARK 5.4.7. Absolutely irreducible representations on R", n < 3 have
one-dimensional maximal orbit strata. Hence lemma 5.4.6 gives the smallest
dimension for which one can have a two-dimensional maximal orbit stratum.
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5.4.4. Equilibria of a normalized cubic family. We consider the nor-

malized cubic family of 5.4.2 with & = —1. In coordinates we have
(526) Zi = )\21 — (’21’2 + ‘22’2)21 + 62%22 + ")/Zg),
(5.27) 2y = Az — (|2 + |22 + 8217 + 7.

From now on assume that |5 + | < 2 and so, by lemma 5.4.5, the conditions of
the invariant sphere theorem hold.

For our computations of equilibria and their stabilities, it is useful to rewrite
the system (5.26,5.27) in real coordinates.

Ill = A1 — Hx||2$1 + 5@%1‘2 - yfiﬁz - 2x1y1y2) + 7(1’3 - 3x2y§),
yi = Ay — |@Py 4 B(—=a3ys + yiy2 — 2013130) + y(—ys + 325ys),
zh = Avy — ||z]|Pze + B(m125 — 215 + 2y122y2) + (25 — 31197),

Y175 — Y1Ys — 271T9Ys) + V(Y — 3xTy1).

—~

Yy = Ay2— HJUHQW +

Equilibria along azes of symmetry. If A > 0, there is a pair of equilibria £a(\)
on the axis A = V® c V) ¢ g, Computing, we find that

()

The eigenvalues of the linearization of the cubic system at +a(\) are

Wy (0 30) £y — ﬁ)]
BH4v—2 B4y —2 '
We remark that —2\ is the eigenvalue associated to the radial direction and that
the eigenspace of the eigenvalue 3 + 15 lies in the w1, zo-plane S. The eigenspace
associated to the complex conjugate pair of eigenvalues is the y;, yo-plane P =
V() which meets S orthogonally. Note that these eigenvalues are complex
unless 3y = ( (and then the cubic equivariant will have Ss-symmetry).

For A > 0, there is a pair of equilibria £b()) on the axis B = V(=% c S given

by
<V6+7+T’ V6+7+2 )

The eigenvalues of the linearization of the cubic system at +b(\) are

W30 By~ B)]
B+~v+2 B+~v+2 ’

[—2)

[—2X :

The eigenspace of 3 + +2 lies in the z, xo-plane S. The eigenspace space associ-
ated to the complex conjugate pair of eigenvalues is the y;, yo-plane P.
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Thus far we have shown that for A > 0 there are four nontrivial equilibria on
the plane S. The equations of the system restricted to S are

(5.28) zy = vy — (2] + 23)zy + Batzy + vl
(5.29) ah = Avg— (x] + 23)72 + Bry7y + VI

LEMMA 5.4.8. Let A > 0. If v # 0 and |5 + | < 2, then £a(X), £b(\) are
the only nonzero equilibrium points of (5.28,5.29).

PROOF. If (z1,x9) is an equilibrium of (5.28,5.29) and x1xs # 0, it is easy to
show that (z] — z3) = 0. Hence, provided v # 0, 11 = +5. O

REMARK 5.4.9. A straightforward computation shows that if v # 0, v # (3,
v # 20 and 5 # 27, then (5.28,5.29) has a quadruple of hyperbolic complex
equilibria on the lines x; = 4wxs (the eigenvalues of the linearization are real).
Counting real and complex equilibria and the origin of S, it follows that we have
found a total of 4 +4 + 1 = 3% nonsingular equilibria on S. This is the maximum
number we can expect from Bézout’s theorem (theorem 4.9.1).

Equilibria on the y1,y2-plane P. Dynamics on P are governed by the system
(5.30) vi = A= (i v+ Byiye — 19,
(5.31) vy = Ayo— (Ui +u3)y2 — Byiys + i

By lemma 5.4.6, N((—t?))/(—t*) = Z4 acts freely on P and so the number of
nontrivial equilibria is divisible by four.

PROPOSITION 5.4.10. Suppose X\ > 0, v # 0.

(a) If By < 0 or % < 2, then (5.30,5.31) has no nontrivial equilibria.

(b) If 3% > ~* and By > 0, then there erist two distinct Zy-orbits of non-
trivial equilibria of (5.30,5.31). One Z4-orbit will consist of hyperbolic
sinks, the other of hyperbolic saddles and (5.30,5.31) will have no other
nontrivial equilibria.

(c) If B = >0, there is one Z4-orbit of singular nontrivial equilibria.

For a nonempty open dense subset of values of 3, satisfying 3*> > v? and By > 0,
the zeros given by (b) are hyperbolic zeros of (5.26,5.27).

PROOF. If (y1,¥2) is a nontrivial equilibrium of (5.30,5.31), we may show

(5.32) 26795 = v(yi + v3)-

Hence, for nontrivial solutions, § and + have the same sign. Since v # 0, there
are no nontrivial solutions of (5.32) with y1y» = 0. Rewriting (5.32), we see that
y1/y2 satisfies the equation

X4—2éX2+1:0.

~
This equation only has real solutions if 52 > v2. Hence a necessary condition
for the existence of nontrivial equilibria is 4?> > 7?2 and 3y > 0. In particular,
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there are no equilibria if either 8y < 0 or 5% < 4% In case 8 = v > 0, we find
by direct computation that there are four singular zeros on the lines y; = Fys.
Computing, we find that if we regard p = (/v as a parameter (and fix \), then
(5.30,5.31) has a nondegenerate saddle-node bifurcation at y = 1. Eigenvalues of
the linearization in the direction transverse to P are easily computed to be real,
nonzero and of opposite sign when p = 1.

As we increase p through one, we obtain two Z4-orbits of hyperbolic equilibria
(four saddles and four sinks). For u > 1 close to one, these equilibria will be
hyperbolic within V' not just the (yi,ys2)-plane. A further computation verifies
that both Z4-orbits of equilibria will be hyperbolic (in V') for all x> 1. OJ

PROPOSITION 5.4.11. There is an open and dense semialgebraic subset R of
the (8,7)-plane such that if (3,7) € R then

(1) Every nontrivial zero of (5.26,5.27) is hyperbolic.
(2) Every nontrivial zero of (5.26,5.27) lies either on a G-orbit of the azis
A, or on a G-orbit of the axis B or on a G-orbit of the 2-plane P.

Moreover, there is a nonempty open subset C of R such that if (6,v) € C,

then (5.26,5.27) has no zeros on the mazimal isotropy subspace P. In partic-
ular, the converse of the MISC fails for the representation (V,G).

PROOF. By proposition 5.4.10 and the results of section 5.4.4, in particular
remark 5.4.9, there is a nonempty open subset U of the ((3,~)-plane such that
if (8,7) € U, then (5.26,5.27) has a total of at least 1 + 5 x 8+ 5 x 8 = 81
real and complex zeros, all of which are hyperbolic. Hence, by theorem 4.9.1, for
(B,7) € U there are exactly 81 zeros. In particular, there can be no equilibria
with trivial isotropy. If (3,7) € U, then ap+ B¢ € P2(V,V) is of hyperbolic type
and so the proposition follows by theorem 4.6.16. 0

5.4.5. Dynamics close to the plane S. Dynamics on S are governed by
the system (5.28,5.29).

Since we are assuming that |5+ | < 2, the conditions of the invariant sphere
theorem are satisfied for the original system (5.26,5.27) and hence for (5.28,5.29).
Consequently, (5.28,5.29) will have a globally attracting invariant circle C'()), for
A > 0. Necessarily, £a()), £b(\) € C(A).

LEMMA 5.4.12. Let A > 0. If v # 0 and |5 + 7| < 2, then £a()\), £b(\) are
the only nonzero equilibrium points of (5.28,5.29). Stabilities of a(\), b(\) in the
X1, xo-plane are as follows.

(a) If v > 0, £a(\) are sinks, £b(\) are saddles and
C(A) = WD) UIW*(=b(A)) U {a(A), —a(N)}.
(b) If v < 0, £b(X\) are sinks, £a(\) are saddles and
CA) = W(a(A) UW*(=a(A)) U{b(A), =b(N)}.
(See figure 9 for the case v < 0.)
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v<0, IB+v<2, A>0.

Cc)

FIGURE 9. Dynamics on S

LEMMA 5.4.13. Suppose that A > 0 and and |5+ | < 2.

(1) If v > 0 and v + 30 < 0, then dim(W*(a(X))) =2, dim(W*(b(N))) = 3,
W (a(X)) and W*(b(\)) are transverse to S and there is a 1-dimensional
connection from b(\) to a(\) in S.

(2) If y < 0 and v+ 383 > 0, then dim(W*(b(\))) = 2, dim(W*(a()))) = 3,
W™ (b(X)) and W*5(a(\)) are transverse to S and there is a 1-dimensional
connection from a(\) to b(\) in S.

(3) If the conditions of (1) and (2) are not satisfied and v(y+303) # 0, then
exactly one of a(\), b(\) is a sink.

Lemmas 5.4.12, 5.4.13 follow from our earlier computations.

Since we are assuming the conditions of the invariant sphere hold, it is no
loss of generality to fix A > 0 in lemma 5.4.13 and restrict dynamics to the
associated invariant sphere, S(A). We refer to figure 10 for the dynamics near
the intersection of S with S(\) when v < 0 and v + 35 > 0.

Referring to figure 10, there are one-dimensional connections from +a(\) to
+b(\). These connections are not transverse and are forced by the symmetry.
Since S(\) is attracting, W*(£a(A)) C S(A). Restricting the flow to S(A),
it follows from lemma 5.4.13 that (within S(\)) we have dim(W*(b(N))) = 2,
dim(W*(a(\))) = 2. Since G acts freely on V' \ (G(S) U G(P)) and the invari-
ant manifolds W*(b(X)), W*(a(X)) intersect G(S) U G(P) only at the equilib-
rium points a(A),b(\), we can expect that, for all g € G, either W*(£b(A) N
Ws(+a(g\)) = 0, or that W*(b(X) N W#(a(g\)) is transverse and consists of a
finite set of trajectories. Of course, this is a genericity statement and to achieve
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v<0, v+3B>0,
B+ v<2, A>0.

CcC)

WY(b(r))

WS (-al))

FIGURE 10. Dynamics near S(1) NS = C(1)

transversality of the invariant manifolds might well involve G-equivariants of de-
gree greater than three.

Suppose that there exists g € G such that W*(b(\)) N W#(ga(X)) # 0 and is
transverse. Then, by equivariance, the intersections W*(g7b(\)) N W*(g7 Tt a(N))
will also be nonempty and transverse. Since every element of G has order at
most 5, the sequence of connections W*(g?a(X\)) N W*(g7b()\)) and W*(g7b(\) N
W4 (g7 a(N)), j > 0 will define a cycle which connects back to b(\). In fact each
time we connect to g’a()), we also have 1-dimensional connections to 4¢7b(\).

LEMMA 5.4.14. Suppose that g € G and g ¢ (t,—I) (so gSNS = 0). The
single connection b(\) — ga(\) generates a G-invariant connected heteroclinic
network consisting of 20 equilibria and 60 connections. Of these connections, 20
are of the form ha(\) — £hb(\), h € G, and the remaining connections are of
the form hb(\) — joa(\), where hj=' & (t,—I) and o is either +1 or —1.

PRrROOF. We sketch the proof in case g = s when there is a connection b(\) —
sa()). Since the isotropy group of b(\) is (—t), b(A) — —tsa(N), b(A) — t*sa(N)
and b(\) — —t*sa()) are all connections forced by G-equivariance. From exer-
cise 5.4.1(2), we have —ts = —s3t, t?s = s%? and —t3s = —s*t. Hence, since
ta(\) = a(\), we obtain distinct connections b(\) — sa()), b(A) — —s%a(N),
b(A) — s2a(N\) and b(\) — —s*a(N). Acting by —I gives another four connec-
tions —b(A\) — —sa(N),..., —=b(\) — sa(N). Acting by (s), we see that there are
a total of 40 connections between points on the G-orbits of b(A) and a()). How-
ever, there is no connection from b(\) to £a(A) in the G-orbit of b(A) — ga(N).
If the G-orbit of b(A) — ga(A) contains hb(A) — joa() then it does not contain
ho(N) — —joa(N). O
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REMARK 5.4.15. If there is a connection b(\) — ha(X\), h ¢ (t,—I), and
W (b(\)) intersects W*(ha(\)) transversally along the connection, we call the
network given by lemma 5.4.14 a Shilnikov network on account of the similarity
to the setup for the Shilnikov bifurcation (see also [61, Appendix]).

Time series for x,

Times series for x,

F1GURE 11. Time-series for z1, x5: v =—1.0, 3=0.5, A =1.0

If the system (5.26,5.27) satisfies the conditions for the invariant sphere theo-
rem and contains a Shilnikov network, then it reasonable to expect the presence
of complex dynamics. In fact simple numerical experiments show highly chaotic
behaviour as well as random switching of typical trajectories between the nodes
(equilibria) of what appears to be a Shilnikov network.

In figure 11 we show the time series® for the variables 1, x5 when v = —1.0,
£ = 0.5 and A = 1.0. For these parameter values, the plane P contains a limit
cycle which is a saddle within S®. In figure 12, we show the projection into
the (y1,y2)-plane P of a typical trajectory. The outer boundary (envelop) of
the trajectories is the limit cycle in P. Note the abrupt changes of direction of

2Computed using Dstool, 4th order Runge-Kutta with a fixed time step of 0.001
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trajectories — the expectation is that these correspond to the trajectory passing
close to an equilibrium point of the flow.

FIGURE 12. Projection into (y;, y2)-plane. Same parameter values
as before.

In lemma 5.4.14 we showed that a connection between equilibria in distinct
planes S, AS led to a network with some 60 connections. There is also the possi-
bility of connection between limit cycles in the G-orbit of P as well as connections
between equilibria and limit cycles (see [4] for a description of the various possi-
bilities). Since the limit cycles are hyperbolic saddles for an non-empty open set
of (v, ), it follows that if their invariant manifolds meet transversally there will
be transverse homoclinic points and hence (suspended) horseshoes by Smale’s
theorem (see [100, Theorem 6.5.5]).

5.4.6. Random switching and dynamics near a network. It has been
known for some time that equivariant dynamical systems can possess heteroclinic
networks® and that dynamics can often be complicated near these networks (see
for example [101, 73, 6]). In her 2003 Porto thesis, Manuela Aguiar made a study
of random switching in the system (5.26,5.27). This work is reported on in [4].
We describe some of the ideas that relate to the Shilnikov network generated by
a connection b(1) — £sa(1) and refer the reader to [4] for more complete details.
(We assume some background on subshifts of finite type [139],[100, 1.9].)

Using Dstool and GAIO [40], Aguiar gave numerical evidence of parameter
values v, 3, for which there were coexisting connections b(\) — +sa(\) such that
the intersections of invariant manifolds along the connections were transverse.

For the remainder of the section we assume that ~, 3 are chosen so that
v+8] < 2,7 <0and y+38 > 0. We take A = 1 and set a(1) = a, b(1) = b. Let

3For us a heteroclinic network will consist of a connected set of connections between hy-
perbolic saddles. The non-transverse connections will be forced by symmetry. The simplest
examples are provided by the G-orbits of heteroclinic cycles.



5.4. BIFURCATION TO COMPLEX DYNAMICS IN DIMENSION FOUR 147

S(V') 22 5% denote the invariant sphere for the dynamics. Assume that |7|, || are
chosen sufficiently small so that S(V) is a C?-submanifold of V. Assume that we
have a transverse connection b — sa and let N be the 60 connection Shilnikov
network given by lemma 5.4.14. Recall that G = (—s) x (t). Set J = (—s),
K = (t). Since J acts freely on S(V'), the flow determined by (5.26,5.27) induces
a C? K-equivariant flow ®, on the oriented K-manifold S = S(V)/J. Let X
denote the vector field determined by ®;. Let p : S(V) — S denote the orbit
map. Since —I € J, p(S(V)N'S) is a ®p-invariant circle C' in S containing two
equilibria & = p(+a), b = p(+b). The equilibria are the two fixed points of
the K-action on S. Both fixed points are of the same K-isotropy type. The
circle C' contains all points in S which are not of principal isotropy type. Set
v = p(b — sa). The K-orbit of  consists of four distinct connections a — b. If
we let N'= N/J, then N is a heteroclinic network for ®, consisting of the two
equilibria é,f), two connections b — a, and four connections a — b. We refer
the reader to figure 13 — we have only shown one of the four connections a — b.

) é’p

FIGURE 13. The heteroclinic network A

If there are p connections a — sb, and ¢ connections a — —sb, then there
will be a total of 4(p + ¢) connections a — b.

We assume that the network N has transverse connections Vi, 1 <i<m=
4N, from & to b, together with the two connections 7, 7 from b to a forced by
K-symmetry. Note that K acts freely on {v1,...,v,} and acts with isotropy Zs
on {m,,ms}. Let ¥ =34 C {a,3,1,...,m}” be the subshift of finite type with
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0l-matrix A specified by

a;; = 1, 1fZ€{Oz,ﬂ},j€{1,,m},
= 1,ifie{l,...,m}, j €{a, 5},
= 0,ifdi,j€{l,...,m}, ori,j € {a,f}.

The matrix A is irreducible (and so o : ¥ — ¥ is transitive) but A is not aperiodic
(0 is not topologically mixing [139]). If we identify o with m,, § with 75 and
1 with v;, 1 < ¢ < m, then the action of K on the set of connections induces
an action of K on {a,,1,...,m} and hence on ¥. The shift map is then K-
equivariant (we refer the reader to section 9.3 for basic theory of ‘G-subshifts of
finite type’). If r : ¥ — R is a G-invariant roof function, then the suspension
flow o] : ¥7 — X7 is K-equivariant (see section 9.4 for details on equivariant
suspensions).

DEFINITION 5.4.16. An open neighbourhood W of A is admissible if

(1) W is K-invariant.

(2) W is connected.

(3) There exist disjoint closed neighbourhoods A of & and B of b such that
W\ AU B has m + 2 connected components, U,, Ug, Uy, ..., Up,.

(4) For j = «, 3, UjU (AU B) will be a neighbourhood of 7; and for 1 <i <
m, U; U (AU B) will be a neighbourhood of ~;.

REMARK 5.4.17. The network N has a base of admissible neighbourhoods.

5.4.7. Random switching theorem. Let IV be an admissible neighbour-
hood of N. Tt is shown in [4, section 6] that there exists a K-invariant roof
function r : ¥ — R and a K-equivariant embedding y : X" — W such that

(1) ®fx(X7) = o7

(2) Py x(X") is hyperbolic.

(3) If the open sets A, B,U,, Ug, Uy, ..., U, satisfy the conditions of defini-
tion 5.4.16, then for each x = (x;) € X, there exists a (unique) trajectory
d(R) C x(X7) and set {I | — oo < k < oo} of disjoint open subintervals
of R such that

(b) If z € {a,3,1,...,k}, then ¢(t) € Uy, , t € I.

This result — which requires transverse intersection of invariant manifolds
along the connections ~;, together with certain eigenvalue conditions that are
satisfied for the system (5.26,5.27) — shows that there is ‘random switching’ round
the nodes of the network . The random switching is quantified by a subshift of
finite type and occurs arbitrarily close to the network. Indeed, there is a countable
set of embedded subshifts 3" which satisfy the conditions of the theorem and
accumulate on the network N .
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Since the orbit map p : S — S is a 5:1 covering map, everything we have
described lifts to the network N' C S3. In particular, if ¢(t) is a trajectory in S
satisfying (a,b), then there is a lift (in fact 5 lifts) 1 (¢) to S®. The trajectory (t)
will randomly switch round the nodes of the network A/. Once (0) is chosen
(so that p(1(0)) = ¢(0), the transitions of ¥(¢) between nodes of N are uniquely
determined by the transitions for ¢(¢). In particular, we can quantify the random
switching round the nodes of the network N in terms of the subshift ¥ on m + 2
symbols.

Since the embedded suspensions ¥ have hyperbolic structure, the same is
true for the lifts of X" to S®. Hence the random switching will persist under
C'-small perturbations which break the symmetry (and the b — a connections).
The persistence of apparently chaotic dynamics is observed numerically when we
make small symmetry breaking perturbations to the system (5.26,5.27).

5.5. The converse to the MISC

Suppose that (V,G) is an absolutely irreducible representation of the com-
pact Lie group GG. We recall that the converse of the MISC states that if 7 is
a maximal isotropy type, then 7 is generically symmetry breaking. If H € 7
and dim(V*) is odd, it follows by degree theory that 7 is generically symmetry
breaking [34, 173|. Hence, in order to find counterexamples to the MISC, it
suffices to restrict to maximal isotropy types which have even dimensional fixed
point spaces. Proposition 5.4.11 gives the lowest dimensional example for which
a maximal isotropy type is not generically symmetry breaking. Prior to this ex-
ample, families of counterexamples were obtained by Melbourne [124] who found
six dimensional representations of a class of finite groups for which the converse of
the MISC failed. In the remainder of this section, we briefly describe Melbourne’s
approach (the reader should consult [124] for more details and examples).

Suppose that 7 € O(V, G) is a maximal isotropy type and let H € 7. For sim-
plicity, assume G is finite. Let dim(V#) = 2 and set J = N(H)/H. The group
J acts freely on V. Suppose J is nontrivial and J % Z,. Since dim(V#) = 2,
J = 7Z,, where p > 2, and (V¥ J) is irreducible of complex type. Of course, if
(VH_J) is irreducible of complex type, the generic J-equivariant bifurcations on
VH have no branches of equilibria. The generic bifurcation will be a Hopf bifur-
cation to a branch of limit cycles. However, since (V, G) is absolutely irreducible,
linear equivariants on V' always restrict to real multiples of the identity on V.
Consequently, we cannot generate branches of limit cycles on V7 via the Hopf
bifurcation. On the other hand, we can generate a branch of limit cycles, even
if the linear term is a real multiple of the identity, provided that the cubic term
is a complex multiple of || X||?X. Adding higher order terms will not destroy the
branch of limit cycles. This approach is very natural when there are no quadratic
equivariants (or the quadratics vanish identically on V). In this case, the deter-
minacy theorems (proved in chapter 7) allow us to add a term —al|| X ||*X, a > a,
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so that the conditions of the invariant sphere hold and we do create or destroy
any branches of equilibria. On the two-dimensional space V¥ we will have an
invariant circle v which must either be a limit cycle for the flow or contain at
least two equilibria. If we can show there are no equilibria, we are done (cf the
proof of proposition 5.4.11).

Melbourne finds examples where the restriction map P2(V,V) — P3(VH VH)
is onto. Counterexamples can then be constructed along the lines described
above. The basic idea is that at homogeneous cubic order, the equivariants
should behave like the equivariants of a complex representation. The resulting
branches of limit cycles will not be destroyed by the addition of higher order
terms and so there will be no branches of equilibria (the isotropy type will not
be symmetry braking — unlike what occurs for the representation studied in the
previous section). We now describe some of Melbourne’s examples in more detail.

EXAMPLE 5.5.1 (Melbourne [124, §3]). Let p, s : C* — C? be defined by
p(zlazzazi’)) = (22a23721)
KJ(217ZQ7Z3) - (21723722)
The group (p, k) is isomorphic to S3 and acts orthogonally on C3.
Let p > 3. Define an action of Zg on C3 by
(w1,w27w3)(2’17 22, 23) = (w121,w22'2,w32’3),
where (wi,wy,ws) € Z3. If we let G = (S3,Z}), then G = Z3 x Ss. Since
p > 3, Z, acts irreducibly on C and so G acts absolutely irreducibly on C3.
If 2 # 0, let H = Go.z. It is easy to verify that H is maximal. Clearly,
(CHH = {(0,2,2) | z € C} is a two dimensional real subspace of C3. Let X =
(X1, Xo, X3) € Vo(G, C3). Since p € G, we have
Xo(2) = X1(p2), Xs(z) = X1(p*2), (2 €C?).

It suffices to describe X;. To simplify computations, we assume p > 5 and give
only the cubic truncation of X;. Using Zz—equivariance, we have

Xi(2) = Az + z1(alz1 ] + Bzl + vl2s)?),
where «, 3,7 € C. Using equivariance with respect to k € S3, we see that a € R,
[ = 7. Consequently,
X1(2) = A2y + z1(alz1 | + (b +10)| 2] + (b — 1¢)|23]?),
where a,b,c € R. If we identify (C3)# with C via the map (0,z,2) — z, the
truncated family 2z’ = X(z) restricts to
(5.33) 2= Xz + 2|z|*(a + b +c).

20

Transforming to polar coordinates z = re*, we obtain the system

= M+ (a+b)r?

0 = cr?
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If a+b, ¢ # 0, then (5.33) has no branches of equilibria but does have a branch of

limit cycles of (constant) radius ry = v/—A/(a + b). The corresponding periods
. - 27r(a+b) . . . .

are given by wy = —=—. Using rescaling arguments similar to those used

in the proof of the invariant sphere theorem, we may show that these results

continue to hold when we take account of higher order terms. In particular, we

have obtained a counterexample to the converse of the MISC.

REMARK 5.5.2. The period wy of the limit cycles constructed above goes to
infinity like A1, A\ — 0. The asymptotics are the same as those that occur in the
branch of limit cycles for the Z3 x Z4-equivariant steady state bifurcations con-
sidered in section 5.3. However, the mechanism for generating the limit cycles is
different. While the cycles that appeared in section 5.3 were generated by a ‘hid-
den” Hopf bifurcation of the phase vector field, the limit cycles in example 5.5.1
appear because the third order truncation restricted to (C*) is a general cubic
SO(2)-equivariant with respect to the natural SO(2)-action on (C?)7.

5.6. Hopf bifurcation and the invariant sphere theorem

Let V' be a finite dimensional complex vector space with (Hermitian) inner
product (, ). Suppose that we are given a non-trivial irreducible unitary rep-
resentation of the compact Lie group G on V. For example, if V = C", (C",G)
might be the complexification of an absolutely irreducible representation of G on
R™. In this section we study the bifurcation theory of families

Z=X(z,N), (z,\) €V xR,

where X is a smooth family of G-equivariant vector fields on V. It follows from
the equivariance of X and the irreducibility of (V,G) that X(0,\) = 0 and we
may assume the linearization DX, (0) of X at z = 0 is equal to ox(\)Iy, where
ox : R — C is smooth?.

LEMMA 5.6.1. Let X € CX(V xR, V) and suppose that
(a) Re(ox(0)) =0, Im(ox(0)) # 0.
(b) Re(ay (0)) # 0.
We may rescale time and the parameter so that in a neighbourhood of the origin

of VxR, 2/ = X,(2) transforms to 2 = X,(z), where 2 denotes differentiation
with respect to rescaled time and ox(pu) = pu+ 1.

PROOF. Let T'(\) = Im(ox(A)) and choose g9 > 0 so that T # 0 on [—e&q, &)
If we rescale time by s = T'(A\)t, X transforms to X where

oz(A) =Re(ox(N)/T(N) +1, A€ [—eo,e0]-
Set 11(A) = Re(ox(N))/T(N). Since Re(ox(0)) = 0 and Re(a’s(0)) # 0, 1/ (0) # 0.

Hence, for possibly smaller g > 0, u is a smooth embedding of (—eg, £¢) onto an

4We refer to chapter 10, section 10.1, or [84, Chapter XVI] for justification that we can
always assume DX (0) is C-linear.
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open interval I containing the origin. If we define the new parameter pu = u(\),
then og(p) =+, pel. O

Following our earlier definitions for steady state bifurcations, we say that
X e C(V xR,V) is a normalized family if

ox(A) =A+1, (A€R).

If X is normalized then there is a non-degenerate change of stability of the trivial
solution z = 0 at A = 0. Let Vy = Vy(V, @) denote the space of normalized
families and give V), the induced C'*°-topology.

If X €V, then we expect the appearance of branches of limit cycles for 2’ =
X (z,\) as A passes through zero. We refer to this phenomenon as an equivariant
Hopf bifurcation. The period of the limit cycles spawned in the bifurcation will
be asymptotic to 27 as A — 0.

A number of techniques have been developed for the study of the equivariant
Hopf bifurcation. A particularly successful method, developed by Golubitsky and
Stewart [85, 84|, depends on a reduction of X to (truncated) normal form fol-
lowed by an analysis based on the determination of the one-complex dimensional
fixed point spaces in V. A detailed description of this technique is given in the
book by Golubitsky, Stewart and Schaeffer [84] and we only give a brief review.

Suppose X € V. It follows from the theory of equivariant normal forms [84,
chapter XVI, §5] that if 1 < d < oo, we may make a smooth G-equivariant \-
dependent change of coordinates on a neighbourhood of the origin of V' x R so
that j4X,(0) € PYY(V, V) is G x S* equivariant. Here S* acts as complex scalar
multiplication on V' by complex numbers of unit modulus. In particular, we can
remove all terms of even order from the Taylor series of X. In general, it is not
possible to make a local change of coordinates so that X is G x S'-equivariant on
a neighbourhood of the origin in V' x R (that is, we cannot normalize the tail or
flat terms). Since (V, @) is a complex representation, all fixed point spaces V'
will be complex linear subspaces of V. The next step in the analysis is to deter-
mine all isotropy groups of the action of G x S' which have fixed point spaces
of complex dimension one. The corresponding isotropy types will be maximal
— for the same reason that isotropy types of one-dimensional fixed point spaces
in the steady state theory are maximal. It is then easy to show that there will
be a branch of limit cycles associated to each one-dimensional fixed point space.
After an analysis of stabilities, the final step is to show that branches persist
when we take account of the tail which is only G-equivariant. This is typically
not hard for finite groups but can be technically quite demanding when G is not
finite. Notwithstanding the success of methods based on one-dimensional fixed
point subspaces, there are some limitations. Even for low dimensional represen-
tations there may be submaximal branches of limit cycles and the presence of
such branches often has a major impact on the dynamics (see Swift [166] and ex-
ample 5.6.27 for the case (C?, D,)). Submaximal branches cannot be found by an
analysis of the 1-dimensional fixed point spaces. On the other hand, the normal
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form analysis works quite generally and in [60, 62] it is proved that (generically)
branches and their stabilities persist when we take account of the tail. In the
case when the G x S'-equivariant problem is 3-determined, results of this type
were first proved by Ruelle [151] who also showed that cubic truncations sufficed
to determine the stabilities in the original unnormalized problem (see also [60,
Theorem 5.3.1]).

In the remainder of this section we describe one approach to the equivariant
Hopf bifurcation that parallels the use of the invariant sphere theorem in steady
state theory. Just as in chapter 4, we continue to emphasize the case when G is
finite. We also assume that vector fields are in normal form.

5.6.1. G x Sl'-equivariant families. We start by considering the space
Vo(V,G x S') of normalized families on (V,G x S'). Let dim¢(V) = n. So
as to avoid trivial cases, we always assume that (V,G) is a non-trivial repre-
sentation and that n > 2. Let (, ) denote the Euclidean inner product on V
associated to {, ) and S(V) = S?"~! denote the unit sphere of V.

EXERCISE 5.6.2. Show that (z,w) = (z,w) + 1(z,w), z,w € V, and deduce
that (z,22) =0, for all z € V.

LEMMA 5.6.3. Let Q € P4V, V), d > 1. Then Q is S'-equivariant if and
only if
Q(cz) = c|c|™'Q(z), (c€C,z€V).
In particular, if Q is S'-equivariant then d is odd.

PROOF. Suppose Q is S'-equivariant. Then Q(uz) = uQ(z) for all u € S*,
z € V. Every nonzero complex number ¢ may be written uniquely as ¢ = |c|u,
u € St Hence Q(cz) = Q(|c|uz) = |c|uQ(2) = cle|*1Q(z). The converse is
trivial (take |c| = 1). O

The next lemma, which can viewed as a generalization of lemma 5.6.3, allows
us to apply blowing-up techniques to S'-equivariant families of smooth maps.

LEMMA 5.6.4. Let H : V xR — V be a smooth G x S'-equivariant family of
maps. Suppose DH,(0) =0, A € R. Then we may write

H(cz, \) = c|c|*H(z, |c[2N), ((z,¢,A) €V xC xR),
where H:V xR xR — V is smooth and G-equivariant.

PROOF. We define the smooth S*-equivariant family J, 5 : C — V by J, \(c) =
H(cz,\), c € C, (2,\) € V x R. As an S'-representation, V is isomorphic to
n-copies of the standard representation of S* on C. Identify V with C" and let
J=x be any component of J, 5. The R-algebra of polynomial invariants P(C)%" is
generated by |z|? and a basis for the P(C)%'-module Pgi (C,C) of S'-equivariants
is given by the identity map. It follows from Schwarz’s smooth invariant theo-
rem [154] (see chapter 6) that we may write

jz,A(C) = 5(27 |C|27 A)Cv
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where j is a smooth function on C* x R x R. Since DH,(0) = 0, j(z,0,\) =0
and so we may write j(z, |c|2, \) = |¢|2h(z, |¢|?, \), where h is smooth. Applying
this result to each of the components of J, ), we obtain a smooth function H :
V xR xR — V such that

H(cz, A) = c|c|*H(z, |c[2N), ((z,¢,A) € C* x C x R).

Averaging both sides of this equation over G, the left hand side is unchanged and
so we may assume H is G-equivariant. O]

EXAMPLE 5.6.5. The standard complex irreducible action of D,, (n > 3) on
C? is generated by

_ (exp(2m/n) 0 (0 1
p= ( 0 exp(—2m/n) and - r = 10
Define R,Q,S € P} «(C? C?) by

R(z1,22) = ||(21,2) | (21, 22),
Q(Zlyzz) = <|Zl|2217 |22|222);
S(z1,20) = (2123, %z2)).

It is easy to verify that {R,Q,S} is a basis of P} & (C? C?) and that, if n #
4, {R,Q} is a basis of P}  (C* C?). (A full description of the polynomial
invariants and equivariants for (C?, D,, x S') is given in [84, chapter XVIII,§2].)

EXAMPLE 5.6.6. Let (C?, D3) be the standard complex irreducible representa-

tion of D3 on C2. If we define H (21, 20) = (21]212+ 2723, 22| 22|? + 2323), then H is

D3 x S'-equivariant. We see that H(c, 21, z5) = (21]21]%, 22| 20|?) + || ? (2223, 2323).

EXAMPLE 5.6.7. Take the standard absolutely irreducible action of O(n) on
R”™ and complexify to obtain a complex irreducible representation (C", O(n)).
There are two independent invariants of the G = O(n) x S'-action: R? and |S|?

where
n
R =2?, S=> 2.
=1

Note that S is O(n)-invariant but not S'-invariant. The general smooth G-

equivariant map may be written zA(R?,|S|?) + zSB(R?,|S|?) where A, B : C* —

C are smooth. If we truncate to third order, we obtain the cubic normal form
J(z,)) = (A +2)z +a(\)||z]|*z + b)) Sz,

where a,b : R — C are smooth. (See [84, chapter XVII,§4] for a different
treatment. )

DEFINITION 5.6.8. A smooth map X : V — V is radial if there is a smooth
map p: V — C such that X(z) = p(z)z, for all z € V.
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REMARK 5.6.9. The definition of radial we give here is a complex version
of that given in chapter 4. For example, X (z) = 2z is radial according to def-
inition 5.6.8 but most definitely not radial according to the definition given in
chapter 4.

EXAMPLE 5.6.10. Let p : R — C be smooth. If we define X : V — V by
X(2) = p(]|z]]*)z then X is G x S'-equivariant and radial.

DEFINITION 5.6.11. We say (V, G) has critical degree dc(V,G) = dc if dc is
the smallest positive integer such that Pg‘c (V,V) contains non-radial terms.

If G is finite then oo > dc(V, G) > 2. If (V,G) is irreducible of complex type
and G acts transitively on S(V') (for example, G = U(n), V = C"), then all
equivariants are radial and dc(V, G) = oo.

EXERCISE 5.6.12. Show that if we take the standard representation of SU(2)
on C? then the SU(2)-equivariants are not all radial in the sense of 5.6.8 even
though SU(2) acts transitively on S3. (Note that (C% SU(2)) is not irreducible
of complex type.) What happens if G = SU(2) x S'?

5.6.2. (Complex) phase vector field.
DEFINITION 5.6.13. Let Q € P2 (V, V), d > 1. The (complex) phase vector

field P? of Q is the vector field Ofgﬁ&/) defined for u € S(V) by
(5.34) PUu) = Qu) — (Q(u), u)u,
(5.35) = Qu) — (Q(u), u)u — (Q(u), w)ru

REMARKS 5.6.14. (1) Exercise 5.6.2 shows that the two expressions for P?(u)

are the same.
(2) If @ is radial then P9 = 0.

LEMMA 5.6.15. Let Q € P2HL(V,V), d > 1. For allu € S(V), P2(u) is

orthogonal to the S*-orbit through u.

PROOF. Since (z,1z) = 0 for all z € V, the result follows from the second
expression (5.35) for P9 (u). O

5.6.3. Projective space and the Hopf fibration. Let P(V') denote the
complex projective space of V' — that is the set of C-lines through the origin of
V. Since every C-line meets S(V') in an S'-orbit and S'-acts freely on S(V),
we may represent P(V) as the orbit space S(V)/S'. In particular, P(V) has
the natural structure of a compact manifold with respect to which the projection
v:S(V) — P(V) has the structure of an S'-principal bundle. If we identify V/
with C*, S(V) with $?"~1 and P(V) with P"!(C) (n — 1-dimensional complex
projective space), then v : §?"~1 — P"~1(C) is the Hopf fibration (see chapter 2,
examples 2.3.16, for a discussion of the case n = 2 when P"~!(C) can be identified
with the Riemann sphere S?).
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Since the action of G on V' is C-linear, G maps C-lines to C-lines and so there
is an induced smooth action of G on P(V). Every smooth G x S'-equivariant
vector field on S(V') drops down to a smooth G-equivariant vector field on P(V).
In particular, if ) € Pgigll(v, V), then the complex phase vector field P¢ €

o s1(S(V)) induces a smooth G-equivariant vector field on P(V') which we
shall denote by Pg. Since P? has no component along S'-orbits, we may think
of P2 as the unique ‘drift-free’ lift of Pg to S(V'). We refer to [166] for a method

of writing Pg in spherical polar coordinates when n = 2.

EXAMPLE 5.6.16. Take the standard complex irreducible representation of
D,, on C% n > 3 (see example 5.6.5) and consider the induced smooth action of
D,, on P!(C) (the Riemann sphere S?). We describe the orbit structure of the
action on D,,. For subsequent reference, we distinguish three cases: n odd, n = 2,
mod 4, and n = 0, mod 4.

In all cases the subset of P!(C) with non-trivial isotropy is finite. In the table
below we give representative lines (a, 3) € P!(C) and corresponding isotropy
groups for each D,-orbit of points with non-trivial isotropy. We also give the
corresponding representative isotropy groups for the action of D, x S* on C? (the
table is based on [84, Table 1.1, page 368], but the notation is a little different).

n odd Representative line | D,,-isotropy | D,, x ST-isotropy
C(1,0) Zy, Zn = {(v:7™") |7 € Zn}
C(1,1) (k) (k)
C,-1) (r) (=K)

n = 2, mod4
C(1,0) n Loy ={(v:7 ) | v € Zn}
C(1,1) (k) (K, (€', e™))
c(,-1) (K) (=r, (e, e))

n = 0, mod4
C(1,0) Zn, Zn ={(v:7™") |7 € Zn}
(C(L 1) </§> (Fc, (e“r7 em))
C(1,e™/m) {pr) {pr, (e, e™))

TABLE 1. Maximal isotropy groups for the actions of D,, on P!(C)
and D,, x S on C?

Every smooth D,,-equivariant vector field on P!(C) will have a zero at each point
of P}(C) which has non-trivial isotropy. For example, a Ds-equivariant vector
field on P*(C) has exactly 12 zeros forced by symmetry.

5.6.4. Phase blowing-up. Let X € Vy(V,G x S'). We transform 2/ =
X(z,A) into a set of three equations that determine the radial, drift and tangential
behaviour of the system. For this, we use a variation of polar blowing-up.

Let S' act smoothly on S(V) x S x R by
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e?(u, e, R) = (¢“u, e, R).

DEFINITION 5.6.17. The phase blowing-up of V' at the origin is the smooth
G x S'-equivariant map 7 : S(V) x S* x R — V defined by

m(u,0, R) = Rexp(10)u, ((u,0,R) € S(V) x S' x R).

In order to obtain a unique lift of a vector field on V to S(V) x S' x R
using phase blowing up, we make the transformation z = m(u, 6, R) subject to
the constraint (v',1u) = 0 — that is, the S(V')-component of the lifted vector field
will be orthogonal to S'-orbits. Since u € S(V), we may write the constraint
equivalently as

(W, uy =0, (ue S\V)).
In the next lemma we give the general formulas for the transformation of G' x S*-
equivariant vector fields on V' under phase blowing-up.

LEMMA 5.6.18. Let X € Vo(V,G x S1) and write X (z,\) = (A+2)z+ F(z,\).
Suppose X is a smooth G x S*-equivariant family of vector fields on S(V) x ST xR
such that Tt X = Xm. Then the components of X are given by

' = o1+ R*O(u, R*,\) — D(u, R*, \))u + R*U(u, R, \),
0 = D(u,R*\),
R = AR+ R*P(u,R*\),
where D is smooth and G-invariant, and U, © and P are smooth functions given
explicitly by
U(u, R2,\) = R 3(F(Ru,\) — (F(Ru),\),u)u),
O(u, R, \) = R3(F(Ru,\),w),
P(u,R*\) = R*(F(Ru,\),u).
(1) If D = 1+ R*O, we set X = X** and refer to X** as the phase blowing-
up of X. The S(V)-component of X** is everywhere orthogonal to the
action of S* on S(V).
(2) If D =0, so 0 =0, we set X = X*. The vector field X* induces

a G x S'-equivariant vector field on S(V) x R which is precisely the
transform of X under the polar blowing-up transformation z = Ru.

PROOF. The proof is similar to that of proposition 4.7.2. We make the sub-
stitution z = Re®u. Since F' is S'-equivariant, it follows from lemma 5.6.4 that
F(Re*u) = e’ F(Ru). Differentiating, substituting and using (u,u’) = (u, ) =
0, we find that

R = AR+ (F(Ru, \),u)u = AR + R3P(u, R*, \),
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where P(u, R?,\) = R73(F(Ru,\),u). Using the expression for R, and the
identity (w,u) = (w,u) + 2(w, ), we find the following expression relating v’
and 6’

(5.36) u' =1+ (F(Ru), ) — 0\u+ R (F(Ru) — (F(Ru),u)u).

Noting our requirement that the transformed vector field be G x S'-equivariant,
we may write

0" = D(u, R*,\),

where D is a smooth real-valued and G-invariant function on S(V) x R x R. Tt
follows that v = (1 + R*O(u, R%,\) — D(u, R*, \))u + R*U(u, R*, \). Granted
our definitions of U, ©, P, choosing any smooth G-invariant function D(u, R? \),
gives a smooth family X of vector fields on S (V) x ST x R satisfying TnX = Xr.

If we add the constraint (u/,2u) = 0, then, by (5.36), we have 1+ (F(Ru), ) =
0" = D(u, R*,\), proving (1). On the other hand, if we set #/ = D = 0, then we
have

' = w(l+ R*O(u, R* \)) + R™YF(Ru, \) — (F(Ru), \),u)u),
= -+ R YF(Ru,\) — (F(Ru, \), u)u),

which is exactly what we get when we transform X under z = Ru. U

COROLLARY 5.6.19. (Notation of lemma 5.6.18) Let X € Vo(V, G x S') have
phase blowing-up X**. Suppose that the G-equivariant vector field Pry induced
on P"Y(C) by U(u, R?,\) has a zero ug such that Pg(ug) = 0, for all (R, \) in
some open open neighbourhood of (0,0) € R% Then 2’ = X(z, \) has a branch of
limat cycles which is tangent to the line ug at A = 0.

PROOF. The equations for the phase blowing-up X** on S(V) x S* x R are
given by

u = R?U(u, R*\),

0 = 1+ R*O(u, R*\),

R = AR+ RP(u,R*)).
Let g € S(V) be any point such that v(tg) = ug. Taking u = g, U(tg, R*,\) =
0 and so we are reduced to solving

0 = 1+ R*O(iy, R*,\),

R = AR+ R*P(iiy, R?, \).
By the implicit function theorem, the R-equation has a smooth curve A(R) =

R%*k(R?), R € [0, Ry| of zeros. We have the corresponding branch of limit cycles
in V defined for each R € [0, Ry| by

7R<t> — Rez(1+R2@(ﬂ07R27)\(R))tUO.

Obviously the branch is tangent to the line 4y = u + 0 and indeed is contained
in the linear subspace Cug x R C V x R. O
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EXAMPLE 5.6.20. Take the standard action of D,, on C? (example 5.6.5).
We showed in example 5.6.16 that certain zeros of smooth D,,-equivariant vector
fields on P!(C) were forced by symmetry. We now interpret these results in
the light of corollary 5.6.19. For n > 3, every smooth D,,-equivariant vector
fields on P*(C) has a zero (1,0) of isotropy type Z,. Points on the branch
vr(t) of limit cycles tangent to C(1,0) given by corollary 5.6.19 have isotropy
Zn = {(7,—7) |7 € Z,}. As is explained in [84], we may interpret Z, as a
spatiotemporal symmetry. Specifically, a spatial rotation of 27 /n has the same
effect as a phase shift by one nth of a period:

pyr(t) = yr(t + %),

where T' = 27 is the period of yz°. Limit cycles with this type of symmetry are
called rotating waves. Branches of limit cycles with the spatiotemporal symmetry
Z,, occur in all three cases described in example 5.6.16. Now suppose that n
is odd. The branch of limit cycles tangent to the line C(1,1) has the spatial
symmetry (k) & Zy. On the other hand, the branch ~x of limit cycles tangent to
the line C(1,—1) has the half-period symmetry

walt) = 1a(t + ),

and so the isotropy group of points on the cycle is (¢'"k). That is x(1,—1) =
(—1,1) = (1, —1).

Next we consider the case n even. We have —Ic2 € D, N S and we set
75 = (—Ic2). Branches tangent to C(1,1) have symmetry (k, —Ic2) = (k) & Z§
(where we have followed the notation of [84, chapter VIII]). Next we consider
branches tangent to C(1, —1) in the case n = 2, mod 4. We find that branches
have symmetry (e k, —Ic2) = (e""k) @ Z5. Finally, suppose n = 0, mod 4.
Branches tangent to C(1,e*>™/™) have symmetry (kp) ® Z3.

5.6.5. Transforming a cubic normal form. Since P2, (V,V) = {0},
d > 1, it follows that dc(V, G x S') > 3 for all complex irreducible representations
(V,G). Aside from the cases when all equivariants are radial, we know of no
examples where all the cubic equivariants are radial. In particular, if V =W Qg C
and (W, @) is an absolutely irreducible orthogonal representation, then d¢(V, G x
S1) = 3. Indeed, if we let z — z? denote the complexification of = — [|z||?, then
2 +— 2?7 is always a non-radial cubic G x S'-equivariant. For this reason we
will focus on cubic truncations and, just as in chapter 4, start by assuming that
X € Vo(V,G x S') is in the normalized form

X(z,A) = (A+1)z+ Qr(2),

SWe can always rescale time so that, for the given branch of limit cycles, T = 2. In this
way time advance by a fraction of the period will be equal to the corresponding rotation by an
element of S*.
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where Q) € P2 o (V, V).
Applying lemma 5.6.18 to 2’ = X (z,\), we obtain the following set of trans-
formed equations

(5.37) v = R*PU(u),
(5.38) 0 = 1+ R*Qx(u),w),
(5.39) R = AR+ R*Qx(u),u),

EXAMPLE 5.6.21. Suppose that X(z, A) = (A+2)z+ Q(z). Assume that G is
finite and the zeros of P are all simple. Since x(P(V)) = n, it follows from the
Poincaré-Hopf theorem that Py has at least n zeros. Let uy € Z(Pg). Suppose
that (Q(ug),up) # 0. Let (R, \) be a point on the curve A + R*(Q(uy), up) = 0.
The S'-orbit through (ug, 0, R) is then a limit cycle of (5.38,5.39,5.39) with period
27 /(1 + R*(Q(ug),1)). Transforming back to V', we obtain a Hopf bifurcation
which is supercritical if (Q(ug),up) < 0 and subcritical if (Q(ug),uo) > 0. All
this is parallel to the arguments of chapter 4: every zero of Py determines a
unique branch of limit cycles to the original equation. Although we suppressed
the dependence of ) on A, everything we do continues to work if () depends on
A provided the zeros of Py at A = 0 are non-singular.

5.6.6. The invariant sphere theorem for the Hopf bifurcation. In this
section we give a version of the invariant sphere theorem that applies to the Hopf
bifurcation. We start with a new definition.

DEFINITION 5.6.22 (cf [52]). Let M, N be G x S'-spaces and suppose that @,
U, are continuous G x S'-equivariant flows on M, N respectively. We say that ®,
and U, are drift conjugate if there exists a G x S'-equivariant homeomorphism
h: M — N and continuous G x S'-invariant map k : M x R — S! such that for
all v € M, t € R we have

h(®i(z)) = k(2,)®:(h(2)).

REMARK 5.6.23. If &, and U, are drift conjugate then ®, and ¥, induce
topologically conjugate flows on M/S* and N/S*.

THEOREM 5.6.24. Let 2’ = X (z,\) = (A+1)24+Qx(2), where Q\ € P3 o (V, V)
and Qg is contracting. We may choose \g > 0 such that

(1) For every A € (0, o], there exists a (2n — 1)-dimensional G-invariant
topological sphere S(A) C V' \ {0} which is invariant under the flow of
7= X)\(Z)

(2) S(N) is embedded as a topological submanifold of V' and the bounded
component of V' \ S(X) contains the origin of V.

(3) Every z € V\ {0} is forward asymptotic under the flow of 2’ = X,(z) to
S(A).

(4) The flow of 2’ = X(z) restricted to S(\) is drift conjugate to the flow
of the complex phase vector field P2*.
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(5) The Hopf fibration 7 : S(\) — P(V') maps the trajectories of 2’ = X, (z)
onto those of Pg, .

PRrROOF. Our proof is similar to that of theorem 5.1.5 with an additional
twist caused by the introduction of a phase. We start by making the coordinate
transformation z = Rexp(0)u, (u,exp(:f), R) € S(V) x S' x R, subject to
(u',2u) = 0, to obtain the following system of vector fields on S(V) x S* x R

(5.40) v = R*PU(u),

(5.41) 0 = 1+ R*Qx(u),w),

(5.42) R = AR+ R*((Qx(u),u).

Consider the system of vector fields on S(V') x R obtained by setting ¢’ = 0.
(5.43) v = R*PU(u),

(5.44) R = AR+ R*((Qx(u),u).

It follows from the proof of theorem 5.1.5 that we can choose \y > 0 so that for
each X\ € [0, \g] there exists a G x Sl-invariant topologically embedded sphere
Y(A) € S(V) x R satistying

(a) X(A) is invariant by the flow of (5.44,5.44).

(b) The flow of (5.44,5.44) restricted to 3(\) is topologically conjugate to
the flow of P9,

(c) X(A) is globally attracting for the flow of (5.44,5.44) in the sense that
every trajectory of (5.44,5.44) with initial condition in S(V) x RT is
forward asymptotic to ().

Let A € [0, Ao] and (u, R) € X(X). Let (u(t), R(t)) € X(\) denote the trajec-
tory of (5.44,5.44) with initial condition (u, R). Since ¥(A) is a compact flow-
invariant set, (u(t), R(t)) is defined for all £ € R. Substitute for u, R in the
equation 6’ = 1 + R*(Qx(u),2u). Solving for @, we obtain a continuous map

0, : XA xR—=R

such that for each (u, R) € 3(\), (u(t), R(t),0x(u, R,t)) is the trajectory through
(u, R,0) for (5.41,5.42,5.42). Define k) : X(\) — S by

kx(t) = exp(10x(u, R, t)).

Let @) and ®) respectively denote the flows induced by (5.41,5.42,5.42) and
(5.44,5.44) on X(A). Tt follows from our construction of k) that for all A € [0, Ao,
(u, R) € ¥(\) we have

) (u, R) = k(u, R, t)®)(u, R)

and so the flows @} and QA)? are drift conjugate. Transforming back to V the
theorem follows. 0
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EXERCISE 5.6.25. Let X € Vy(V,G x S§Y). Let X', X2 be any two transfor-
mations of f to S(V) x S x R given by lemma 5.6.18. Show that the flows of X!,

X2 are drift conjugate. In particular, verify that the flow of X* is drift conjugate
to the flow of X™**.

5.6.7. The algebraic Hopf theorem. We have seen both for steady state
and now Hopf bifurcations how the use of polar blowing-up can be a very effec-
tive tool for the analysis of equivariant bifurcation problems. In this section we
show how we can use the classical blowing-up or quadratic transformations from
complex algebraic geometry in the analysis of the equivariant Hopf bifurcation.
Even though the equations we consider are not holomorphic (complex analytic),
the S'-equivariance allows us to apply these complex algebraic techniques.

As we shall soon need to define local coordinate structures on P(V'), we shall
for the remainder of this section identify V' with C™ and, where necessary, write
z € C" in the coordinate form (zy,...,2,). As usual, we denote the complex
projective space of C" by P"~!(C) and recall that we always assume n > 2.

We define an equivalence relation ~ on C™*\ {0} by z ~ 2’ if and only if there
exists A € C* such that 2/ = A\z. We may identify C" \ {0}/ ~ with P*~1(C) by
mapping z to the C-line through z. We regard nonzero n-tuples (z1,...,z,) as
defining homogeneous coordinates on P"~!(C). Two nonzero n-tuples (21, .. ., 2,),
(21, ..., 2n) define the same point of P*~!(C) if and only if there exists A € C*
such that z; = Az}, 1 < i <n.

We define an atlas A = {(U;, ¢;) | 1 < i < n} of charts for P"~1(C) by

Ui = {(Zl,...72n) | Zi 7é 0},
¢i(217 ey Zn) = (Zl/Zi, Ce ,Zi,1/21,2i+1/2i, Ce ,Zn/Zi), z € U,L

The atlas A gives P"~!(C) the structure of a complex manifold (in fact an alge-
braic variety — the maps qﬁmj’l are rational functions). For future reference note
that each chart map ¢; is a diffeomorphism of U; onto C*~! with inverse 1; = ¢; "
given by
(545) wi(Zlu ey anl) - (Zl7 ey Zifh 1, Zi7 ey Zn71>~

We define a new complex G x S'-manifold C" and projection map B : C* —
C™ such that

(a) B is a complex analytic map.
(b) B71(0) ~ P"1(C).
(¢) B restricts to a complex analytic diffeomorphism of C*\ P*~'(C) onto
C™\ {0}.
(d) (C")S" = B~1(0) and B~'(0) is G-invariant.
We call B: C* — C" (or C") the blowing-up of C" at the origin.
Since P"1(C) is the set of C-lines through the origin of C", we may define

C" = {(z,u) € C" xP"}C) | z € u}.
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Ignoring for a moment the smoothness of C”, we define the map B to be the
restriction to C" of the projection 7 : C* x P*~1(C) — C" onto the first factor.
With these definitions, it is immediate that B~*(0) ~ P"!(C) and B maps
C™\ P 1(C) 1:1 onto C" \ {0}.

Next we define an atlas of charts for C*. In order to do this we define for
1 <i<nmaps ¥; = (v, 9F) : C" — C" x P""}(C) where

VO ( 2y, Zn) = (ZZis. . ZisZiy 2, i Zi, . D),
V(21 Zy) = (Ziyeos Zicay 1, Zigas oo oy Zn).
Each ¥; is a smooth embedding of C" onto an open and dense subset U; of

C". Since U;U; = C*, A= {(U;, ¥;') | 1 <i < n} is an atlas of charts for C".
If we set B; = B o V,, then

Bi(Zy,...,Z,) = (212, 2274, ... Ziy .. 202, (Z4,...,2Z,) € C).

This is the formula that enables is to compute, in ¥;-coordinates, the B-transform
of functions or vector fields defined on C".

Finally, take the G x S'-action on C" x P"~!(C) defined as the product of the
given G x S'-action on C" with the induced G' = G x S*-action on P"~!(C). Since
C" is a G x S'-invariant submanifold of C* x P"~!(C), C" inherits the structure
of a smooth G x S'-manifold. Clearly condition (d) is satisfied.

EXAMPLE 5.6.26. We compute the blowing-up of the holomorphic vector field
defined on C? by
2] = 222,
2y = 242
We work out the transform of the vector field in ¥i-coordinates. To do this, we
make the substitutions z; = Z;, 2o = Z»Z;. Differentiating we obtain 2] = Z],
2h = Zy 7y + ZyZy. After substitution and simplification we obtain
Zi = ZfZ227
w7y, = 73
The set Z; = 0 lies in B71(0) — the exceptional variety of the blowing-up. Can-
celling the factor Z;, gives the transformed vector field X (7, Z,) = (Z3 73, Z?).
Up to a scale — and off the exceptional variety — we may reduce to
Z = Z\ 73,
Zy = 1.
These equations may be solved explicitly and, projecting back to C, we find the

phase portrait of the original system (except on z; = 0). We may similarly look
at the system in Wy-coordinates.
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The blowing-up technique described in the previous example will not generally
work for smooth families of vector fields 2z’ = X(z,\) on C", X(0,\) = 0. The
reason is that if the map X is not holomorphic, then we get conjugate complex
factors Z; in the blown-up vector field which we cannot cancel. However, if we
assume that the family is S'-equivariant, we find that we can again cancel the Z;
factors associated to the exceptional variety. We illustrate with an example from
equivariant bifurcation theory.

EXAMPLE 5.6.27. We consider the cubic truncation of a Dy x S!'-equivariant
system on C2.

2= (A+0)z+ (a2 + |22) + blz*) 21 + cz123,
7 = (A+1)z+ (a2 + |22) + blza|*) 22 + c222t,

where a, b, c € C. Transforming using z; = 21, 2o = Z1Z5, we find that

Zy = A+0)Z1+ (a(| 2] + 21| Za?) + b 20)%| Z2)?) 20 + | 24P Z3,
Z1Zé = Z1|Z1|2 (bZQ(|ZQ|2— ].)—I—C(ZQ—ZS)) .
|2

Dividing the second equation by Z; and then by the scale |Z; |, we obtain

Zh = 0Z:(1Zo)* — 1) + c(Zy — Z3).
This equation is independent of both Z; and |Z;|? and corresponds to the phase
vector field (defined on P!(C)). The Z}-equation can be thought of as a complex
version of the radial equation. Notice that every zero of the Z-equation gives
rise to a branch of limit cycles for the original system. This follows trivially by
substitution for Z, in the first equation, applying the (standard) Hopf bifurcation
and projecting back to C2. It was shown by Swift [166] that for this truncation
there could exist branches of limit cycles of submaximal isotropy type. Swift’s
calculations depended on the use of spherical polar coordinates. We briefly sketch
how we calculate the zeros of the equation P(z) = bz(|z]*> — 1) + ¢(z — 23) = 0.
First of all observe that z = 0, 1, 42 are all zeros (these solutions are all forced
by symmetry and may be deduced by an analysis based on 1-complex dimension
fixed point spaces). We investigate the possibility of new solutions. First of all we
may assume b, c # 0. If b =0, ¢ # 0, then we just get the solutions z = 0, +1, +.
If ¢ = 0,b # 0, then the problem degenerates and every z with |z| = 1,0 is
a solution. Dividing P(z) by b, we reduce to considering the equation Q(z) =
z(|z)* = 1) + d(z — 2*) = 0, where d is a non-zero complex number. Multiplying
Q by z, we consider the equation zQ(z) = [z|*(1 — |z|%) + d(z* — |2|?2?) = 0.
Write d = a + 13, 2 = x + 1y and take real and imaginary parts of Z(). Setting

r? = 22 + 4%, we derive the equations

1211 + ale? — )1 %) + 2ay(1 +1%) = 0,
Ba* —y*)(1 —r?) = 2azy(l+71*) = 0.
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Now add « times the first equation to 3 times the second equation. We obtain
ar?(1 —r?) +a?(2® — )1 —r?) + B2 (2* —*)(1 — ) = 0.

Cancelling the term 1 —r? (which generates no new solutions as d # 0), and after
some rearrangement, we obtain

w0+ +a) =y’ (o’ + 5~ a).
It follows that a necessary condition for the existence of new solutions is that
|d|? > |Re(d)|. We use this relation between x* and y? to eliminate x from the

equation for the imaginary part of Z(). After a little work, we find the following
equation for 2.

2520 + B)(v/(@2 B2 — a? £.) = (o + B+ )3 F V(@ + 7 — ?).
The terms involving square roots have to have the same sign in order that there
be real solutions. That is |3] > 1/(a? + 3%)2 — a2. Squaring and simplifying, we
find that o? + 5% < 1. Consequently,

1> |d|* > |Re(d)|
are necessary and sufficient conditions for the existence of submaximal solution
branches. In fact, as was shown by Swift, if the conditions of the invariant sphere
theorem hold then, by applying the Poincaré-Bendixon theorem to the flow on
PY(C) = S?, there exists an open subspace of parameters b,c where there are

limit cycles for the induced flow on S?. These limit cycles lift to give branches of
2-tori with quasi-periodic flow for the original system on C? [166, §3.9).

LEMMA 5.6.28. Let X € Vo(C", G x S') and suppose X(z,\) = (A +12)z +
}i’(z, A). Under blowing-up, X transforms to a smooth G X St-equivariant family
X of vector fields on C". The equations for X in V;-coordinates are given by

Zy = (B Z1Ziy..., 2y ZnZiy N) — Z0F(Z0 Ziy oo Zy oo Zn 2 N)) | Zs,

le = (1+’Z)Z,L+F1Z(lel,,Z,L,,ZnZz,)\),

Zl = (Fu(Z1Zsy..., Zsy ooy ZnZis N) — ZnF (20 Zsy oo iy oo Zn 2y M) | 2

PROOF. In order to compute X in U;-coordinates, we make the substitutions
zi = Z;, and z; = Z;Z;, j # i. Noting that 2z = Z], 2} = Z.Z; + Z;Z; and
substituting in the equations z; = (A + )z + Fy(21,..., 20, A), 1 < £ < n, leads
to equations for Zi,...,Z]. The smoothness of the expressions (F; — Z;F;)/Z;

follows from lemma 5.6.4. O

REMARK 5.6.29. If the vector field F' in lemma 5.6.28 is a homogenous cubic,
then

(F; — ZiF (20 Zs, .. Zir .. ZnZ) ) Zs = | Zi2(Fy — Z;F)(Z4, ... 1, Zy).
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Ehis implies that, up to a scale, the equations for Z]’-, j # i, are independent of

Recall the phase blowing-up map 7 : S?*71 x S! x R — C" and the Hopf
fibration v : S?"~! — P"~1(C). Noting that both m and v are G x S'-equivariant
(S* acts trivially on P*~'(C)), we define the smooth G' x S'-equivariant map
x: 8 x St xR — C" by

x(u, e, R) = (w(u, e, R), v(u)).

LEMMA 5.6.30. (1) m=Boy.

(2) If X € Vo(C™,G x SY) has B-transform X and X is any w-transform of
X — for example, X** or X* — then X 1is related to X by

A~

(Tox)X (w) = X (x(w)).

PROOF. The equality 7 = B o x is immediate from the definitions of x and
B. The second statement follows since m = B o x and X is uniquely determined
by the relation T; X (7) = X(B()), 7 € C™. O

THEOREM 5.6.31. Let X € Vo(C", G x S*) and write
X(x,\)=(A+1)z+ F(z).

There exist smooth maps Pil:Cr ! xR — C'! 1< 4 <n, such that each zero
(z.p), p >0, of P? determines a unique limit cycle of X. Conversely, to every
St-invariant limit cycle of 2/ = X (z,\), there is associated a zero of some PJ.

PROOF. We construct the map P'. By lemma 5.6.28, we may write X in
U, -coordinates as

Zi = (1+Z)Zl—f—Fl(Zl,...,...,ZiZh...,anl),
7y = (Fj(Zy,...,Z:2y,. .., Zy20) — Z;F\(Zy, ..., ZiZy, . .., Zn20)) ] 20, § > 1.
Applying lemma 5.6.4, there are smooth functions EF!':C" ' xR — C such that
Fi(Z17 SR ZiZh R ZnZ1> = Z1|Zl|2F;1(Z2a R Zn7 |Z1‘2)7 1<i<n Define
PN Zay ..., 2y | 20%) = F}(Zas .., Zn) | 20 ?) = ZiF (Za, ..o, Zy | 2], 2 2.
We may write the equation for Z} in the form
Z]/ = |Zl|2Pj1<ZQa T Z’ru |Z1|2)7 ] > 2.

Define P' = (P),...,P}): C" ' xR — C"!. We similarly define P/, 2 < j < n.
Suppose that P1(Z3,...,Z% R2) = 0, where we have set |Z;|> = R% and we
assume Ry # 0. If we make the substitution Z; = Rexp(:f) in the equation for
Z1 and fix (Zy, ..., 2,) = (Z3,...,Z°), we find that
R = AR+ Ra(Z),...,7° R?),
0 = 1+R*B(Z9,...,2°, R?),
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where F' = a+1. In particular, if A = —R%a(Z9, ..., Z°% R?), then R = R, will
be an equilibrium of the radial equation. If we set p = 1+ R28(Z9,...,2°, R?),
then there is a limit cycle solution of the original system with with period 27 /p
(we allow the possibility of the degeneracy p = 0 in which case we obtain a circle
of equilibria).

Conversely, if v is an S'-invariant limit cycle of 2/ = X,(2), then v will lift to
an S'-invariant limit cycle of X,. For some j, we may choose local VU, coordinates
so that Z; is non-vanishing on 7. Just as we did above, it is then easy to verify
that 7 determines a zero of P7. O

The maps P’ given by theorem 5.6.31 are, up to a scale, local representatives
of the vector fields U(u, R) induced on P"~!(C) via phase blowing-up. In partic-
ular, if ' = @ is a homogeneous cubic, then the P’ are local representatives of
the phase vector field Py (up to a scale). We indicate why this is so for P!

We start by defining some maps — as usual v : S?"~! — P"~1(C) denotes the
Hopf fibration. Let v : S?"7! x ' x R — P"!(C) x R be the map defined by
v(u,e?, R) = (v(u), R?). Define b : C" — P" 1(C) x R by b(z,u) = (u, ||z]|?).
Let Uy : C* — C" be the chart map defined by

‘Ifl(Zl, . ;Zn) - ((ZthZ27 .. -721211)7 (1722, . 7Zn))
Observe that bo ¥y : C" — P 1(C) x R is the map
(bo W) (Zy,....,2Z,) = ((1,Zy, ..., Z,), (| Z1|*||(1, Zay ..., 20)||?).

In particular, if we identify C"~! C C" with Z; = 0, the P"}(C)-component
of (bo W,)|C" ! is the standard chart map ¢;' : C"~* — P"(C) for P"*(C).
But ¢;* maps P' to a |Z;|>-dependent vector field P! on U; € P"'(C). Since
v = boy, it follows that, up to a strictly positive scale, P! is equal to U(u, R)|U;.

REMARK 5.6.32. We assumed in the statement of theorem 5.6.31 that F' was
independent of \. We explain now why this is not a serious restriction. For
simplicity, we continue to assume G is finite. Later, in chapter 10, we prove that
there is an open and dense subset S(C", G x S') of Vy(C™, G x S') consisting of
stable families. Each X € § has a finite number of branches of hyperbolic limit
cycles and the stability is determined by a finite jet j?X((0). For stable families,
the signed indexed branching pattern of 2/ = (A 4 1)z + F(z, A) will be the the
same as that of 2/ = (A +1)z + F(z,0).

Typically the zero u(R) = (Z3,...,Z°) of P’ described in the proof of theo-
rem 5.6.31 will depend smoothly on R. For R > 0, u will be a hyperbolic zero
of P’ provided that the corresponding branch of limit cycles is hyperbolic. Of
course, with appropriate variation, all of these remarks apply to steady state
bifurcations (see remark 5.1.12).

EXAMPLE 5.6.33. We investigate an example where the cubic truncation does
not determine the dynamics. We consider the standard irreducible representation
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of D3 on C2. A set of generators for the module of (C?)P3*S"_equivariants is given
by

{(z1:22), (|21, |20lP22), (2023, Z521), (2123, 2370)}-
(See [84, chapter XVIIL,§2] for more details.) We consider X € V,(C? D3 x S*)
of the form X (z,A\) = (A + 1)z + F(z) where

Fi(z1,22) = (a]l2]* +blz1f*)z1 + eziz; + do 2,
Fy(z1,20) = (allz* 4+ blza|?)z + cZ52) + dz 2,

where a,b,c,d € C. If d = 0, this is the normal form for the Ds-equivariant Hopf
bifurcation (see [84, chapter XVIII, §§1-4] and note that we will not assume any
results from [84] in what follows). Computing we find that

(5.46) P'(Zs,|2:) = bZo(|1 2a* = 1) + | Z1[(Z3 — Z3) + d| 21[*(|1 2 25 — Z3).

We have seven Zj-independent solutions Z, = 0 and Zy = exp(2pm1/6), 0 <
p < 5. These determine branches of limit cycles along the lines 2z = 0 and
zy = exp(2pm1/6)z;. Examination of P? yields the additional solution Z; = 0
and corresponding branch of limit cycles along z; = 0 (these are the solutions
forced by symmetry - see examples 5.6.16, 5.6.20). There remains the possibility
of solutions of (5.46) which depend on |Z;|*>. We shall assume that b, c # 0 and
Re(b¢) # 0. Note that if ¢ = 0 then Zy = w is a solution of (5.46) whenever
|w| = 1. On the other hand if b = 0, then we get the seven solutions described
above. Dividing by b, we reduce to solving the equation

(5.47) 2(|2)* = 1) +er?(22 — 2% + fri(|2)*22 — 2%) =0,

where e = cb/|b|* # 0, f = d/b, we have set Z, = 2, |Z,|* = r? and we assume
Re(e) # 0. It follows from the general theory that we develop in chapters 6, 10
that if X € S(C?, D3 x S) is a stable family then we may find a real analytic
solution to (5.47) of the form

2(t) = ' zit', r(t) = thi, (t €10,6]),

where r(0) = 0 and so ry = 0. Substituting in (5.47), and comparing terms of
the same order we find that provided Re(e) # 0, we must have zy = exp(2pm1/6),
where p € {0,...,5}. Without loss of generality, assume p = 0 and 2y = 1
(the analysis is similar if zy = exp(m2/3)). Write z = 1 + w and substitute
in (5.47). Taking real and imaginary parts, we may use the implicit function
theorem to solve for the real part of w = z + 1y and thereby obtain z = z(y,r)
as a smooth function of y,r, 0 < |y|,r < §. Differentiating implicitly, we find
that x(y,r) = yrB(y,r), where 3 is smooth. Substituting in the equation for
the imaginary part of (5.47), we obtain an equation of the form yrA(y,r) = 0
where A(0,0) # 0. It follows that y = x = 0 for r sufficiently close to zero
and so z(t) = 1 for sufficiently small |Z;|. The argument we have given is valid
provided that X is stable. As we shall see later, the stability of X depends
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only on the coefficients b, c,d (evaluated at zero if they depend on A). More
precisely, the computations we have given are valid provided b, ¢, d lie outside of
a closed semialgebraic subset A of C? of real codimension at least 1. In fact, the
coefficient d plays no role (consistent with the normal form given in (84, chapter
XVIII, §§1-4]) and we may take C3\ A = {(b,¢,d) € C? | Re(be) # 0,bc # 0}.
The radial coefficient a is needed for computations of the stability of branches of
limit cycles. In this way we are able to determine all generic branches of limit
cycles for the D3 x S'-equivariant problem. When we break symmetry to D3 —
and thereby allow for flat Ds-equivariant terms — all the branches we have found
persist. However, there still remains the tricky problem of showing that no new
branches of limit cycles appear when we allow for flat Ds-equivariant terms.

5.7. Notes on chapter 5

The first part of the chapter is largely based on the treatment of the invariant
sphere theorem given in [57] together with the applications described in [57, 73]
and the paper with Jim Swift [74]. More applications and examples of homoclinic
cycles and networks are in [61]. There is now a quite extensive literature on
homoclinic and heteroclinic cycles in equivariant bifurcation theory. In particular,
we mention the survey article by Krupa [106], and the papers by Krupa and
Melbourne [107, 108] on asymptotic stability and bifurcation of cycles. For
general results on heteroclinic cycles in systems with wreath product symmetries
there is the article by Dias, Dionne and Stewart [42]. Heteroclinic networks
arising from symmetry have been studied by Kirk and Silber [101]. In a slightly
different direction, we mention the work of Ashwin and Field [6]. There is also
an extensive literature on heteroclinic cycles in population models that goes back
to May and Leonard’s paper [122].

The remainder of the chapter is about the equivariant Hopf bifurcation and
based on [75, 59] (and inspired by the earlier works [74, 166]). Methods used are
based on a complex version of the invariant sphere theorem as well as blowing-
up techniques from complex algebraic geometry. Overall, the aim is to combine
geometric, analytical and algebraic techniques to discover information about ex-
istence of branches of limit cycles (with no maximal isotropy constraints) and
dynamics. As indicated in the text, there is an extensive set of examples and ap-
plications on the equivariant Hopf bifurcation in Golubitsky, Stewart and Schaef-
fer [84]. The authors use methods based on the complex version of the equivariant
branching lemma which yield branches of limit cycles which have necessarily have
maximal spatiotemporal normal form symmetry.






CHAPTER 6

Equivariant transversality

6.1. Introduction

The topic of this chapter is the theory of G-transversality or equivariant gen-
eral position. After preliminaries on C*°-topologies, jet bundles and transversality
theory we start work on the theory of general position for equivariant maps. Un-
like what happens in standard transversality theory, we do not have a simple
geometric definition of what it means for a map to be G-transversal to a G-
invariant submanifold. It is, however, possible to show that there is an intrinsic
definition of equivariant transversality that is independent of all choices. It takes
some work to get to this definition. The first step is straightforward. We reduce
the problem of defining equivariant transversality to a local problem about solv-
ing equivariant equations f(xz) = 0, where f : V — W and (V,G) and (W, G)
are G-representations. We reformulate the problem of finding ‘generic’ solutions
to f(z) = 0 in terms of transversality to an algebraic variety ¥. In order to
do this we need some serious preliminaries involving spaces of polynomial and
smooth equivariant maps (‘smooth invariant theory’), the theory of stratifying
(partitioning) semialgebraic sets into smooth pieces that fit together well and
the theory of transversality of maps to stratified sets. The key step towards ob-
taining an intrinsic definition of G-transversality comes next. We prove that we
can formulate the equivariant transversality of amap f:V — W to 0 € W at
0 € V in terms of transversality to a stratification A of an invariantly defined
vector space U, where dim(U) depends only the representations V, W. We prove
that the stratification A of U depends only on the representations V and W. In
addition, we show that A admits natural symmetries related to coordinate invari-
ance. It is then fairly routine to show that equivariant transversality satisfies the
characteristic properties of transversality including openness, density and a vari-
ant of the transversality isotopy theorem. We conclude with a section showing
how the assumption of G-transversality imposes constraints on the symmetries
of solutions.

We have tried to present the local theory in as simple a way as possible.
Thus we generally work on representations (rather than proper G-invariant open
subsets) and use generating sets of homogeneous polynomials. (This will be
the setting for our subsequent applications of G-transversality to equivariant
bifurcation theory.) Only when we come to proving the openness of equivariant
transversality do we consider the more complicated issue of sets of inhomogeneous
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polynomial generators. Readers mainly interested in applications of equivariant
transversality to bifurcation theory are advised to omit 6.7.1 and 6.11 — 6.14 at
first reading.

6.2. ("°-topologies on function spaces

We have already given the definition of the C'*°-topology for smooth vector
valued maps on open subsets of R™ (chapter 4). There are several equivalent
ways to proceed when we come to consider the space C°(M, N) of smooth maps
between the differential manifolds M and N. These approaches are covered in
introductory texts on differential manifolds and all we do here is we review the
definitions and main ideas. We start by giving a conceptually easy approach
which builds on our definition for C*°(R?, R?) (this needs the tubular neighbour-
hood theorem), then we give a definition based on local coordinates. Finally,
after a short digression on jet spaces, we give a coordinate-free definition of the
C*-topologies (although we do not need jet spaces in this chapter, they will play
an important role in chapter 7). We emphasize C'*°-topologies; the definitions for
C"-topologies are similar (and simpler).

Our first method uses Whitney’s embedding theorem [92, chapter 1,83] to rep-
resent M and N as closed submanifolds of R? and R?. We may then topologize
C>®(M,N) as a (closed) subspace of C*°(RP,R?). We call the resulting topology
on C*°(M, N) the C*-topology. For this approach, we need the tubular neigh-
bourhood theorem (proposition 3.4.1, remarks 3.4.2) to construct an extension
operator L : C*®°(M, N) — C*°(RP,R?) and so embed C*°(M, N) in C*°(RP, R?)
(L composed with restriction to M is the identity map of C*°(M, N)). Our sec-
ond approach uses local constructions. Let f € C°°(M, N). Suppose that (U, ¢)
is an M-chart, K is a compact subset of U, and (V%) is an N-chart such that
f(K) C V. Working in the local coordinates given by (U, ¢) and (V, ), we define
for every r € N and € > 0, the set W(f, K,r,e) C C>®(M, N) to consist of all
maps g such that g(K) C V and ||f — g||& < € (see chapter 4 for the definition
of || ||X). The collection of sets W (f, K,r,¢) over all (U, ¢), (V,v¢), K, r, € then
defines a basis of open sets for the C*°-topology on C*°(M, N).

If M is not compact, the C*°-topology gives no control over the behavior of
maps at infinity. To remedy this problem, Whitney introduced a finer topology,
now known as the Whitney C'*°-topology. We describe the Whitney topology,
first for C*°(RP,R?). For each f € C*°(RP R?), we construct a neighbourhood
base of f for the Whitney topology. Given r € N, z € R?, let p(f,r)(z) = || f]*.
Let 6 : R — R be a smooth (continuous will do) strictly positive function. We
define

W(f,r0) ={g € C*R",RY) [ p(f — g,7)(x) < d(x), x € R"}.

The collection of all W(f,r,d), r € N, § : RP — RT defines a neighbourhood
base for f. Varying over all f € C°(RP R?), we define a base for the Whitney
C*-topology on C*°(RP RY).
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Once we have the Whitney C*°-topology on C*°(RP R?), we can define the
Whitney C'*°-topology on C*°(M, N') by embedding M and N as closed subman-
ifolds of RP, R? just as we did for the C'*°-topology. Alternatively, we can follow
the local construction but now allowing for arbitrary families of compact subsets
K; € M (see [92, chapter 2| for details).

For future reference, we highlight two properties of the C'* and Whitney C'*°-
topologies (we refer the reader to [92, chapter 2], [81, chapter II] or [1] for more
details and proofs.

LEMMA 6.2.1. (1) If M is compact, the Whitney C* and C'*-topologies
coincide. If M 1is not compact, the topologies differ.
(2) C=(M, N) is a Baire space' in either the Whitney C*- or C*°-topology.
(3) If (fn) € C®°(M,N) converges to F' € C>®°(M,N) in the Whitney C*°-
topology, then there exists a compact subset K of M such that for all
sufficiently large n, f, = F on M \ K.

REMARK 6.2.2. Lemma 6.2.1 continues to hold when M, N are G-manifolds
and we replace C>°(M, N) by C& (M, N) — the space of smooth equivariant maps
from M to N.

EXERCISE 6.2.3. (1) Construct the extension operator L : C*°(M,N) —
C>*(RP,RY?) required for the first construction of the (Whitney) C'*°-topology.
(2) Verify that the two definitions we have given of the C*°-topology are equiva-
lent. Similarly for the Whitney C'*°-topology.

(3) Show that in the Whitney topology, C*°(R?,R?) is not first countable and is
therefore not metrizable. Show that C*°(M, N) is metrizable in the C'*°-topology
even if M is not compact.

(4) Show that the Weierstrass approximation theorem is not true for C*°(R?, R?)
if we take the Whitney topology.

(5) Let M, N be smooth G-manifolds. Show that CZ (M, N) is a closed subset
of C*°(M, N) in either the C*°- or Whitney C*°-topology.

6.2.1. Jet bundles. For d > 0, let LY(RP,RY) denotes the vector space of
symmetric d-linear maps from R? to R? (L2(R?, R?) = R?). We recall the natural
isomorphism L4(RP,R?) ~ P4(RP,RY) defined by mapping A € LI(RP,RY) to
Py € P4RP,RY), where Pa(z) = ZA(x%). In particular, for r > 0,

[1Zi®e. R ~ PUI(R?,RY).

=0
Let U be an open subset of RP. For r > 0, define the space J"(U,R?) of r-jets
from U to R? by

J'(URY) =U x [[ IR, RY) = U x PU(R?,RY).

J=0

IThe countable intersection of open and dense subsets is dense.
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There are natural projections m, : J"(U,R?) — U and m, : J"(U,R?) — R?
defined by mapping (z, (Ag, A1,...,A4,)) to x and Ay respectively.
We define the r-jet extension map j© : C>*°(U,R?) — C*(U, J"(RP,RY)) by

]Tf(x) = (:L’, (f(fE),Df(l’), s ,Drf(l‘)), (1’ S U)

We refer to j"f(x) as the r-jet of f at z. If we use the identification with
polynomial maps, then the r-jet of f at x may be identified with the degree r
Taylor polynomial T, f(z) of f at  and conversely.

Suppose that M, N are smooth manifolds and x € M, y € N. Let f,g be
smooth N-valued maps defined on an open neighbourhood of x € M. We write
f ~4, g9if f(x) = g(r) and we can find coordinate charts (U, ¢), v € U, and
(V,4), y € V, such that

7 (W fo)(d(x)) = 5" (Vg™ ) (é(x)).

This definition is independent of the choice of charts and ~7  is an equiva—
lence relation. Let J; (M, N) denote the set of equivalence classes of ~] . It

is straightforward to check that J; (M, N) = J['_, Li(R?,R?). We define the
bundle of r-jets of smooth maps from M to N by

J'(M,N) = U yemxnd,, (M, N) (disjoint union).

We have natural projections mp @ J"(M,N) — M, ny : J'(M,N) — N. For
each f € C*°(M, N), we define the r-jet extension map j"f : M — J"(M,N) by
requiring j" f(x) to be the ~7 . equivalence class of f.

Suppose that (U, ¢) is an M-chart, (V,1)) is an N-chart. If we let J"(U,V) =
Ueyevxvdy, (M, N) C J"(M, N) then there is a natural bijection

v J(U,V) = J(6(U), (V) C J'(R™ R™).

In order to construct v, suppose that x € U, y € V and « is the ~7  -equivalence
class of a smooth map f defined on some open nelghbourhood of x in U and
such that f(z) = y. We define v(a) to be the ~f ,  -equivalence class of
o™t in J7(H(U), (V). Obviously, v is a bijection onto J"(¢p(U), 1 (V)). Since
J"(o(U),¥(V)) is an open subset of J"(R™,R™), we may use (J"(U,V),v) as a
chart for J"(M,N). With some straightforward, if tedious, computations, we
may show that the collection of all such charts gives J"(M, N) the structure of a
differential manifold (we use the charts to define a topology on J"(M, N)).

THEOREM 6.2.4. Let M, N be smooth manifolds.

(1) Forr >0, J'(M,N) has the natural structure of a smooth manifold and
dim(J" (M, N)) = dim(J"(R™,R™)), where m = dim(M), n = dim(N).

(2) The maps mpy © J'(M,N) — M, ny = J'(M,N) — N are smooth
submersions.

(3) For each f € C®(M,N), the r-jet extension j"f : M — J"(M,N) is
smooth.
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PROOF. For the details we refer to [92] or [81]. O

6.2.2. Natural constructions of C*°-topologies. We may use the jet
bundles J"(M, N) to give definitions of the C*°- and Whitney C'*-topologies
that avoid the Whitney embedding theorem or the use of charts. First, the C'*°-
topology. The r-jet extension defines a map j” : C*°(M, N) — C°(M, J"(M, N)).
Take the compact open topology on C°(M,J"(M,N)). We take the weakest
topology on C*°(M, N) such that j~: C°(M,N) — C°(M, J" (M, N)) is contin-
uous for all » > 0. The resulting topology is the C*°-topology on C'*(M, N).

In order to define the Whitney C'*°-topology, let » > 0 and U be any open
subset of J"(M, N). Let

Wi(U) = {f € C*(M,N) | j*f(M) C U}

The family of all sets {Wy(U) | k > 0,U C J"(M, N)} is a basis for the Whitney
C*°-topology on C*°(M, N).

PROPOSITION 6.2.5. Letr > 0. The map j" : C°(M,N) — C>*(M, J" (M, N))
is continuous in the Whitney C'*°-topology.

PROOF. Details may be found in [81]. O

6.3. Transversality

In this section we review parts of the theory of transversality for smooth
maps. Suppose that M, N are connected differential manifolds, dim(M) = m,
dim(N) = n. Let P be a p-dimensional submanifold of N. If f : M — N is a
smooth map, f is transverse to P at x € M if either f(z) ¢ P or f(z) € P and

Txf(TxM) + Tf(x)W = Tf(x)N.

We write this symbolically as f mh, P. If f is transverse to P at all points of M,
we say f is transverse to P and write this f M P.

6.3.1. Basic theorems on transversality.

(a) (Openness) If f rh, P, then there exists an open neighbourhood U of z
in M such that fm, P, for ally € U.

(b) (Dimension) If f & P and f(M)NP # @ (so m > n —p), then f~1(P)
is an m — n + p dimensional submanifold of M.

(c) (Stability) If M is compact, P is a closed submanifold of N and f th P,
then there exists a C'-open neighbourhood U of f in C°°(M, N) (C>-
topology) such that for all g € U, g i P. If M is not compact, openness
holds in the Whitney C'*°-topology.

(d) (Isotopy theorem) If M is compact, P is a closed submanifold of N,
f: M x|[0,1] — N is smooth and f; h P, t € [0,1], then there is
a smooth isotopy K; : M — M such that K;(f;*(P)) = f;'(P) and
Ko =1y.
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(e) (Density) There is a residual subset 7 of C*°(M, N) such that for all
g €T, qgh P. Incase P is closed, 7 is C'-open and C*-dense in
C>(M, N) (if M is not compact, we take the Whitney topology).

REMARKS 6.3.1. (1) Proofs of these results may be found in the books by
Abraham and Robbin [1], Hirsch [92] or Golubitsky and Guillemin [81] (for the
isotopy theorem, see [1]).

(2) It is obvious that (c,d) fail is P is not closed,

(3) If M is not compact, we require the Whitney C'*°-topology in order to establish
openness results. In fact, as our focus is mainly local, it is safe for the most part
to think in terms of the C'*°-topology.

The local theory of transversality is easily reformulated in terms of solutions
to equations locally defined on vector spaces. Specifically, suppose that f €
C>®(M,N) and f(x) € P. We may choose smooth charts (U, ¢) for M at z and
(V,4) for N at z such that f(U) C V and

(1) ¢ is a diffeomorphism of U onto an open neighbourhood U; of 0 € R™.
(2) ¥ is a diffeomorphism of V' onto an open neighbourhood Vi x V5 of
Y f(x) =(0,0) € R"P x RP.

(3) ¥(V N P) =V, (an open neighbourhood of (f(x)) =0 € RP).
Let m: R® = R*P x RP — R"P denote the projection on the first factor. Then
it follows from the definition of transversality that f rh, P if and only if 0 € U;
is not a critical point of f = 7w fp~! : Uy — R*P. If 0 € U, is not a critical
point, we can always choose U, V' sufficiently small so that 0 € V) is a regular
value of f : Uy — R"7P. In particular, f , P for all y € U, proving property (a).
Property (b) follows by applying the implicit function theorem to the equation
f (x) = 0. In other words by reformulating transversality as a statement about the
solution to an equation, we can easily derive the local properties of transversality.
Global results, such as the isotopy theorem, require more work (for the density
theorem, we use Sard’s theorem).

Our investigation of equivariant transversality will emphasize local properties.
However, for our general theorems, we will use results about transversality (no
symmetry); in particular results on maps which are transverse to Whitney regular
stratified sets (as described in chapter 3, section 3.9). We will also need results
on the existence of Whitney stratifications of semialgebraic sets.

6.4. Stratumwise transversality and stability

Suppose that M, N are G-manifolds, P is a G-invariant submanifold of N and
f M — N is a smooth equivariant map. As a first attempt at formulating a
theory of equivariant transversality it is natural to require stratumwise transver-
sality. More precisely, f : M — N is stratumuwise transverse to P if for every
isotropy group H € 7 € O(M, G) for the action of G on M, we have f% d PH,
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where f# = fIMH : M2 — NH_If f is an embedding, stratumwise transversal-
ity is equivalent f. th P, for all 7 € O(M, G), where f, = fIM, : M, — N,. It
is not hard to check that if we want a stability or isotopy result for equivariant
transversality then stratumwise transversality is necessary — else we can change
the local topological type of the intersection by a small perturbation. However,
as the following example shows, stratumwise transversality is not sufficient for
the local stability of intersections.

EXAMPLES 6.4.1. (1) Let Z, act on R as multiplication by +1. Set P = {0} €
R. Clearly P is a Zs-invariant submanifold of R. Define the Zs-equivariant map
f:R — R by f(zr) = 2°. Since f(z) = 0 if and only if z = 0 and f'(z) # 0,
r # 0, f is stratumwise transverse to P (and f~'(P) = {0}). For a > 0,
define f,(z) = 2° — 2az® + a®*x. Then f, is Zy-equivariant, f,(£y/a) = 0 and
fi(£+/a) = 0. Hence f, is not stratumwise transverse to P, for all a > 0. Further,
the topological type of f,}(P), a > 0, is different from that of f~1(P).
(2) The pathology described in (1) can be removed by perturbing f to f.(z) =
x® +ex, € # 0. We then have f. hg P, € # 0. However, this approach fails if we
work with families of Zs-equivariant maps. If F; : R — R is a smooth family of
Zs-equivariant maps, t € R, we may write F;(x) = zg(x,t), where g is smooth
and an even function of x. We have F' Mo, P if and only if g(0,t) # 0. If we
take g(z,t) = t, then however we perturb g (or F'), there will always be a value
of ¢ near zero for which ¢(0,¢) = 0. Hence there is no way we can equivariantly
perturb away the point of non-transverse intersection of F' with P.

A characteristic feature of transversality theory is that transverse intersections
f~Y(P) are submanifolds of the ambient manifold. Moreover, the intersections
vary smoothly as we vary f. Both properties fail for equivariant maps.

EXAMPLES 6.4.2. (1) Continuing with the notation of the previous example,
let Fi(z) = xt. The zero set of F' is the union of the ¢ and x axes and so has a
‘crossing’ type singularity at the origin. If G; is a smooth Zs-equivariant family
C?%-close to Fy, we have Gy(x) = zh(x,t), where |h(z,t) — t|, |hi(z,t) — 1| are
small near (0,0). Applying the implicit function theorem, we see that there ex-
ists ¢y close to 0 and a smooth map t(x), t(zo) = to, such that h(z,t(z))) =0, x
near zero. Since x = 0 lies in the zero set, we see again that there is a crossing
singularity at (0,%,) (see figure 1),
(2) We cannot, in general, require differential stability of solutions sets for equi-
variant mappings. Let SO(2) act on C? as multiplication by e and on C as
multiplication by e*’. Every SO(2)-equivariant homogeneous polynomial map
P : C% — C of degree less than four is identically zero. The complex vector space
P09 (C?,C) has basis {2],2{22,...,2} and so the general SO(2)-equivariant
polynomial of degree four may be written

4

_ JA=]

Pc(Zl,Zz)—E Cjz1%29 7,
Jj=0
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' Perturbed solution

__—[set: xh(x,ty=0

tx=0

\

(0,0)] .to

FIGURE 1. Stable crossing singularity

where ¢ = (cg,...,c4) € C°. 1In this case a natural (necessary) condition to
require for the SO(2)-equivariant transversality of P. to 0 € C is that ¢ does not
lie on the discriminant locus D C C® associated to homogeneous polynomials of
degree 4. Indeed, if ¢ ¢ D, then P, (0) will consist of four distinct complex lines
through the origin of C2. On the other hand, if ¢ € D, then the topological type
of P71(0) can be changed by perturbing ¢ off D. But now suppose ¢, c* ¢ D. If
T : C* — C? is a smooth SO(2)-equivariant diffeomorphism mapping P, (0) to
P.'(0), then the same must be true of the derivative of T at the origin. But this
can only happen if the two sets of four C-lines have the same cross-ratio [177,
section 16], [119, section 8] and so differentiable stability fails.

6.5. Reduction to a problem about solving equations

Suppose that M, N are Riemannian G-manifolds and P is a G-invariant
submanifold of N. Let f : M — N be a smooth G-equivariant map. Suppose
that + € M and f(x) € P. Since f is G-equivariant G, C G, and so TN
has the structure of an orthogonal G,-representation. Let W) = Tj,)P and
W3 denote the orthogonal complement of Wi in Ty,;)N. As G,-representations,
TpyN = W1 ®W,. By Bochner’s theorem 3.4.9, we may choose a G,-equivariant
diffeomorphism 1 of a G -invariant open neighbourhood D of f(x) € N onto an
open neighbourhood B x C' of (0,0) € Wy & W5 so that ¢(f(x)) = (0,0) and
Y(DNP)=Bx{0}. Let 7 : Wy & Wy — W, denote the projection on Ws.

Turning now to M, choose a slice S, for the action of G at = so that f(S,) C
D. Let (V,G,) be the G,-representation induced on the normal space T,G(z)*.
Choose a Gy-equivariant diffeomorphism ¢ of S, onto an open neighbourhood A
of 0 € V. We may assume ¢(z) = 0. Define f: ACV — Bx C C W; & W, by

f=vfo .
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Clearly f is a smooth G,-equivariant map satisfying f(0) = 0. Moreover, given
any G -equivariant map h : A C V — B x C C W; & W,, we may define a
G-equivariant map h* : G(S;) — N by h*(vy) = v 'h(gy), all y € S, and
v € G (we leave it to the reader to check that h* is a well-defined G-equivariant
map and that f* = f|G(S,)).

Set 71f = F. Thus F: ACV — C C W, is a smooth G,-equivariant map
and F'(0) = 0. Observe that if y € S, then f(y) € P if and only if

F(o(y)) = 0.
In particular, every solution z of F' = 0 determines a unique G-orbit G(¢~'(z)) C
G(S,) C M mapped by f to P. Conversely every G-orbit o C G(S,) which is
mapped to P by f determines a unique solution of F' = 0. We refer the reader
to figure 2.

G(f(x))

FIGURE 2. Reduction of transversality to an equation

The preceding discussion shows that the general problem of defining the G-
transversality of a map to a G-invariant submanifold can be reduced to a ‘local’
problem about solving equivariant equations defined on a representation. In gen-
eral, the group changes from G to an isotropy group for the action of G. This mo-
tivates our strategy for defining G-transversality. We study smooth G-equivariant
maps f : V — W where V,W are G-representations and find conditions for the
solution set f~1(0) to be “generic”. We also verify basic properties such as in-
variance under coordinate changes and the openness of G-transversality. Using
the local theory, we may then define what it means for a G-equivariant map
f M — N to be G-transverse to a G-invariant submanifold of N. Here it is
important to check that our definitions are independent of all choices (for ex-
ample, of slice or local coordinates). Genericity, openness, stability and isotopy
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theorems follow relatively straightforwardly from the corresponding local results
for maps transverse to stratified sets.

The theory we present in the following sections is very much a C'°°-theory.
This is on account of our use of smooth invariant theory. We discuss this is-
sue further at appropriate places in the text. Our approach is a mix of those
originally used in Bierstone [14] and Field [50] (see also the notes at the end
of the chapter). As a simplification we assume as far as possible that functions
are defined on representations (linear G-spaces) rather than on G-invariant open
neighbourhoods of the origin of a representation (as in [14]) — this is a harmless
restriction, we indicate why in various exercises. Almost all of the time we as-
sume that polynomial generators are homogeneous. In fact, the only place where
we have to allow for inhomogeneous generators is when we prove the openness
of G-transversality. Following [50], we frame our definition of G-transversality
in terms of a natural stratification of a parameter space rather than in terms of
transversality to an algebraic variety (which depends on choices). This approach
works well for bifurcation theory (see [70, 57, 60]). It also gives a simple proof
of the density theorem.

6.6. Invariants and equivariants

Let V', W be finite dimensional real representations of the compact Lie group
G. The vector space Pg(V, W) has the structure of a P(V)%-module. Using Haar
measure (averaging polynomials over G) together with the Hilbert basis theorem,
it may be shown that P(V)“ is a finitely generated R-algebra (in particular, a
Noetherian ring) and that Pg(V,W) is a finitely generated P(V)%-module (see
Poenaru [143] for details).

6.6.1. Smooth equivariants. Asusual we let C*(V)% denote the R-algebra
of smooth G-invariant real valued functions on V and Cg&(V,W) denote the
C*(V)%module of smooth G-equivariant maps from V to W. Clearly, P(V)¢ C
C>®(V)% and Pg(V,W) C CF(V,W).

LEMMA 6.6.1. If F = {F,...,Fy} is a set of generators for the P(V)C-
module Pg(V,W), then F generates the C*(V)%-module C&(V,W).

More generally, if U is a G-invariant open subset of V', then F generates the
C*>(U)%-module CZ (U, W).

PROOF. Method I. The equivariant Stone-Weierstrass approximation theo-
rem, theorem 2.10.8, implies that Pg(V, W) is a dense subset of CZ(V,W). It
suffices to show that the C*(V)%submodule of CF(V,W) generated by F is
closed. This follows from the Malgrange Division theorem which implies that if
U is a non-empty subset of V| then every finite subset of P(V, W) generates a
closed C*°(U)-submodule of C*°(U, W) (see [171, Chapter VI, Corollary 1.5]).
In particular, taking U = V| F generates a closed submodule of C*°(V, W). The
result follows by averaging over G. This argument works for G-invariant open
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subsets U of V since Pg(V, W) is a dense subset of C& (U, W) in the C*°-topology
for all non-empty open subsets U of V' (chapter 3 exercise 2.10.9).

Method II. Using an approach due to Malgrange, the result may also be deduced
from Schwarz’ theorem on smooth invariants [154]. We sketch the proof at the
end of the section (see also Poenaru [143] or Golubitsky et al. [84, chapter XII,
§85,6] and remark 6.6.14). O

REMARKS 6.6.2. (1) If U is a G-invariant open subset of V' and F is a set of

polynomial generators for the C°°(U)%module C (U, W), it does not follow
that F generates the P(V)%module Pg(V,W) unless the elements of F are
homogeneous.
(2) Lemma 6.6.1 fails for C" equivariants, r < oco. In fact it is possible — with
some difficulty — to show that if r is sufficiently large then a C"-equivariant
f:V — W may be written as ) f;F;. However, the invariants f; will typically
only be C*, where s ~ [4], where d > 1 (see [147, 153]). In spite of this, it
is typically the case in bifurcation problems that it is possible to prove strong
determinacy results that imply higher order terms do not matter (even if they
are not equivariant, see [60, 62] and chapter 10). Examples of this phenomenon
are given by the theory we presented for (R, Hy) where for the codimension 1
theory, it is enough to assume vector fields are C?® and we do not need to be
concerned with equivariants of degree greater than 3.

EXERCISE 6.6.3. Let U be a non-empty G-invariant open subset of V. Show
that if K is a compact G-invariant subset of U, there exists a continuous (C'*°-
or Whitney C'*-topology) linear map ey : CZF(U, W) — C&(V, W) such that for
all f e CX(U, W), ex(f)|K = f.

6.6.2. Generators for equivariants. For the remainder of the chapter,
F =A{F,..., F} will always denote a minimal set of homogenous generators for
the P(V)%module Pg(V,W). By minimal, we mean that no proper subset of
F generates Pg(V,W). We set degree(F;) = d; and label the generators so that
0<d <dy <...<dy.

LEMMA 6.6.4. (Notation as above.) If p1,...,pp € P(V)¢ and

k
> piF; =0,
j=1

then p;(0) =0, 1 < j < k. The same result holds if we allow p; € C=(V)C.

PROOF. If p € P(V)Y, let p* denote the homogeneous part of p of degree .
For 1 <7 < k we have

—piFi =) p;iF;.
i
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Taking the homogeneous parts of degree d; we see that
di—d,
—pi(0)F; = ij IF;.
J#
Hence p;(0) = 0 by the minimality of F. If we allow the coefficients p; to be
smooth invariants, the result follows by taking the dg-jet of Z?Zl p;F}; at the

origin and applying the result for polynomials. U
Let M = {p € P(V)¢ | p(0) = 0} and M, = {f € C=(V)| f(0) = 0}.
LEMMA 6.6.5. (1) Cx(V,W) /M CE(V,W) ~ Po(V,W)/MPs(V,W)

(as vector spaces).
(2) Any minimal set of homogeneous generators for Po(V,W) maps to a
vector space basis of Po(V, W) /9P (V,W).

Proor. (1) follows from lemma 6.6.1; (2) from lemma 6.6.4. [ISet
U= Po(V,W)/MPs(V,W) and let II : C(V,W) — U be the projection given
by lemma 6.6.5.

REMARKS 6.6.6. (1) Lemma 6.6.5 implies that the number of polynomials
in a minimal set of homogeneous generators for P (V, W) depends only on the
isomorphism classes of the representations V and W. We let k = k(V, W) denote
the cardinality of a minimal homogeneous generating set.

(2) If F is a minimal set of homogeneous generators for Pg(V, W), then the set of
degrees (counting multiplicities) {d, ..., d;} depends only on isomorphism class
of the representations V' and W.

(3) If the generators are not all homogeneous, the second part of lemma 6.6.5 may
fail. As a simple example, {2+ z*, 2} generate R[z?] but neither z* nor z? + z*
generate R[z?]. Note that 22 4+ z* (but not z*) defines a basis of R[z?*]/9IMR[z?].

Although most of the time we work exclusively with homogeneous gener-
ators, we need to consider sets of inhomogeneous generators when we come
to prove openness of G-transversality. The next result provides a version of

lemma 6.6.5 that applies to sets of polynomials that define a spanning set of
Pe(V,W) /P& (V,TV).

LEMMA 6.6.7. Let G = {G4,...,G,} be a finite subset of Po(V,W) and sup-
pose that I1(G) = {II(G1),...,1I(G,)} spans U. If the subset G' of G defines a
basis of U, then there are exactly k = k(V,W) elements in G'. If we label G so
that G' = {G1, ..., Gy}, then we may write

Gi(x) = Zaij(x)(;j(x), i >k,

Fi(x) = Z Bij(z)Gj (),
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where the coefficients o, Bi; are rational functions which are real analytic on
some open G-invariant neighbourhood U of 0 € V.

PROOF. Since F generates Pg(V, W), there exist v;; € P(V)% such that

Gi(z) = Z%j(x)pj(a;), 1<i<r.

Since II(G") = {II(Gy),...,II(Gk)} is a basis of U, the k x k-matrix [7;;(0)] is

non-singular. Hence, by Cramer’s rule,
k
Fi() = Y Bu@)Gyo), 1<k,
j=1

where the ;; are rational functions which are real analytic on some open G-

invariant neighbourhood U of 0 € V. If 5 > k, we have G; = Z?Zl v F}, and

so, on substituting for F};, we have G; = Ele a;;G;, © > k, where the a;; are

rational functions which are real analytic on U. U

COROLLARY 6.6.8. Let G C Po(V,W). If there exists a G-invariant open
neighbourhood U of 0 € V' such that G generates the C*°(U)%-module C& (U, V),
then T1(G) spans U. Conversely, if 11(G) spans U and we choose a subset G' C G
such that 11(G") is a basis for U, then there exists a base U of G-invariant open
neighbourhoods of 0 € V such that for all U € U, G' generates the C=(U)%-
module C (U, W).

ProOF. Use lemma 6.6.7. 0

It follows from lemma 6.6.5 that a choice of minimal homogeneous generating
set F determines a vector space isomorphism Ir : U — RF. Let v = I:II :
Cg(V,W) — RF be the projection map given by lemma 6.6.5. Providing the set
F is clear from the context, we often drop the subscript from 77 and just write
v. If F' is another minimal set of homogeneous generators for Pg(V, W), then a
change from F to F' induces a linear isomorphism Az z : R¥ — R* such that

Y () = Arp (), (f € CEV.W)).

Let d = d;. be the maximal degree of the polynomials in a minimal set of homo-
geneous of generators. Given f € CZ(V, W), let J(f) denote the d-jet (Taylor
polynomial degree d) of f at the origin. If J¢(f) = 0 then v(f) = 0. Hence
factorizes as

cx(v,w) L POW, W) 3 R,

where 7 = 7|Péd)(v, W). Clearly ~ is continuous if we give C&(V, W) the C"-
topology, oo > r > d (Whitney or uniform convergence on compact sets).
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LEMMA 6.6.9. Suppose V, W, Wy are G-representations and that F', F? are
minimal sets of homogeneous generators for Pg(V,W1) and Pg(V,Ws) respec-
tively. Then F = F'U F? is a minimal set of homogeneous generators for
Po(V,Wy & Wsy). (Here F' € F' is identified with (F',0) € F, and F?* € F*
with (0, F?) € F.)

PROOF. The result follows easily using lemma 6.6.4. 0

LEMMA 6.6.10. Suppose that V,W are G-representations and that R® is a
trivial G-representation. FEvery minimal set of homogeneous generators F for
Po(V, W) defines a minimal set of homogeneous generators for Pg(V x R®, W).
(Each F € F determines a map F:V x R® — W by F(x,t) = F(x).)

PrROOF. We leave this as an easy exercise for the reader. 0

Suppose that VW are G-representations, R® is a trivial G-representation
and F is a minimal set of homogeneous generators for Pg(V, W). It follows from
lemmas 6.6.5, 6.6.10 that we have a linear map II° : C(V xR*, W) — C>(R?*,U)
defined by TI*(f)(t) = I(f;) = I7'v7(f;), for all t € R*. In terms of F, suppose
fe (VxR W). We may write

k
f(l‘,t) = ij(]?,t)ﬁ}(l’),
j=1
where f; € C®°(V x R%)%, 1 < j < k. Define 77 = I7II° : CF(V x R¥, W) —
C>(R*, R¥) by

V(O = (L0,0), ..., fu(0,1), (LR, fE€CFV xR, W)).

LEMMA 6.6.11. The map v7 : CF(V x R, W) — C®(R*,R¥) is continuous
with respect to the C™®-topologies on C®(R*, R*) and Cg(V x RS, W).

PROOF. ([14]) Let o : (C=(V x R$)E)F — OF(V x R¥, W) and 3 : (C>(V x
R#)%)* — C=(R*, R¥) be defined by

fl?"'?fk Zf] andﬂfl?"'afk)(t):(f1<07t)7"'7fk(07t))7teRs'

Both a and  are continuous (with respect to the C*°-topologies on function
spaces). Since « is a continuous linear surjective map between Fréchet spaces, it
follows by the Open Mapping Theorem that « is an open map. Since 7" a = 3
it follows that for all open subsets V in C®(R*, R¥), a(371(V)) = (47)"1(V) is

open and so 77 is continuous. U

EXERCISE 6.6.12. Using the continuity with respect to the C'"*°-topology show
that 77 : CX(V x R, W) — C*®°(R*,R*) is continuous with respect to the
Whitney C*°-topology.
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6.6.3. Smooth invariant theory. Let pq,...,p, be a minimal set of homo-
geneous generators for the R-algebra P(V)“. We recall Schwarz’s theorem on
smooth invariants.

THEOREM 6.6.13 ([154]). (Notation as above.) Let f € C=(V)Y. Then there
exists a smooth function F : R® — R such that

f(z) = F(pi(z),....p(x)), (x€V).
The same result holds if we replace V' by a G-invariant open subset of V.

REMARK 6.6.14. Let P = (py,...,p) : V — R’ Since we can always
take p; = || ||*, P is a proper mapping (inverse images of compact sets are
compact). The map P defines the pullback map P* : C®(RY) — C>=(V)¢
by P*(F)(z) = F(pi(z),...,pe(x)). Working with the C*°-topology, it is easy
to show that P*(C*°(R)) is dense in C*(V)Y (because P*(P(RY)) = P(V)%).
The difficulty is in showing that P*(C*(RRY)) is a closed subspace of C*(V ).
Schwarz’s proof of theorem 6.6.13 used the fact that pq,...,p, was a set of gen-
erators for the invariants. Subsequently, far more general results have become
available (see for example [17, 16, 170]). In particular, if @ : R? — R? is any
proper polynomial map then (a) Q*(C*°(R?)) is a closed subspace of C*°(RP),

and (b) the sequence C*°(RY) g Q*(C*(R?)) — 0 splits. That is, there exists
a continuous linear section o : Q*(C*(R?)) — C*(RY?) of the map Q*. The
special case of the splitting result for smooth invariants was first obtained by
Mather [120]. Subsequent work of Vogt and Wagner (see [175]) leads to simple
proofs of the splitting theorem based on general results from functional analysis.
We may also use methods based on the splitting theorem to show that there
exists a continuous linear section p : CF(V, W) — (C*®°(V)¥)* (see [14]). How-
ever, we will not need these splitting results in our development of equivariant
transversality. Note, however, that they can be used to give a simple alternative
proof of lemma 6.6.11.

Proof of Lemma 6.6.1 using smooth invariant theory Let VW be
G-representations. We show how to prove lemma 6.6.1 using Schwarz’s theo-
rem 6.6.13 on smooth invariants. The method we describe is based on using a
specific set of generators for Pg(V, W) constructed by Malgrange.

Let V,W be G-representations. The action of G on W induces an action
on the dual space W* defined by (g¢)(v) = ¢(g7'v), g € G, v e V, ¢ € W™
Let py,...,px be a set of generators for the R-algebra P(V x W*)¢. Each p;
determines a polynomial P; € Ps(V,W) by (P;(v), ¢) = p;(v,¢), v € V,¢p € W*.
Conversely, if P € Pg(V,W), we may define p € P(V x W*)¢ by p(v,¢) =
(P(v),$). Noting that P(V x W*)¢ has the structure of a P(V)%module, it
may be verified that this correspondence defines a Pg(V)-module isomorphism
between Pg(V,W) and P(V x W*)¥. Applying Schwarz’s theorem, we deduce
that {P,..., B} is a set of generators for the C*°(V)%-module C¥(V,W). O
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6.6.4. Smooth invariants and the orbit space. Let {pi,...,p,} be a
minimal set of homogeneous generators for the R-algebra P(V)¢. Let P =
(p1,-..spe) : V. — R and p : V — V/G denote the orbit map. Since P is a
proper map, P(R?) is a closed subset of Rf. Since P separates G-orbits (exam-
ples 2.10.13(2)), it follows that there is a natural homeomorphism n : V/G —
P(V') such that nop = P. We may define a smooth structure on V/G by requiring
f:V/G — R to be smooth if and only if fop:V — R is smooth (in the usual
sense). We refer to Bredon [26, chapter VI] for generalities on smooth structures
on orbit spaces. If we restrict to an orbit stratum V., 7 € O(V,G), then V. /G is
a smooth manifold (proposition 3.7.2) and p : V; — V. /G will be a smooth (in
the usual sense). Every smooth function on V/G obviously restricts to a smooth
function on V,/G. A map g : P(V) C R® — R is smooth if it is the restriction
of a smooth function defined on R (it follows from Whitney’s extension theorem
that the smoothness of g is a property that can be defined intrinsically on P(V')).
Observe that if g : P(V) — R is smooth, then gop : V' — R is a smooth invariant
and so g induces (via 1) a smooth function on V/G. Conversely, if f: V/G — R
is smooth is follows from Schwarz’s theorem that fon™' : P(V) — R is a smooth
function on P(V'). Consequently, the smoothness structures on V/G and P(V)
coincide. Hence we may and shall identify V/G with P(V) C R

With this identification, each set P(V;) ~ V,/G is a smooth submanifold
of RY. Bierstone [13] proved that {P(V;) |7 € O(V,G)} is a Whitney regular
stratification of P(V') (in fact the canonical or minimal stratification of P(V')).
Bierstone’s important result is the starting point for orbit space computations
in equivariant dynamics (for example, see [104]). We shall not use Bierstone’s
result in this work as we avoid orbit space computations and prefer to work at
the level of the G-space. We discuss these matters more in the next chapter.

6.7. The universal variety

We continue to assume that F is a minimal set of homogeneous generators for
the P(V)%module Pg(V,W). Define the polynomial map 9 € P5(V x R¥, W)
by

D(x,t) =Y F(x), ((z,t) €V xRF).

Let X% =¥ =97'(0) € V x R¥. The set ¥ is a G-invariant algebraic subset of
V x R*. We sometimes refer to ¥ as the universal variety, and 9 as the universal
polynomial (for the pair (V,W)). For s > 1, we regard V' and R® as embedded
in VxR as V x {0} and {0} x R® respectively. For future reference note that

(6.1) YOV C VxRK
(6.2) YORF ¢ VxRFif WY ={0}.
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EXAMPLE 6.7.1. Let Zy act on V = R? as (z,y) — (—z,—y) and on W = R?
as (z,y) — (—z,y). As minimal set of homogeneous generators we may take

Fi(z,y) = (x,0); F(z,y) = (y,0); Fs(z,y) = (0,1),

We have 9(z,y;t1,ts,t3) = (t1x + tyy, t3). In order to describe 971(0), observe
that since ¥(z,y;t1,ta,t3) = 0 only if t3 = 0, it suffices to describe the zero set
Y of the map 9 : R* — R defined by 9(z, y;t1,t2) = t1x + toy. Let 7 : R* — R?
denote the projection 7(x, y;t1,t2) = (t1,t2). Forall t = (t1,) # (0,0), 7 1(t) is
a line Ly C R* through t. It is straightforward to show that ¥\ 771(0) is a ruled
three-manifold. On the other hand 771(0) is a singular fibre for 7 : ¥ — R2.
Computing we find that (0,0, 0,0) is the unique singular point of X.

The importance of ¥ and 9 lies in the fact that every f € C(V,W) fac-
torizes through 9. Specifically, if f € C(V,W), then we may write f(z) =
S5 fi(@)Fy(x), where f; € C®(V)¢. Define IT =Ty : V — V x RF by
Ff(l’) = (I’, fl(‘r)7 ceey fk(x)) Then

f = VYo Ff7
f7H0) = TF(D).

Subsequently, we will define f to be G-transverse to 0 € W at 0 € V, if Ff
is transverse to X at x = 0. However, since ¥ will typically have singularities
(see example 6.7.1), we first need give X a Whitney stratification so that we can
apply the Thom-Mather theory of maps tranverse to stratified sets. We also need
to show that the proposed definition is independent of choices, in particular of F
and the coefficient functions f;(z).

EXAMPLE 6.7.2. We continue with the notation and assumptions of exam-
ple 6.7.1. If f € C2(R* R?), then f(x,y) = (fi(x,y)x+ fo(2, y)y, f3(z,y)), where
f1, fa, f3 € C°(R?*)%2. We can always require [';(0,0) ¢ ¥ simply by requiring
f3(0,0) # 0. It is also easy to perturb f so that I's(z,y) # 0 = (0,0,0,0,0) for
all (z,y) € R?. We may then further perturb f so that T'y(z,y) # 0 and T is
transverse to X\ {0}, all (z,y) € R. The zeros of f will then be isolated. Note
that f;1(0) will typically be a curve in R%2. Now add parameters to the problem
and consider families f € C2(R* x R*,R?), s > 1. If s < 2, we can always
perturb f so that Ty th (X2 \ {0}) and T'y(z,y,t) # 0, all ((z,y),t) € R? x R*.
The zero set of f will then typically be a curve (s = 1) or surface (s = 2) with-
out singularities. However, if s = 3, we can expect that there will be isolated
points (x,y,t) for which I'f(x,y,t) = 0. In this case, as long as we require that
I'y h 0 at (z,y,t), the local zero set of f near (x,y,t) will be diffeomorphic to a
neighbourhood of 0 in ¥. Indeed, the transversality of 'y to 0 at (x,y,t) implies
that I's(z, y, t) is a diffeomorphism of an open neighbourhood A of (x,y,t) onto
an open neighbourhood U of 0 in R? x R3. Then f~1(0)NA = (T'y|]A)"1(XNU).
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If F is a minimal set of homogeneous generators of Pg(V, W), then F is a min-
imal set of generators for the P(V x R*)%-module Pg(V x R*, W). Consequently,
(V xR, W) and (V, W) have the same universal varieties. If f € CZF(V xR* W),
we may write f(z,t) = 2521 filx, ) Fj(z), f; € C°(V x R*)Y and define
[;: VxR —V xRF by

Le(z,t) = (z, fi(z,t),..., fu(z,1)).
We have f = FoTyand f1(0) = I';'(2).

It follows from this discussion that it is no loss of generality to assume that
V' contains no trivial subrepresentations (equivalently, V¢ = {0}). With this
assumption,

Y@ =35 CRFCV xR~
(If V and W contain no trivial subrepresentations then ¥ = R* C V x R*.)

REMARK 6.7.3. Of course, the universal variety > depends on the choice of
generating set F. We address this issue shortly. Roughly speaking the germ of
¥ along {0} x R* is independent of choice of generating set. More precisely, we
shall show that there is a natural stratification A of the space U (independent
of choice of generating set) that allows us to express the G-transversality of
feCF(VxR* W) to0 € W along a subset K of R in terms of the transversality
of the map II°(f) : R® — U to A along K. This formulation of equivariant
transversality turns out to be very useful in applications to equivariant bifurcation
theory; it is also independent of all choices.

6.7.1. Changing generators. We start by looking at the easiest case when
both generator sets are minimal and homogeneous.

LEMMA 6.7.4. Suppose that F = {Fi,...,F.}, G ={G4,...,G} are minimal
sets of homogeneous generators for Po(V,W) (we allow F = G). We may find
homogeneous p;; € P(V)¢ such that

k
v) =Y pi()Gy(x), i=1,... K,
=1

andz’fwedeﬁneP:ng:VkaHVka by

Py r(x,t) Ztlpﬂ Ztlpm

then
(1) Pgr is a G-equivariant polynomial automorphism of V x R*.
(2) Por(s7) = x°.
(3) If we write f € CF(V.W) as f(z) = S fi(x)Fi(x), then f(z) =
S (i fi@)pii(2))Gy(x) and T = Pg 717 .
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PROOF. Since deg(F;) = deg(G;), 1 < i < k, we may choose p;; € P%~% (V)¢
so that F; = ZlepijGj. If d; > d;, pi; =0, and if d; = d;, p;; is constant. We
may write the matrix P(x) = [p;;(x)] in block lower-triangular form and the diag-
onal blocks will be constant non-singular matrices. Hence P(z) will is invertible
for all z € V and P(z)! has polynomial entries. Let P(z)" denote the transpose
of P(z). We define Py £(z,t) = (z,P(2)(t)), (z,t) € V x R*. Since P(x) is in-
vertible (in the class of polynomial matrices), Pg r is a polynomial automorphism
of V' x R* proving (1). Statements (2) and (3) are trivial computations. O

When we come to verify openness of G-transversality we need to allow for
sets of generators which are neither minimal nor homogeneous.

LEMMA 6.7.5. Suppose that F be a minimal set of homogeneous generators
for Po(V,W). Let G = {Gy,...,G,} C Pe(V,W) and {II(G,),...II(G)} be a
basis for U. There exists an open G-invariant neighbourhood U; = U x R* of
{0} x RF € V x R* and an analytic G-equivariant diffeomorphism R = Rgr of
U, x R™™* onto an open neighbourhood Uy of R" in V x R" such that

(1) Rgr(UiNYT) = Uy N9 (we regard X7 as embedded in V x RF x R"=*
as X7 x R™7F).

(2) Given a representation of f € C¥(V,W) as f = Zle fiF;, we may
choose a representation f = >, ¢;Gi on U so that F? = Rg,fl“f,
where TF (z) = (z, (fi(z),..., fr(2)),0,...,0). Conversely, if we are
giwen a representation f = Z: 1ngZ, we can choose a representation

f =30 fiF; so that TF = Ry gT{.

PROOF. There exist ¢;; € P(V)% such that G; = Zle gjFj,i=1,...,r. By
lemma 6.6.7 there is an open G-invariant neighbourhood U of 0 € V' such that the
k x k matrix [g;j]1<i <k is invertible on U. Denote the inverse matrix of [¢;;(z)]

by [pi;(x)] where the components p;; will be real analytic rational functions on
U. We have

k
F = ZpijGja 1 <i<k,

j—l
G, = ZawG E+1<i<r,
k . .
where ajj = D,y qupej, k+1<i<r, 1 <5 <k

Take coordinates t = (¢1,...,tg, thr1,...1,) on R¥ x R™™% Set U} = U x R"
and define the G-equivariant map Rg r : Uy — V X R" by

Rg]: z, t thng Z tOé” tk-l—ly-'-atr)'

i=k+1
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Since [p;;(z)] is invertible on U, it follows that Rg # is 1:1 and DRg #(z,t) is
non-singular for all (z,t) € U;. Hence Rg r is an equivariant diffeomorphism
onto a G-invariant open neighbourhood U, of R" in V' x R". It follows from the
construction that Rg #(U; N X7) = Uy N %Y.

It f =723, fF), define g; = Zle fipij, if 1 < j < k, and set g; = 0, if
j > k. We have Zj g;G; = f and so F? = Rgfljf. The proof of the converse is
similar. 0

REMARK 6.7.6. In the case where both sets of generators are minimal and
homogeneous, lemma 6.7.5 provides a version of lemma 6.7.4 that applies when
we do not ‘optimize’ the choice of the coefficients p;;.

6.8. Stratifications and semialgebraic sets

In chapter 3, section 3.9, we introduced some of the basic definitions on strat-
ified sets and, in particular, the Whitney regularity conditions and the Thom-
Mather transversality theorem. In this section we develop these ideas with par-
ticular reference to the class of semialgebraic sets.

6.8.1. Semialgebraic sets. We start by recalling the definition and some
of the basic properties of semialgebraic sets. We refer the reader to Costi [36],
Gibson et al. [77], and Risler [12] for proofs and the general theory of semialge-
braic sets and to Mather [119] for the relevant stratification theory. We remark
that there is a corresponding theory for analytic and sub-analytic sets.

DEFINITION 6.8.1. A semialgebraic subset X of R" is a finite union of sets of
the form
{e € B | pi(a) = 0, gi(x) > 0},
where p;,q; : R" — R are a finite set of polynomials.

EXERCISE 6.8.2. Show that the collection of semialgebraic subsets of R" is
closed under finite union, intersection and complementation.

(P1) The closure, interior and frontier of a semialgebraic set X C R™ are semi-
algebraic. The frontier 0X of X is of dimension strictly less than that of X.
(P2) A semialgebraic subset has finitely many connected components.

(P3) (Tarski-Seidenberg theorem) If p : R™ — R" is a polynomial map and
X C R™ is semialgebraic, then p(X) is a semialgebraic subset of R™.

LEMMA 6.8.3. Let (V,G) be a G-representation. Each orbit stratum V., T €
OV, G), is a semialgebraic subset of V.

PROOF. Let py,...,p, be a minimal set of homogeneous generators for P(V)¢
and P : V — R’ denote the associated orbit map. Let H € 7 € O(V,G) and
{v1,..., v} C O be the set of all isotropy types v such that v > 7. For each v;,
choose K; € v;. We have

V. =GV =G (VI\U_ ,GV™)).
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Since G(VEi) = P~1(P(VEi)), it follows from (P3) that G(V%7) is a semialge-
braic subset of V. Hence VI = V' \ U_ G(V") is a semialgebraic subset of V
and so V, = P~Y(P(V?)) is semialgebraic. O

REMARK 6.8.4. For all 7 € O(V,G), V, is a real algebraic subset of V. We
refer to [60, Lemma 9.6.1] for a proof and additional properties of orbit strata.

EXAMPLE 6.8.5. Let py, ..., p, be a minimal set of homogeneous generators for
P(V)% and set P = (p1,...,pe) : V — R Since P is proper, it follows from (P3)
that P(V) is a closed semialgebraic subset of R. The set {P(V;) | T € OV,G)}
is a stratification of P(V') = V/G by semialgebraic submanifolds. By Bierstone’s
theorem [13], this stratification is Whitney regular (see section 6.6.4). We refer
the reader to Procesi & Schwarz [145] for explicit results on inequalities defining
the orbit space P(V).

6.8.2. Semialgebraic stratifications. Let X C R" be a semialgebraic set.
A stratification S of X is a semialgebraic stratification if each stratum is semial-
gebraic.

REMARK 6.8.6. If § is a semialgebraic stratification of X, then each stratum
of § has the structure of a real-analytic manifold.

ExaMPLE 6.8.7. If (V,G) is a G-representation then the stratification of V/
by (normal) isotropy type is a Whitney semialgebraic stratification into smooth
G-invariant submanifolds (for Whitney regularity see proposition 3.9.13)

ExAMPLE 6.8.8. The Whitney regular stratification of the universal variety
described in example 6.7.1 is given by {X\ {0}, {0}}.

6.8.3. The canonical stratification. Let S be a stratification of X C R"™.
We define the associated filtration of X by dimension to be the filtration (X?)
of X obtained by taking X° to be the union of all strata of dimension < 4. If
S is a Whitney stratification, we say that S is canonical if, for each i, S; is
the largest smooth submanifold of X for which Whitney regularity holds at all
points of S; for the pair (S;,S;), 7 < ¢. If X has a canonical stratification, it
is unique and minimal relative to the order on stratifications defined via filtration.

(P4) [119] Every semialgebraic subset X of R™ has a canonical stratification and
the corresponding strata are semialgebraic.

EXAMPLE 6.8.9. Let {V, |7 € O(V,G)} denote the Whitney regular strati-
fication of V by isotropy type. Let P : V — R’ be the polynomial map defined
by a minimal set of homogeneous generators for P(V)% (see example 6.8.5). The
semialgebraic stratification {P(V;) |7 € O(V,G)} of P(V) coincides with the
canonical semialgebraic stratification of P(V') [13].
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6.9. Canonical stratification of the universal variety X

We continue to assume V, W are real G-representations and F is a minimal
set of homogeneous generators for Pg(V,W).

6.9.1. Partition of ¥ by isotropy type. Since G acts trivially on R¥,
OV x RF.G) = O(V,G). Let {3, |7 € O(V,G)} be the partition of ¥ into
points of the same isotropy type.

LEMMA 6.9.1. If 7,u € O(V,G) then 3, NY, # O if and only if 7 < pu.

PROOF. Since ¥ D V x {0} (6.1), 7 < p implies 3, N3, # 0 by the result
for representations. Lemma 3.7.5 gives the converse. U

REMARK 6.9.2. In general it is not true that if X, N ¥, # 0, then 0%, D X,,.

Let H € 7 € O(V,G). We define

n, =n.(G) =dim(N(H)/H).

d, = d, (V) = dim(VH) = dim(V¥).
er = e, (W) = dim(WH).

(e) ir =i, (VW) =d, —e,.

REMARK 6.9.3. If V = W then d, = e,. Depending on the representations
V, W, e, may be less than d,, in particular zero, or greater than d..

LEMMA 6.9.4 (cf [70, Proposition 3.6,[31]). Let 7 € O(V,G). Then X, is a
G-invariant submanifold of V x R* and

dim(3;) =k + g, — n, +i,.

PROOF. The proof follows that given in [70] in case V = W. Let H € T and
choose z € V1 X € WH. By theorem 3.5.2(5), there exists f € CF(V, W) such
that f(z) = X. Since F generates G*(V, W) over C=(V)¢ {F(z),..., Fu(x)}
span WH. Hence the rank of the linear map [Fi(z),..., Fi(z)] : R* — W# on
VH is constant equal to e,;. Consequently, for fixed z € V#  the kernel of 9
has dimension k — e,. Varying x over V1 we see that ¥, N (VH x RF) is a
submanifold of dimension k + i,. Hence dim(X,) = dim(G(Z, N (VH x RF))) =
k+gr—n;+1i,. O

REMARKS 6.9.5. (1) The manifold ¥, may be represented as an algebraic

subset of (V x R) x R* see [60, Lemma 10.6.1].
(2) If W = V| then dim(X;) = k + g, — n,. If G is finite or Abelian, then
all the submanifolds have the same dimension k. If G is not finite it is more
interesting to look for relative equilibria — invariant G-orbits — and this what is
done in [57, 60]. We return to this question in chapter 10.

LEMMA 6.9.6 (cf [60, Lemma 4.3.4]). Let p > 7 € O(V,G). Then
dim(S, NY,) < dim(S,), if i, —n, <, —n,.
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PROOF. Let P = (py,...,pm) : V x R®* — R™ where py,...,p, is a min-
imal set of homogeneous generators for P(V x R¥). By example 6.8.9 and
lemma 6.9.4, P(X,) is a smooth k + i,-dimensional semialgebraic submanifold of

R™. Since P is proper, P(3,) = P(X,). Hence, if if u > 7 € O(V, G) we have

P(E,N%,) = P(X,)NPE,),
= P(X,)NoP(X,).
By (P1), dim(0P(%;)) < dim(P(X;)) = k — n, + i,. Hence
dim(X,NY,) = dim(P~'(P(Z,) NoP(%,))),

< kj_n’r_’_i’r—'—g;u

S d1m<2/14)7
provided i, —n, <1, —n,. O

REMARK 6.9.7. If V = W, then we have dim(¥, N ¥,) < dim(X,) whenever

p > 7. This will be the situation of greatest interest in our applications to
equivariant vector fields. However, if we impose additional structure, such as
reversibility, then the indices ¢, may be non-zero. We refer the reader to the
survey by Lamb and Roberts [114] for background on reversible systems and
to [31] for an approach to the bifurcation theory of equivariant reversible systems

based on ideas from equivariant transversality. Later we include one or two
examples of reversible equivariant vector fields.

6.9.2. The definition of G-transversality. Let S denote the canonical
stratification of ¥. Each stratum of S is a semialgebraic subset of V x R*.
Since the stratification is canonical and ¥ is G-invariant, G permutes strata. In
particular, group orbits of connected strata are G-manifolds. Our convention will
be that if S € S is a stratum then S is a G-manifold and S/G (rather than 5) is
connected. We say a smooth map is transverse to X if the map is transverse to
each stratum of S (we might as well have said ‘f transverse to S’).

DEFINITION 6.9.8. Let f € C&(V,W). The map f is G-transverse to 0 € W
at 0 € Vif Ty : V — V x RF is transverse to ¥ at 0 € V. More generally, if
s >0 and K is a subset of R® C V' x R?, then f is G-transverse to 0 € W along
K if f is G-transverse to 0 € W at (0,k), all k € K. That is, f is G-transverse
to 0 € W along K if I'y : V x R* — V x R¥ is transverse to ¥ on K.

REMARKS 6.9.9. (1) Openness of transversality implies that if f is G-transverse
to0 € Wat 0eV, then I'y M ¥ on a G-invariant neighbourhood U of 0 € V.
As we see later, if I'y 3 on U then f will be G-transverse to 0 € W on U —
openness of G-transversality.

(2) For the definition of G-transversality along K C R® we are thinking of
subsequent applications to families. In fact, since every G-representation V is
isomorphic to V' x R¥, where u = dim(V?) and V¢ = {0}, we could have equiv-
alently given the definition of G-transversality to 0 € W at 0 € V under the
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assumption that V¢ = {0} (we can take the same generating sets for Pg(V, W)
and Pg(V, W) by lemma 6.6.10).

LEMMA 6.9.10. The definition of G-transversality is independent of choice of
minimal set of homogeneous generators for Po(V,W).

PrRoOOF. Lemma 6.7.4 and the definition of the canonical stratification. O

REMARKS 6.9.11. (1) Lemma 6.9.10 is to be understood in the sense that

if we have transversality of I'; to X7 with respect to one choice of coefficient
functions f;, then we will have transversality of I'; to X9 for at least one set of
coefficient functions g;. The relation between f; and g; is given by lemma 6.7.4.
(2) While we have framed the definition of G-transversality in terms of a minimal
set of homogeneous generators of Pg(V,W), it follows easily from lemma 6.7.5
that if U is a G-invariant open neighbourhood of 0 € V| we can give a definition
G-transversality for maps in C (U, W) in terms of transversality to ©7 where F
is any set of polynomial generators for the C*°(U)%-module C& (U, W).
(3) Although lemma 6.9.10 shows that the definition of G-transversality is in-
dependent of the choice of generators, we still need to show that the definition
is independent of choice of coefficient functions f; in our representation of f as
>_; fiFj. While this can be done directly (see [14]), we proceed by proving that
transversality to X at 0 € V is determined by the values of f1(0),..., fx(0). It
follows from lemmas 6.6.4 and 6.6.11 that these values are uniquely determined
by f, granted a choice of minimal set of homogeneous generators.

EXAMPLES 6.9.12. (1) Let Zy act on V = R? as multiplication by =+1.
As minimal set of homogeneous generators for P, (V,V) we take Fi(z,y) =
(x,0), Fo(z,y) = (y,0), F5(z,y) = (0,2), Fy(z,y) = (0,y). The universal
variety is the subset of V x R* defined by t,2 + toy = 517 + soy = 0. If we
define Ay = {(x,t,s) € X |t159 = tosy,x = y = 0} and Ay = {(0,...,0)},
then {¥X\ Aj, Az \ Ay, Ap} is the canonical stratification of 3. In particular
[ € CE(V,V) is Zy-transverse to 0 € V at 0 € V if and only if y(f) ¢ As. If
v(f) ¢ Ag then Df(0) is non-singular and (z,y) = (0,0) is an isolated zero of f.
(2) Same assumptions as for (1) but now consider f € CZ5(V x R, V). Then f
is Zy-transverse to 0 € V along R C V x R if v(f) : R — R? is transverse to
Aj (that is to the Whitney stratification {Asz \ Ag, Ag} of Ag). In this case, if
Y(F)(A%) € Az then v(f)(\°) ¢ Ag. The germ of f71(0,0) will be singular at
(0,A%) and locally homeomorphic to

{(0,0, 0 +1) [t € R} U{(z,y, ho) | ax + by = 0},
where az + by = 0 is the kernel of the 2 x 2-matrix defined by v(f)(A°).
6.10. Stratifying >, and U

For the rest of the chapter we assume that V' contains no proper trivial G-
representations and so V¢ = {0} (this is no loss of generality by remarks 6.9.9(2)).
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Let 7€ O(V,G) and S € §. Then S, = X, NS is G-invariant semialgebraic
submanifold of V x R¥. Since S, is semialgebraic, it follows by property (P2)
that S, has finitely many connected components and so S, is a finite union of
G-invariant strata. Hence the intersection of § with X, determines uniquely a
stratification S, of X, into G-invariant strata.

THEOREM 6.10.1 (cf [60, Theorem 4.3.7], [70, Theorem 5.10]). For all T €
OV,Q), S, is a Whitney regular stratification of ..
(1) U,S; is a Whitney stratification of X.
(2) If S € S;, then 0S is a union of strata from U,>,S,,.
(3) If ir >y for all T > p, then S; is a union of S strata.

REMARKS 6.10.2. (1) Suppose V' = W. Theorem 6.10.1 implies that each
stratification S, is a union of S-strata. In particular, § induces a Whitney
regular stratification of ¥(g) C R".

(2) If W = {0}, then X(g) is a stratification of R¥. If not, we add the stratum
R*\ ¥ to Y (@) and thereby obtain a Whitney regular stratification of RF.

(3) The proof that we give for theorem 6.10.1 applies in case ¥ is defined by any
finite set of generators, not necessarily minimal nor homogeneous.

Before we prove theorem 6.10.1, we need a preliminary result. Let 7, : V X
R® — R?® denote the projection on R”.

LEMMA 6.10.3. Let E be a G-invariant linear subspace of V- x R®. Then
E=(VnU)e R NV).
In particular, ENR® = 7 (F).

PROOF. The subrepresentation E of V' xR* may be written uniquely as A@® B
where A = B+ and B = E€ is a trivial G-representation. Since V does not
contain any trivial factors, A C V and B C R®. O

Proof of Theorem 6.10.1:  We start by proving that Sg) is Whitney regular.
Suppose that S, T € S are such that 9SNT # 0. It suffices to prove that (7', .5)
satisfies Whitney (b)-regularity at points of S NT. Suppose z € 9S N'T and
(pn) C S, (gn) C T are sequences converging to x such that 7}, S converges to
a dim(S)-linear subspace E and R(p, — ¢,) converges to the line ¢. We have to
prove E' D (. Suppose that 5 is a connected component of SNRS, T is a connected
component of TNR:, S, T€S. By choosing subsequences we may suppose that
T,.S converges to a dlm(S )-linear subspace E of V x R*. Since (T, S ) satisfies
Whitney (b)-regularity, £ D ¢. Applying lemma 6.10.3, E = R* N E. Hence,
since ¢ C R*, E D/, proving (b)-regularity. The result for S, 7 # (G), follows
similarly using slices.

It is known (see [119, proposition 8.7]) that a Whitney stratification satisfies
the frontier condition and so (2) follows from (1). Suppose S,T € U, S, are such
that S N'T # (. We verify Whitney regularity in the special case T' € S(g)



196 6. EQUIVARIANT TRANSVERSALITY

and leave the general case to the reader. By the first part of the theorem, we
may assume S € S;, 7 # (G). (Note that we cannot have S € Sy and T' € S;
since Xy is closed.) Let € 9S NT. Choose sequences (p,) C S, (¢,) C T
converging to z such that 7, S converges to a dim(S)-linear subspace E and
R(pn — qn) converges to the line ¢. Using the compactness of G, we may choose
a subsequence (r,,) of (g,pn), gn € G, such that G, is constant, equal to H € T,
we have convergence of T, S to a linear subspace F; and R(r, — ¢,) convergent
to a line £;. We have E;,¢; C (V x RF)H. As in the first part of the proof,
we may write S = ¥, NS, T = RF N T, where (T, 5) satisfy (b)-regularity. By
choosing a subsequence, we may assume TTHS’ is convergent to a linear subspace
which contains ¢; by (b)-regularity. But now 7, SN (V x R¥)# =T, S and so,
just as before, we must have E; D /;.

The final statement of the theorem follows by noting that if ¢, > ¢, for all
T > i, then EHHET is a proper subset of 3. with no interior points (in ). Hence,
by the definition of the canonical stratification, %, \ U,3,, must be contained in
a union of S-strata. But now the boundary of S-strata is a union of strata in S.
Hence Y, must be a union of S-strata. [

ExXAMPLE 6.10.4. We assume the hypotheses of example 6.7.1. We have k = 3
and Siz,) = {R*\ {(0,0,0)},{(0,0,0)}}, Sy = {(z,y,t,u,v) € R* x R? | to =
uy,v =20, (z,y,u,v) # (0,0,0,0)}.

EXAMPLE 6.10.5. Consider the absolutely irreducible representation (R*, Hy),
k > 2. The stratification Sy, induced on R* by the canonical stratification of
¥ C R* x R has associated filtration defined by the flag R¥ D RF-1 > .. DR D
{0} where R* = {(t1,...,t,) | t1 = ...t; = 0}. We refer the reader to [70] for
the proof and results for most of the remaining finite reflection groups.

THEOREM 6.10.6. Let F be a minimal set of homogeneous generators for
Po(V,W) and let Ar be the Whitney stratification of R* C V x R¥ given by
theorem 6.10.1. If we let A = I;'(AF) denote the Whitney stratification of U
induced from Ag then

(1) A is independent of the choice of minimal set of generators F.
(2) If f € CX(V xR*, W) and K C R®, then f is G-transverse to 0 € W
along K if and only if TI°(f) : R® — U is transverse to A along K.

PROOF. Suppose that G is a minimal set of homogeneous generators for
Pg(V,W). By lemma 6.7.4(2), the linear isomorphism Agr : R¥ — RF is
the restriction of the polynomial automorphism Pgr of V' x R* to R*. Since
Pg#(X7) = X9, P;» maps the canonical stratification of ¥7 to the canonical
stratification of X9. Hence Ag r(Az) = Ag, proving (1). For (2) we use theo-
rem 6.10.1 and the observation that F]f is transverse to S € § along K if and
only if v£(f) is transverse to S¢ along K. O
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COROLLARY 6.10.7. Let f € CZ(V x R*, W) and K be a subset of R°. The
definition of the G-transversality of f to 0 € W along K 1is well-defined, inde-
pendent of choice of minimal set of homogeneous generators for Po(V,W) and
coefficient functions for f.

PROOF. Theorem 6.10.6 and lemmas 6.9.10, 6.6.11. U

EXAMPLE 6.10.8. Let (V,Dj3) denote the standard absolutely irreducible rep-
resentation of D3, where V = R? ~ C. Regarding D3 C O(2), we may write
D; = (p,x) where p(z) = e*™/3z and k(z) = 2. Let (W,D3) denote the or-
thogonal representation of Dy on W = R? ~ C defined by p(z) = €>™/3z and
k(z) = —Z. The representations (V,D3) and (W, D3) are isomorphic (multipli-
cation by ¢ defines an intertwining operator). A minimal set of homogeneous
generators for Pp,(V, W) is given by {12,12%}. The associated stratification of
U = R?is given by t; = 0 and t; = t, = 0. If f € CF,(V x R, W), then f is
Ds-transverse to 0 € W along K C R if and only if y(f) : R — R? is transverse
to t; = 0 along K. Points of intersection of v(f) with ¢t; = 0 correspond to curves
of solutions of f = 0 along axes of symmetry for (V,D3). For this example,
f € Cp,(V x R,W) may be viewed as a family of time-reversible equivariant
vector fields on (V,D3). That is, f : V x R — V is Z3 C Ds-equivariant and
if g € D3\ Zs, then f(gz,t) = —gf(z,t). It is a straightforward exercise to
check that the linearization of f at any zero on an axis of symmetry always has
eigenvalues on the imaginary axis.

Using lemma 6.7.5, rather than lemma 6.7.4, we may extend corollary 6.10.7
to allow for general sets of polynomial generators.

PROPOSITION 6.10.9. Let f € CF(V xR5, W) and K be a subset of R®. If we
choose a finite set G of polynomial generators for Po(V, W) then F? 1s transverse
to X9 along K if and only if f is G-transverse to 0 € W along K.

We note the following special case of stratumwise transversality.

LEMMA 6.10.10. Let f € CZ(V x R*, W). If f is G-transverse to 0 € W
along K C R* then f|(V x R®)Y is transverse to 0 € W along K.

PROOF. Let W = W; & Wy, where W¢ = W,. We may write f(z,s) =
2?1:1 fiF; + z];il coep where Fy, ..., Fy, is a minimal set of homogeneous gen-
erators for Pg(V,W;) and ey, ..., ey, is a basis for W,. If we let 31 C V x R™
be the zero set of ) ¢,;F}, then the universal variety for maps from V' to W is
¥ x {0} € (V x RM) x R¥2. Since V& = {0}, we have (V x R*)¢ = R*. If we
set f¢ = f|R®, then fC(s) = 252:1 ci(s)e;. If fis G-transverse to 0 € W along
K, then v(f) : R® — R x R*2 is transverse to A along K. Identifying R*? with
W, we see that the composition of v(f) with the projection onto R*? is equal
f€. Since the strata of A are all of the form S x {0} C RFt x R*2 if y(f) is
transverse to A, then f¢ is transverse to 0 € W. 0
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6.11. Equivariant coordinate changes on V' x R* and W

In this section we show that the definition of equivariant transversality is
invariant under equivariant coordinate changes on source and target.

If M is a G-manifold (in particular, a representation), let Diff¢(M) denote
the group of smooth G-equivariant diffeomorphisms of M. Give Diff¢(M) the
topology induced from C& (M, M).

PROPOSITION 6.11.1. Let s > 0, K be a subset of R® and f € CF(V xR*, W)
be G-transverse to 0 € W along K. If o € Diff(V xR?) then foa is G-transverse
to 0 € W along o (K).

ProoOF. Write a(x,s) = (ds(z), ks(x)), (x,s) € V x R°. Since Dés(0) €
Le(V, V) is non-singular along R®, we may choose a G-invariant open neigh-
bourhoods A, B of R®* C V' x R® such that if we set A; = (V x {s}) N A, then
ds : Ay C V — V is a G-equivariant embedding onto the open neighbourhood
B, =(Vx{s})NBof0eV, forall seR* Let {F,...,F}} be a minimal set
of homogeneous generators for Pg(V,W). Since F; 00 € CZF(V x R*, W), there
exist v;; € C®(V x R*)¢ such that

F(0o) = Y e, s) @), 1<i <k

For all s € R¥, the matrix [7;;(0, s)] is invertible. Since Fj(z) = F;(d:(5;(x))),
xr € B, we have

(6.3) Fi(r) = Z%i@;l(w),S)Fj(5§1($)), (s € R*,z € By).

If f(z,s) = S°F | fi(z, s)Fi(s), then for s € R*, z € V we have

= > [i(6s(@), ro(@) )i, ) Fy ().
For s € R?®, define the G-equivariant diffeomorphism T} : B, x R¥ — V x RF by
k
Ty(x,t) = (6,1 (x), Y 7i(85 (), 5))t))-
j=1
Computing we find, using (6.3), that ¥(Ts(z,t)) = 2?21 t;F(z), (z,s) € B.
Hence for s € R®, T, defines a diffeomorphism of an open neighbourhood U;

of R¥ € V x R¥ onto an open neighbourhood U, of R¥ C V x R¥ such that
To(XNU;) = ¥N U In particular Ty maps strata of ¥ N U; diffeomorphically
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onto strata of ¥ N U, (this uses the fact that the stratification of ¥ is canonical).
But now [joq (2, s) = Ts(Tyoa(x, s)) and so I'fo, is transverse to 3 along o' (K)
if (and only if) I'y is transverse to ¥ along K. O

PROPOSITION 6.11.2. Let § € Diffg(W) satisfy 5(0) = 0. If f € CZF(V x
R*, W) is G-transverse to 0 € W along K C R®, then (o f is G-transverse to
0 W along K C R®.

PrROOF. Write f(z,s) = Zle fi(z,s)Fj(x), where {Fy,..., F}} is a minimal
set of homogeneous generators for Pg(V, W). We may easily show that
k k
B tiFi(x) =Y 7w, t)Fi(x),
i=1 i=1
where J(z,t) = (z, (ri(x,t)) restricts to a G-equivariant diffeomorphism on an
open neighbourhood of R¥ € V x R*. Since 3(0) = 0, J(X) C ¥, and so if
I'y i X along K then JoI'y = I'gos is transverse to ¥ along K. Hence 3o f is
G-transverse to 0 € W along K. O
In order to verify that G-transversality is invariantly defined on manifolds we
need a slight strengthening of proposition 6.11.2.

PROPOSITION 6.11.3. Suppose that W = W, &Ws (as G-representations) and
let m: W — Wy denote the projection map. Let 3 = (1, 32) € Diffg(W) satisfy
62(101,0) =0, for all wy, € Wy (that 18, ﬁ(Wl) C Wl) Let f € C%O(V X RS,W).
If mo f is G-transverse to 0 € Wy along K C R® then mo (fo f) is G-transverse
to 0 € Wy along K C R®.

PROOF. Let G = {G4,...,G;} and F = {Fi,..., F} be minimal sets of
homogeneous generators for Pg(V, W) and Pg(V, Ws) respectively. Let ¥ C
V x R* be the universal variety associated to F and define

Y ={(z,t,t) € VxR x RF | (z,t) € £}.
Obviously ¥ ~ ¥ x RF. As in the proof of proposition 6.11.2, there exist smooth
G-invariant functions 7;, 7; such that for all (z,t,t) € V x R¥ x R we have
k k k k
B(Z tjGj<x)’ Z tZE(x)) = (Z 7_—3'(177 t, t)Gj(x)v Z Ti(xv t, t)E(l’))

j=1 i=1 j=1 i=1

Define J : V x RF x RF — V x RF x R¥ by
J(z,t,t) = (z,7(z,t,t), 7(z, t,t)).

Then J is a smooth G-equivariant map which restricts to a G-equivariant diffeo-
morphism on some open neighbourhood of {0} x R* x R¥ in V x R* x R¥. Since
Bo(wy,0) = 0, wy € Wy, J(X) C 3. Let Ty : V x R® — V x RF x R¥ be the graph
of the coefficient map for f determined by G, F, and I'rof : V x R® — V x RF be
the corresponding map for mo f. We have I'r.y = mol'y, where 7 is the projection
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of V x RF x R* on V x R¥. Observe that T'yo 7 is transverse to X along K if and
only if T'y is transverse to 3 along K. Since J s a local isomorphism of 3 near
z=0,T; Y if and only if JoT'; = ['gef is transverse to & along K. In turn
this condition is equivalent to I'go; h X along K. O

6.12. Symmetries of the stratification A

We start by remarking that since V¢ = {0}, we have h(0) = 0 for all h €
Diff (V).

Given t € U, choose f € CF(V, W) such that II(f) = t. If h € Diff¢(V), then
fh e CE(V,W) and we may define w(h)(t) =1I(fh) € U.

LEMMA 6.12.1. (1) For h € Diff¢(V), t € U, w(h)(t) is well-defined,
independent of the choice of f such that TI(f) = t.
(2) w defines a continuous map w : Diffg(V) — GL(U) C Diff(U).

PROOF. Choose a minimal set F of homogeneous generators for Pg(V, W).
If t =TII(f), we may write f(z) = Zle fi(x)F;(z), where f;(0) =t;, 1 <j <k.
If i € Diffg(V), we may write F; o h = Y% ¢;iF, q;i € C(V)S. We have

fh() = 3 tF(he),
= th (Z q]z(f)Fz(m)> ’
= Z (Z tjq]‘i(x)) E(ZE)

i=1 \j=1
and so II(fh) = Mt, where the components M = [m;;] € GL(k, R¥) are given by
m;; = ¢;i(0). This shows that w(h)(t) is well-defined and that w(h) € GL(U).

Continuity of M follows from our explicit computation of w. 0

REMARK 6.12.2. If (V,G) is absolutely irreducible, it is straightforward to
show that the group w(Diff(V')) consists of invertible lower triangular matrices.

Given t € U, choose f € CZ(V,W) such that II(f) = ¢t. If h € Diffo(W),
then hf € C(V,W) and we may define o(h)(t) = II(hf) € U.

LEMMA 6.12.3. For h € Diff¢(W), t € U, o(h)(t) is well-defined, independent
of the choice of f such that TI(f) = t.

(1) If W& = {0}, then o defines a continuous map o : Diffo(W) — P (U) C
Diff(U), where P9 (U) denotes the group of polynomial diffeomorphisms
of U of degree less than or equal to d, d = [dy/dy] and o(h)(0) = 0, for
all h € Diff(IW).
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(2) If WE€ = W (trivial representation), then o : Diff¢(W) — Diff(U) and
1S a group isomorphism.

(3) Suppose that W = Wy & Wy where W = {0} and W is a trivial
G-representation. If ky = kE(V,W)), ko = k(V,W3) = dim(Ws), and
we denote coordinates on R¥ = RFt x R* by (t,5s), then o(h)(t,s) =
(p(s;t),q(s)), where p(s;t) is a polynomial of degree less than or equal to
d = [dy, /di] int, coefficients smoothly depending on s, and q € Diff(Ws).

PROOF. Suppose h € Diffg(W). We may write h(w) = >, hi(w)G;(w),
where G = {Gy,...,G,,} is a minimal set of homogeneous generators for the
P(W)%module Pg(W,W). For (z,t) € V x R¥ we have

k m k
(64) OIDEDIC Z B)G( LA

We may write G;(w) = A;(w,w,. w), where A : W9 — W is a symmetric
multilinear map and deg(G;) = g;. Hence

k

GiQY_GE@) = Y iy, AF (@), ..y, (@)
Jj=1 J1:525+-50g;
Since A;(F}, (z), ..., Fj, (z)) is a G-equivariant polynomial, we may write

k
AZ(FJl (1:)’ SR Fjdi (l’)) - Z qul,...,jgi(x)FTZ('r)’

where ¢i;, € P(V)€. Thus
k k
Gi(Y tiF() = > byt aib L, (@) Fa(2).
j=1 J11j25eeergg =1

Substituting in (6.4), we see that o(h)(t) = [I(hf) is well-defined, independent
of our choice of f such that II(f) = (t1,..., ).

If W¢ = {0}, then d; > 1,1 < i < k, and so hz(z L5 F;(0)) = hi(0)
and is independent of . Since gii;, ., (0) = 0 whenever dj1 +.odj, > dy,
deg(o(h)) < [dg/d1], proving (1).

For (2), observe that if W is a trivial G-representation, we may take Fj(w) =
ej, where 1 < j < k = dim(W), and ey,..., ey is a basis for W. Equation (6.4)

reduces to
k

WO tiFi(x)) = hity, ... t),
j=1
and so o(h)(t) = h(t).
We leave the verification of (3) to the reader. O
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DEFINITION 6.12.4. Let G = G(V, W) C Diff(U) denote the group of trans-
formations of U generated by w(Diff¢(V')) and o(Diffe(W)).

EXAMPLE 6.12.5. Suppose that V,W are 2-dimensional representations of
Zs containing no trivial subrepresentations. Choose coordinates (zq,x2) on V|
(y17y2> on W. If we define Fl(l’l,(l,’2> = (5131,0), FQ(JIl,ZEQ) = (ZEQ,O), Fg([El,l’Q) =
(0,21) and Fy(z1,2z2) = (0,22), then {Fy,..., F4} is a minimal set of homoge-
neous generators for Pz, (V,W) and so U & R*. The group w(Diffz,(V)) is the
subgroup of GL(4,R) consisting of all transformations of the form (¢y,...,t4) —
(A(ty,ta), A(ts, t4)), A € GL(2,R). The group o(Diffz, (1)) is also isomorphic
to GL(2,R). In this case elements A € GL(2,R) act diagonally on the odd and
even coordinates. It can be shown that G C GL(4,R) is the semi-direct product
of w(Diffz,(V')) and o(Diffz,(W)) (both groups are normal subgroups of G). The
group G leaves invariant the cone t1t4 = tot3 corresponding to the singular linear
maps from V to W.

THEOREM 6.12.6. The stratification A is invariant by the group G C Diff(U)
defined in Definition 6.12.4.

PRrOOF. The result follows from propositions 6.11.1, 6.11.2. O

EXERCISE 6.12.7. Compute G(V, V) when V is (R", H,), n = 2,3. To what
extent is A determined by G for these representations?

6.13. Openness of equivariant transversality

Suppose (V, G) is an orthogonal representation relative to a G-invariant inner
product on V. We continue to assume V¢ = {0}. Given T € V, let V; be the
orthogonal complement of T;GZ. Note that T € V; (since GZ lies in the sphere
of radius ||Z||, centre the origin) and V; has the structure of a Gz-orthogonal
representation. If Z = (Z,s) € V x R?® then the orthogonal complement of TGz
in V xR?is Vz xR®. Let ST denote the r-disk centre z in Vz x R®, For r sufficiently
small, ST is a slice for the action of G at z.

LEMMA 6.13.1. Let F = {F},..., F}} be a minimal set of homogeneous gener-
ators for Po(V,W). Let z = (z,5) € VxR?®, Gz # G, and choose r > 0 such that
Sr C Vi x R® is a slice for the action of G at 2. Let F = {Fy,..., F}} be the set
of Gz-equivariant polynomials on Vi x R® defined by F;(x,s) = Fj(z + T,s + 3).
Then F is a set of generators for C*(S%)% -module C& (S5, W).

PROOF. Let f € CZ (S;,W). Then f extends equivariantly to a smooth G-
equivariant map f : G(S5) C V x R® — W. Since F generates Pg(V, W), it fol-
lows from Schwarz’ theorem that F generates O (G(S?), W) as a C>(G(S%))¢-
module. Thus we may write f = > ; 1iFj. Now restrict to S7. O

DEFINITION 6.13.2. Suppose that f € CZF(V x R*, W). Given z = (z,s) €
V xR?, we say that f is G,-transverse to 0 € W at z if f|(V,, xR®) is G,-transverse
to 0 e W at z.
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LEMMA 6.13.3 (cf Bierstone [14, Proposition 6.1]). Suppose that f € CZ(V x
R, W). Let F = {Fy,...,F} be a minimal set of homogeneous generators for
Po(V,W). Suppose that K is a G-invariant subset of V xR?® and F? is transverse
to X7 on K. Then f is G-transverse to 0 € W for all (z,s) € K.

PROOF. Let Z = (7,5) € K and S C V; x R® be a slice for the action of G
at z. Set H = Gz. Themap I'; : S xy G C V x R* — V x R is transverse
to ¥ on (S xy G) N K. Writing I'¢(z,s) = (x,7¢(x,s)), it follows by the G-
invariance of v; that T'y : S xy G — V x RF is transverse to ¥ if and only
if Tf|S : S C Vi xR — VH x RF is transverse to ¥ = ¥ N (VH x R¥) on
the H-invariant set K N S. Let F be the set of inhomogeneous H-equivariant
generators given by lemma 6.13.1. Let ¥ C S x R¥ denote the associated zero
variety defined by F. Then ¥ = ¥ N (S x R¥) and so I';|S is transverse to ¥ at
z. It follows from lemma 6.7.5 that f is Gz-transverse to 0 € W at Z. O

Applying theorem 6.10.6, we deduce that the conclusion of lemma 6.13.3 does
not depend on the choice F of generators. Consequently, we may now give an
unrestricted definition of G-transversality on representations.

DEFINITION 6.13.4. Let f € CP(V x R*, W) and K C V x R°. We say f
is G-transverse to 0 € W on K if f is G,-transverse to 0 € W for all z € K.
Symbolically, we write this as “f Mg 0 along K”. (We may replace V' x R® by a
non-empty G-invariant open subset of V' x R*.)

As a corollary of lemma 6.13.3 we have openness of G-transversality.

COROLLARY 6.13.5. Suppose that f € CZ(V xR*, W) and f the 0 at (0,0) €
V' x R®. There exists an open G-invariant neighbourhood U of (0,0) € V x R®
such that for all z = (z,s) € U, f is G-transverse to 0 € W at z.

COROLLARY 6.13.6 (Stratumwise transversality). Let f € CZ(V x R*, W)
and K CV x R*. Suppose that f Mg 0 on K. Then f is stratumwise transverse
to0e W on K.

PROOF. Lemma 6.10.10. O

COROLLARY 6.13.7. Let f € C(V x R*, W) and suppose f is G-transverse
to0 €W at (0,0) € V x R*. Then we can choose a G-invariant neighbourhood
U of (0,0) € V x R* such that f~*(0) N U, = 0 whenever i.(V,W)+ s < 0.

PrOOF. We have i.(V x R*, W) = 7(V,W) + s. Apply corollary 6.13.6. [

REMARK 6.13.8. We do not need any consideration of G-transversality to
show that we can always perturb f to obtain stratumwise transversality. The
important property here is that if f Mg 0 on a compact set K C V x R*, then
stratumwise transversality is an open condition on K: it persists under C%small
perturbations of f.
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6.14. Global definitions and results

6.14.1. G-transversality on a manifold. At the risk of some repetition,
we start by recalling from section 6.5 the basic setup for defining G-transversality
for maps between manifolds. Assume M, N are Riemannian G-manifolds and
that P is a G-invariant submanifold of N. Let f : M — N be a smooth G-
invariant map. Suppose that © € M and f(z) € P. Since f is G-equivariant,
Gy C G- Hence Ty, N has the structure of an orthogonal G,-representation.
Let Wy = Ty, P and WQWIJ_. As G -representations, Ty, N = W, @ W,. Using
Bochner’s theorem (theorem 3.4.9), we choose a G -equivariant diffeomorphism
¥ of a G -invariant open neighbourhood D of f(x) € N onto an open neighbour-
hood B x C of (0,0) € Wy & W, so that ¢(f(z)) = (0,0) and ¢»(DNP) = B x{0}.
Let m: Wy & Wy — W5 denote the projection on Wi.

Turning now to M, choose a slice S, for the action of G at x so that f(S,) C D.
Let (V, G,) be the G,-representation induced on the normal space T,Gx. Choose
a (G-equivariant diffeomorphism ¢ of S, onto an open neighbourhood A of 0 € V.
We may assume ¢(z) = 0. Define f: ACV — Bx C C W, @& W, by

f=vfo.
The map [ is smooth, G -equivariant and satisfies f (0) = 0. Conversely, given
any smooth G,-equivariant map h : A CV — B x C C W; & W,, h extends
uniquely to a smooth G-equivariant map h* : GS, — N (h*(yy) = v h(¢y),
all y € S;, v € G). Obviously, f* = f|G(S,).
If we define F = nfF, then F : A C V — C C W, is a smooth G,-equivariant
map and F'(0) = 0. Observe that if y € S, then f(y) € P if and only if

F(o(y)) = 0.

In particular, every zero z of F determines a unique G-orbit G(¢~'(2)) C GS, C
M mapped by f to P. Conversely every G-orbit o C G'S, which is mapped to P
by f determines a unique zero of F.

We are now in a position to give a local definition of G-transversality on
manifolds. We say that f is G-transverse to P at z if either f(z) ¢ P or f(z) € P
and, with the previous notation, F': A C V — C C Ws is G,-transverse to 0 at
0 € A. This definition depends on several choices: The G,-linearizing coordinate
system at f(z), the choice of a slice S,,, and the choice of the linearizing coordinate
system ¢ : S, — A C V. In addition, there is the question of invariance under
G-translations: we need to show that f is G-transverse to P at z if and only if f
is G-transverse to P at gz.

PROPOSITION 6.14.1. G-transversality is invariantly defined on manifolds,
independent of choices. The set of points where a map f : M — N is G-transverse
to P C N is a G-invariant subset of M.

PROOF. Let f € CF (M, N) and suppose that x € M and f(z) € P. With
the notation established above, suppose that FF = m)fo=t: ACV — C C Wy is
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G-transverse to 0 at 0 € A. By propositions 6.11.3, 6.11.1, the G-transversality
of F'is independent of the choices of ) and ¢. If we take a different slice, say S,
through x, then a choice of local G, -equivariant section of 0 : U C G/G, — G,
allows us to define a G,-equivariant diffeomorphism between S, and S! and we
again find by proposition 6.11.1 that the G -transversality of F' is independent
of the choice of slice S,. Hence we have shown that the G-transversality of f to
P at z is invariantly defined. Finally, it is easy to check that f g P at z if and
only if f g P at gz, for all g € G. O

PROPOSITION 6.14.2. Let M, N be G manifolds and P be a closed G-invariant
submanifold of N. If f Mg P at x, then f thg P at all points y in some open
netghbourhood of x.

ProOOF. Immediate from corollary 6.13.5. U

PROPOSITION 6.14.3. Let M, N be G manifolds and P be a G-invariant sub-
manifold of N. If f Mg P then f is stratumwise transverse to P.

PRroOF. The result follows from lemma 6.10.10. U

THEOREM 6.14.4. Let M, N be G manifolds, P be a G-invariant submanifold
of N and set G = {f € C¥(M,N) | f hg P}.
(1) If P is closed, G is an open subset of C&(M,N) in the Whitney C>-
topology. If M is compact, openness holds in the C*-topology.
(2) G is a residual subset of CZF (M, N) (in either the C*- or Whitney C'*°-
topology).
(3) If M is compact, P closed and f; € G, t € [0,1], is a smooth family, then
there exists a continuous equivariant isotopy Hy - M — M, t € [0,1],

such that Hy = Ly and Hy(f7'(P)) = f; ' (P).

PROOF. (1) We show that the complement of G in C& (M, N) is closed in the
Whitney C*°-topology. The proof we give applies without change if M is compact
and we use the C*°-topology. Suppose then that (f,) C C (M, N)\ G converges
to ['€ CF (M, N). It suffices to prove F' ¢ G. By lemma 6.2.1(3), there exists a
compact subset K of M and ng € N such that for n > ng, f, = F on M\ K. Since
fn & G, for each n, we can choose x, € M such that f, is not G-transverse to P
at x,. Choosing a subsequence if necessary, we can assume that x, € K, n > ng
(if not, it already follows that F' ¢ G). But now K is compact and so, choosing a
further subsequence if necessary, we can assume z, — x € K. We claim F' is not
G-transverse to P at x. Suppose the contrary, then by proposition 6.14.2 F' will
be G-transverse to P on a compact G-invariant neighbourhood U of x. Applying
the openness theorem for transversality to a Whitney stratified set, we see that
for sufficiently large n, f,, will be G-transverse to P on U. Contradiction, since
x, € U for large n. Hence F ¢ G.

For the density of G in Cg& (M, N), suppose first that P is closed. Choose
a locally finite cover {K; |7 € N} of M by compact G-invariant sets. Using
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the density theorem for maps transverse to a Whitney regular stratification,
our characterization of G-transversality in term of transversality to a Whitney
regular stratification of U, and lemma 6.13.3, we may show that W, = {f €
CX(M,N) | f hg P on K} is an open dense set of CF (M, N). (Note that this
does not require us to perturb the invariant maps I'y so that they are transverse
to the universal variety). Now G = N;>0W; proving (2) since CX (M, N) is a
Baire space (in either the C*°- or Whitney C'*°-topology — lemma 6.2.1). If P is
not closed, we can still represent G as a countable intersection of open dense sets
— cover P by a locally finite set (within P) of G-invariant compact submanifolds,
possibly with boundary.

We indicate the proof of the isotopy theorem. Let f € G. Choose a finite cover
of M by slice tubular neighbourhood pairs G:S; C GT;). We use the Thom-Mather
theorem to construct isotopies locally, supported in GT;, and then (equivariantly)
patch together to obtain global isotopy of M. We omit the details 0

REMARK 6.14.5. We refer to Bierstone [14] for alternative proofs of parts of
theorem 6.14.4 (see also the notes at the end of the chapter).

EXERCISE 6.14.6. Extend as far as possible the theory of G-transversality to
the category of proper G-manifolds.

6.15. Solutions with specific isotropy type

We conclude this chapter with an investigation of the constraints on the
isotropy type of solutions imposed by G-transversality at a point. We restrict
attention to equivariant maps between G-representations and include some ex-
amples that relate to equivariant (reversible) systems.

Let F be a minimal set of homogeneous generators for Pg(V,W). Suppose
that 7 € O*(V,G). Define the closed semialgebraic subset R, of R* by

R, =0X. NRF =3 _NR*.

Just as in the proof of theorem 6.10.6, lemma 6.7.4 implies that R, is naturally

defined as a closed semialgebraic subset of U, independent of the choice of gener-

ator set F. Knowledge about R(V, W) = {R, | 7 € O*} gives information about

isotropy type of generic solutions to equivariant families in Cg(V x R* W).
For 7 # (@), define

r. = dim(R;).

LEMMA 6.15.1. Let f € CX(V x R*, W) and suppose that f Mg 0 along the
set K CR°. If s+r, < k = k(V,W), then there exists an open G-invariant
neighbourhood U of K in V x R® such that f~1(0) N U contains no points of
1s0tropy type T.

ProoOF. By theorem 6.10.1, R, is a union of A-strata. Now apply theo-
rem 6.10.6. O
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LEMMA 6.15.2. Assume V¢ = WY = {0}. Let 7 € O*(V,G). Then
k—e, <r. <min{k, k —n, +i, — 1}.

PROOF. Let H € 7 € O(V,G) and consider F : VZ x RF — WH. For
x € VI the kernel of the linear map t — F(x,t) is a linear subspace K (x)
of R* of dimension equal to k — e,. Consider K (z) as point in the Grassmann
variety Gr,(R*) of p = k — e,-dimensional subspaces of R¥. Replacing x by Az
and letting A — 0 we see that each limit point of K (Az) is a k — e,-dimensional
subspace of R* contained in R,. Hence r, > k — e,. For the upper bound, let
P :V — V/G be the orbit map associated to a minimal set of homogeneous
generators for P(V)%. Then ¥,/G is a semialgebraic subset of V/G x RF C
R® x R* of dimension k — n, +i,. Hence dim(9(%,/G)) < k—n, +i, — 1 and so
dim (0%, NR*) < min{k,k —n, +i, — 1}. O

EXAMPLES 6.15.3. (1) Suppose that V' = W and that V is a sum of non-
trivial absolutely irreducible representations. Let Fi,..., Fy, be a vector space
basis for Lg(V, V). Then Fi, ..., Fy, extends to a minimal set {F},..., Fy} of
homogeneous generators for Pg(V, W). Let A C R” be the set of t € R¥ such that
F(t) = Z;“:l t;F; € La(V,V) is singular. Since A is the zero set of det(F'(t)),
A is a codimension one algebraic subset of R¥. If t € R* \ A, then x = 0 is an

isolated zero of Fy(xz) = 0. Hence the top dimensional stratum of A is equal to
RF\ A. If 7 € O*(V,G), then R, C A and the estimate of lemma 6.15.2 reads

k—d, <r,<k-—n;,—1

When V is absolutely irreducible and Lg(V, V) is one dimensional, A = {t | t; =
0} and each R, is contained in this hyperplane. Note that if n, > 0, then
rr < k — 1. In particular, for 1-parameter families of normalized vector fields,
there will generically be no branches of equilibria of isotropy type 7 if n, > 0.
This can happen even if 7 is a maximal isotropy type (see [124]).

(2) If V.= W and V is irreducible of complex type, then Ls(V, V) is generated by
F, = Iy, Fy = 1Iy. The corresponding set A C R* defined by the singular linear
maps is the codimension two linear subspace of R¥ defined by ¢; = t, = 0. Hence
k—d. <r.<k—2. Note that if r, < k — 2 then whenever f € C¥(V x R, W)
and f Mg 0 at (0,0) € V x R, then there will be an open neighbourhood of
(0,0) € V x R contains no zeros of f of isotropy type 7. This applies, for
example, if V=W = C and G = SO(2) acts non-trivially. Generically, in 1-
parameter families, there will be no ‘equilibrium’ SO(2)-orbits.

(3) Suppose that V' = W and V is absolutely irreducible. Let H € 7 € O(V,G)
and suppose that dim(V#) =1 (V¥ is an axis of symmetry). Then d, = 1 and
so, by (1) and lemma 6.15.2 we see that . = k — 1. In this case it is easy to
check directly that R, equals the hyperplane t; = 0. Hence branches of solutions
of isotropy type 7 will be seen in all 1-parameter families f € Vy(V,G). This
argument gives a simple geometric proof of the equivariant branching lemma.
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(4) In general, R, will usually not be an algebraic subset of R*. As an example,
consider the representation (R?, G), where G C Hj is given by G = Az x Zs.
It is straightforward to verify that a minimal set of homogeneous generators for
PP (R3,R3) is given by

Fl(l‘7yaz) = (mayvz)7
FQ(:Ea Y, Z) = (37?/27 3/2’27 212)7
F3(x7ya Z) = (‘,L.ZQ’ny’ZyQ).

These polynomials do not generate the P(R3)“-module Pg(R? R?): the fifth
order equivariant (z° 1°,2°) cannot be written as a linear combination over
P(R®)Y of F|, F,, F5. However, since we know that bifurcation problems on
(R3,G) are determined by third order terms, we are able to determine those
sets R, which are of codimension one in R¥. The isotropy types (G,00) and
(G(1,1,1)) are both maximal and define one dimensional fixed point spaces. There-
fore Rc, 4.0) = R(G1.y) = {t1 = 0}. The isotropy type (G(1,1,0)) is submaximal.
We solve F(t,x,y, z) = t1Fi(x,y, 2) + taFs(x,y, 2) + t3F5(x,y, z) = 0 subject to
z =0 and xy # 0. We find that

ta +toxy? = 0,
t1y+t3yx2 = 0.

(If we had taken account of higher order equivariants they would appear in these
equations as terms of of order at least 5 in z, y and would not affect the following
analysis.) Since we assume zy # 0, we have to solve t; + toy? = t; + tzz? = 0.
Eliminating ¢;, we have toy? = t32% and so there are no (real) solutions if t5t3 < 0.
If tot3 > 0, we can always find solutions. These will be of the form y = ++/—t; /1,

x = +4/—t;/t3 and will meet the parameter plane R? along ¢; = 0. Hence
R = 1t t2,t3) | t1 = 0,tat3 > 0}

and so R, is a proper semialgebraic conical subset of t; = 0.

(5) It is easy to construct examples for which r, = k for all 7 € O(V,G). For
example, suppose p,q > 1 are coprime integers. Let SO(2) act on V = C
as multiplication by e?’ and on W = C as multiplication by e?. We have
Pso(oy(V,W) = {0}, k =0 and r, = R” for all 7 € O(V,S0(2)).

(6) The finite reflection group W = A} x S, is an index 2 subgroup of the hype-
roctahedral group G = Hy. Generators for P(R*)" are well-known (for details
and references see [70]) and given by

1

4 6

1 1

pl(x) - §||$“27 pQ(I) = szfa p3<l’> - 6 Zx?.? p4(l') = T1X2X324.
i=1 =1
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Corresponding generators for the equivariants are given by ¢; = grad(p;). Hence
every smooth W-equivariant map f : R* — R* may be written in the form

(65) f Zfl pla"'7p4

where the f; € C®(R*) are unlquely determined by f. We define two, non-
isomorphic, representations of G = A, xS, on R*. The first representation of G
will be the standard representation p : G = Hy — O(4) of Hy. For the second
representation, define the homomorphism o : G — O(1) = Zy by mapping W
to +1 and G\ W to —1. We define p, : G — O(4) by p,(9) = (g)p(g). The
new representation p, of G is absolutely irreducible and is not isomorphic to the
first representation. We write the first representation as (R*, G), the second as
(R4, G). Since G D W, every P € Pg(R* R%) may be written in the form (6.5).
Although F, € Pg(R* R%), the remaining generators Fy, Fy, F3 ¢ Pg(R* R%). In
order that f;(p1,...,ps)F; € Py, (R* RY), i # 4, it is necessary and sufficient that
filpr, ., pa)(gz) = —fi(p1, ..., pa)(x), for all g such that o(g) = —1. Similarly,
f4(p17 s 7p4)F4 € PG(R4aR§) Only if f4(p17 cee ap4)(g‘r) = f4(p17 B ap4)(l‘)7 for
all g such that o(g) = —1. If we define
Fi = p4E, 1= 1,2,3, F4 = F4,

then it is not hard to show that {F,...,Fy} generates the P(R*)“-module
Pe(RYRY). In particular, every f € CF(R* R!) may be written (uniquely)
in the form

4
(66) f = Zfi(p17p27p37p421)E7
j=1

where f; € C*(R*). Here we have used the fact that p;,ps,ps,p3 generate
P(R*)H+, Elements of X € CZF(R* R%) are reversible equivariant vector fields:

X(gv) =0(g)gX(v), (g€ G,veR).
Let ¥(z,t) = Z?:l tiFj(z). Then (z1, 79,3, 74,t) € ¥ = 971(0) if any two of
Ty, T, T3, T4 are zero. Hence
R, =R', if 7 = (G1000)): (G1100), (G1.200)-
It is not hard to compute R(R* R%). For example, we have
R(G(1,1,1,0)) = R (G {t4 O} R (Gnzz) = {tl, ty = O},

R(G(1,1,2,3)) = {t17t2>t4 0} R(G(1234)) {(0 0,0 O)}
All of this extends easily to the infinite family A} x S, C Ay x Sk, k > 4.
(7) Let G = A3 x Z3 and H = A} x Zj3 (the group of orientation preserving
symmetries of the tetrahedron). We define two non-isomorphic representations
p, ¢ : G — O(3). The representation p will be the standard representation of G as
a subgroup of Hs. For the second representation, take the standard action of H
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on R? and extend this representation to a representation ¢ of G by requiring that
(—=1,1,1) € Azact on R®* by (—1,1,1)(z, v, 2) = (x, —y, —2). In other words, if we
define the homomorphism 7 : G = A3xZz — O(1) = Zy by n(d, o) = det(d), then
¢ : G — O(3) is defined by ((g9) = n(g)p(g). In particular, G-equivariant maps
R3 — R?® may be regarded as reversible equivariant vector fields on R3. The space
Pg(R3,R?) is a linear subspace of Py (R3 R3). Let P = (P, P», P3) € Po(R3,R?).
Then Py(—z,y,2) = Pi(z,y,2), Pi(x,—y,z) = —Pi(x,y,2) and P(z,y,—2) =
—Py(z,y,2). Hence P(—z,—y,—2) = Pi(x,y,z) and so P; is a sum of terms
of even degree. By the H-equivariance we have P (—z,—y,z) = —Pi(z,y,2) =
—P(z,—y,—2). Now Pi(z,y,—0) = —Pi(x,y,0) and so P;(z,y,0) = 0. Simi-
larly, P(z,0,z) = 0. Hence P(z,y,2) = yzQ1(x,y, z), where (), is of even de-
gree. Using the relations we have on P;, we may write Q1 (z,y, z) = Ry (22, %, 2%).
If feCF(R3R?), we may find a smooth map r € C°(R?) such that

r(z?, 2, 2%)yz
flxy,2)=| r(y* 2% 2%z
r(22, 2%, y*)xy

It is now easy to work out generators for the module of equivariants to fourth
order (which is all we will need). Up to terms of degree 4, the universal polynomial
is given by

yz v’z yz’
Ix,t)=t, | 2z | +ta| P2 | +t3| 22° |, (x,t) € R® x R®.
Ty 3y zy?

Let ¥ = 97'(0) and X denote the union of the -, y- and z-axes. Obviously,
X xR? C . If t; # 0 then the germ of 97'(0,t) C V equals the germ of X
at zero. If xyz # 0, it is easy to show that if t5 + 3 # 0, then the solutions
of 9(x,t) = 0 satisfy 2* = y* = 2% and are given explicitly by z* = —~-.
If we let 7 be the isotopy type of non-zero points on the line R(z,z,z), then
R, = {t|t; = 0}. Next we look for solutions lying in the coordinate planes.
Solutions in the plane x = 0 with yz # 0 are given as solutions of

tl + t2y2 + t322 = 0.

If t9t3 > 0, we obtain, for fixed t; # 0 either the empty set or an ellipse of solu-
tions meeting both the y and z axes in a pair of points. If t5t3 < 0, we obtain, for
fixed t; # 0 a hyperbola of solutions which meets either the y-axis or the z-axis
(but not both axes). Any point on these solutions curves, not lying on an axis,
has isotropy type k = ({(diag(—1,1,1))) Hence R, = {t | t; = 0}. With a little
more work, the codimension one stratum of the natural stratification of U is seen
to be the semialgebraic set {t | t; = 0,y + t3, tats # 0}.

(8) In the previous example, it was the case that for a generic G-equivariant re-
versible vector field on R? the germ of the zero set at the origin was always the
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same: the germ of the union of the coordinate axes at zero. There is a corre-
sponding result for G-equivariant vector fields X on any representation (V, G). If
V& = {0}, then the generic situation is that X has an isolated zero at the origin
(even hyperbolic). If dim(V¢) > 0, then generically we expect there to be no
zero at the origin. If G is finite then we expect that for generic X the zero set of
X will be a discrete subset of V. In our final example, we show that for generic
reversible G-equivariant vector fields, with G finite and no parameters, the germ
of the zero set may vary along V. We let G = A3 x Z3 act on R? in the standard
way and 1 : G = Az X Z3z — O(1) = Zs be as defined in the previous example.
We define two inequivalent representations of G'on R* = R? x R. The first repre-
sentation, on the domain, will be the product of the given representation of G on
R? with the trivial representation of G on R. We have R* = {0} x R, The second
representation, on the range, will be the product of the given representation of
G on R? with the representation of G on R defined by 7. If f € C(R* R?), it
is straightforward to show that there exist smooth functions 7, s : R* — R such
that

r(a?, 2, 2% u)x
_ | 22 )y
(67) f(m,y,z,u) - T<22,$2,y2,u)2
Up to terms of degree 3, the universal polynomial is given by
x ry? 22 0
Y yz2 yx? 0
d(x,t) =1 Dol Tl L | Tl e | Tl ;
0 0 0 TYZ

where x = (z,y, z,u) € R}, t € R%.

We look for solutions with isotropy type v = (G1,1,02)) — these live on the
coordinate planes. Without loss of generality we assume z = 0. Automatically
the u-component of F' vanishes and we have to solve

t1x+t2xy2 = 0,
t1y+t3y$2 = 0.

Solutions (z,y), with zy # 0. can only exist if tot3 > 0 (see example 4).
If feCF(RYRY), then £(0,0,0,u) =0, all uw € R. Write f € CF(R* R*)
in the form given by (6.7). Set R(u) = r(0,0,0,u). For generic r € C*(R*), R
will have isolated non-singular zeros. Let uy be a non-singular zero of R. The
germ of the zero set of f at (0,0,0,ug) will contain points of isotropy type v if
and only if
or or

a_y<07 07 07 uO)&(O, 07 07 UO) Z 0
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Consequently, if f Mg 0 along {0} x R, the germ of the zero set of f at dis-
tinct zeros (0,0,0,u1), (0,0,0,us) may be different. As an explicit example take
r(z?y?, 2% u) = u* —1+y? + (2u—1)2? and s = 1. The zero sets at (0,0,0, 1)
have different topological type.

EXERCISE 6.15.4. Investigate 1-parameter bifurcation theory for the reversible
vector fields defined in examples 6.15.3(6). In particular, compare the stabilities
for branches along R(1,1,1,1) and R(—1,1,1,1).

6.16. Notes on chapter 6

The theory of G-transversality or equivariant general position was developed
independently by Bierstone [14] and the author [50] in 1976-77. Bierstone’s defi-
nition of equivariant general position [14] is given in terms of transversality to the
canonical stratification of the universal variety and leads to straightforward natu-
ral proofs of the main theorems using Thom-Mather theory of stratifications. The
author’s definition of G-transversality is less transparent (at least in [50], which
is difficult to read) and is based on ideas from equisingularity. The definitions
are, however, equivalent [51]. Subsequently, Bierstone developed the theory of
equivariant jet transversality and applied it to prove stability theorems on smooth
equivariant maps between manifolds [15] similar to those proved by Mather for
general smooth maps. On the other hand the author’s interest was in the theory
of equivariant dynamical systems and his initial applications included, for exam-
ple, an equivariant version of the Kupka-Smale density theorem [52]. Later in
1988, it became clear that equivariant transversality had the potential for sig-
nificant applications to equivariant bifurcation theory. With Roger Richardson,
a complete description was given of branching patterns for a large class of fi-
nite reflection groups using ideas based on equivariant transversality [70] (see
Stewart [165] for an overview). The way in which equivariant transversality was
being used in bifurcation theory tended to reflect the equisingularity definition
of G-transversality rather than the definition based on transversality to the uni-
versal variety. This point of view was developed in [57, 60, 62] and, together
with results from equivariant jet transversality, enabled the proof of quite general
genericity and stability theorems for equivariant bifurcation.

In this chapter we have taken some care to develop ideas from [50] which
have potential application to equivariant bifurcation theory. In particular, we
showed how it is possible to give a natural definition of G-transversality in terms
of transversality to the intrinsic stratification A of U. As we see in the next
chapter, this characterization has powerful applications to equivariant bifurcation
theory. We also developed some of the work in [50] so as to show that there is a
natural symmetry group G of U which preserves A. In some cases, knowledge of
G determines A quite precisely.



CHAPTER 7

Applications of G-transversality to bifurcation theory I

In this chapter we apply equivariant transversality to equivariant bifurcation
theory. Our focus will be on steady state bifurcation theory for 1-parameter fami-
lies of equivariant vector fields defined on an absolutely irreducible representation
(V,G), where G is a finite group. We also briefly consider the theory for equivari-
ant reversible vector fields [31]. Most of what we do applies when G is a general
compact Lie group and we sketch this extension at the end of the chapter. As
part of our exposition, we include definitions and results on jet transversality for
equivariant maps. This theory was developed by Bierstone in connection with his
work generalizing Mather’s theory of stable mappings to equivariant maps [15].
All the results we need will be local in character and we shall not develop the
theory of jet transversality for G-manifolds.

In chapter 10, we allow for G to be a compact (non-finite) Lie group, and
for (V,G) to be irreducible over the complexes. We then consider the natural
questions of branching to relative equilibria, limit cycles (the equivariant Hopf
bifurcation) and relative periodic orbits.

7.1. Weak stability and Determinacy

7.1.1. Generic 1l-parameter steady-state bifurcation theory. Let G
be a finite group. In this section we sketch how the generic 1-parameter steady
state bifurcation theory of equivariant vector fields on a representation (V,G)
can be reduced to the study of normalized families of equivariant vector fields on
an absolutely irreducible representation (V,G). For simplicity, we assume (V, G)
is finite dimensional, even though the most interesting case from the point of
view of applications is when (V| G) is an infinite dimensional G-representation.
If we are only interested in determining branches of equilibria — as opposed to
the associated dynamics — it is possible to avoid this process of reduction, see
remarks 7.1.10(3) and also [84]. In what follows we only consider bifurcation of
the trivial solution z = 0 for a family X € CZ(V x R, V) (for bifurcation from
relative equilibria, see chapter 10).

Suppose that (V,G) is a finite-dimensional G-representation and V¢ = {0}
((V, G) contains no proper trivial subrepresentations). Let X € CZ(V x R, V)
be a l-parameter family of vector fields on V. Since V¢ = {0}, we have by
G-equivariance and Taylor’s theorem that

X(x,0) = AN)x + O(|x]?), (x,\) €V xR,
213
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where A(X\) € Lg(V, V). We regard (0, \g) (or just A\g) as a bifurcation point for
the family if A()\) is singular (has a zero eigenvalue'). In terms of the isotypic
decomposition of (V,G) (theorem 2.7.10), we may write

La(V.V) = D La (V" V),
i=1

where {(V;,G) |i = 1,...,n} is a set of inequivalent proper R-irreducible rep-
resentations of G and p; > 1,4 = 1,...,n. Hence A(N) = @, A;()\), where
A;(N) € La(VP, VP i =1,.

Relabelling, suppose (V“ G) is absolutely irreducible, 1 <i < a. Set dim(V;) =
n;. By proposition 2.7.18, Lg(V"*, V') = M (p;, pi; R). In particular, every eigen-
value of A;(\g) has multiplicity divisible by n;. Let %; denote the closed subset
of M(p;, p;; R) consisting of singular matrices. The set ¥} C ¥; consisting of
matrices of rank p; — 1 is a codimension 1 submanifold of M (p;, p;; R) and %; \ 33}
is of codimension at least 2 (X7 may be written as a union of submanifolds of
increasing codimension [1]). Identify Lo (VP VP') with M(p;, p;; R). Using our
codimension estimates, an application of transversality theory shows that we can
make a C'°-small perturbation of X so that

(1) A;mZ!on R and A;(R)yNXZ2 =0, for all 1 <i < a.
(2) If AZO()\> € 21'07 then Al(/\) ¢ Zi, 1 7£ io, 1 S 1 S a.

(We achieve (1) by elementary transversality theory applied to each A;. Using
the fact that points A such that 4;(\) € ¥} are isolated for each i, we achieve (2)
by a further perturbation of A;.)

Suppose (V;, G) is irreducible of complex type. In this case, LoV, Vi) =
M (p;, pi; C) and the set ¥; of singular matrices is a submanifold of M (p;, p;; C)
of complexr codimension 1. By transversality theory we can make a C'*°-small
perturbation of X so that A;(R) NY; = (. Similarly, if (V;, G) is irreducible of
quaternionic type, we can always assume A;(R) N3; = 0.

Let K be a compact interval® containing the origin of R. Our transversality
arguments show there is an open and dense subset Z(K) of CZF(V x R, V) (C°-
topology) such that if X € Z(K) then

(1) Bifurcation points for X (on {0} x K) are isolated in K.

(2) If Ao € K is a bifurcation point, there is a smooth curve n(\) of eigen-
values of multiplicity & > 1 for DX, (0) such that (a) n(Ao) = 0, (b)
kernel(DX),(0)) is isomorphic to an absolutely irreducible subrepresen-
tation of (V) G) of degree k, and (c) n'(Ag) # 0.

Suppose that X € Z(K) and Ay € K is a bifurcation point. Let (W, Q)
denote the absolutely irreducible subrepresentation of (V, G) given by (2) above.

IWe do not consider the Hopf bifurcation in this chapter and so we regard points where
eigenvalues are pure imaginary as regular points.
2If we take the Whitney C*°-topology, we can assume K is a closed interval
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Given 1 < r < oo, we may apply the equivariant version of the centre manifold
theorem to construct a C" G-invariant submanifold C' = C,, C V x R such that

(1) (0, A9) € C and the tangent space to C' at (0, Ag) is equal to the direct
sum of (W, G) and the trivial representation ({0} x R, G).
(2) X(z,)\) = (X(x,\), 1) is everywhere tangent to C.
(For the centre manifold theorem see [88].)

This process allows us to investigate bifurcation and changes in the dynamics
at bifurcation points of X € Z(K) by reducing to the study of equivariant families
X € CL(W xR, W), where 2 < r < oo and (W, G) is absolutely irreducible. Just
as in chapter 4, it is no loss of generality to restrict attention to families X which
are in the normalized form

X(x,3) = Ax + g(x, ).

where g(x,\) = O(||x||?), uniformly for A in some compact interval containing
the origin.

While it is well-known we cannot assume the centre manifold C' is smooth
— that is €' — we can require C' to be C" for any r < oo. This suffices for
the determination of the signed indexed branching patterns as G-equivariant
bifurcation problems on an absolutely irreducible representation are generically
strongly determined [60, §3.9]. That is, there exists d < oo and an open dense
subset S(d) € PSY(V, V) such that if X is C% and J4(X) = j%X¢(0) € S(d), then
F(x,)\) = A+ J4(X)(x) is stable and X has a signed indexed branching pattern
isomorphic to the signed indexed branching pattern of F'. In particular, the signed
indexed branching pattern of X is unchanged by the addition of higher order G-
equivariant terms to X. The proof of this result requires techniques beyond the
scope of these notes and we refer the reader to [60] for details (we discuss strong
determinacy in chapter 10). In many cases it is not hard to compute d. For
example, all of the examples we considered in chapter 4 had d = 2 or d = 3.
Issues with dynamics are more subtle. For example, equivariant transversality is
very much a smooth theory though it is possible to prove stability of G-transverse
intersections under perturbation by sufficiently differentiable G-equivariant maps.

7.1.2. Steady-state bifurcation theory on an absolutely irreducible
representation. Let (V,G) be an absolutely irreducible representation of the
finite group G. Let Vo = Vo(V, G) C C*(V xR, V') denote the space of normalized
1-parameter families of smooth G-equivariant vector fields on V.

Let F = {Fi,..., Fr} be a minimal set of homogeneous generators for the
P(V)%module Pg(V,V). As usual, we suppose that F} = Iy and 1 < dy < ... <
dr, where deg(F;) = d;. We define

ICG(V):{XEV()erhGO, atOEV}.

Following chapter 6, let A = {A; | 0 < j < k} denote the stratification of U 2 R¥
induced from the minimal Whitney stratification of the universal variety %7
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LEMMA 7.1.1. A; CRFY 0<j < k.

ProOF. If #; # 0, then (z,t) is a non-singular zero of x — ¥(z,t) and so
0.1) ¢ 5, "R, 1 £ (C). .

REMARK 7.1.2. Lemma 7.1.1 implies that A;_; is an open semialgebraic sub-
set of R¥1. In all examples known to us, Ay N R*! = () and so Aj,_; is ain
open and dense subset of RF=1. If A, NR¥~! #£ ), there exist stable families in
Vo(V, G) for which there are no nontrivial branches as A increases through zero.
To allow for this possibility, we will enlarge A;x_; by adding to Ai_; the (open)
subset A, N R of R¥='. We continue to let A denote the associated Whitney
stratification of U = R*. With this convention, we always have A;_; is an open
and dense semialgebraic subset of R~

EXERCISE 7.1.3. Show that if (V, G) has an odd dimensional fixed point space,
then Aj_; is a dense subset of R¥~! (Hint: Use Cicogna’s extension of the equi-
variant branching lemma [34]).

Given X € V, let v(X) : R — R* denote the ‘coefficient’ map defined by
VX)) = (A f2(0,A), .., f(0, ), where X (z, ) = >, fi(z, ) Fj(z).

LEMMA 7.1.4. Let X € Vy. Then X € Kg(V) if and only if v(X)(0) €

€ U

)€ Ap_q.

ProoOF. If X € Kg(V), then v(X) h A at A = 0. Since v(X)(0) € U Ai =

R¥1 (X)) M Aat A = 0if and only if v(X) th A;, 4 < k. That is, v(X)(0) € Ap_y

(since codim(A4;) = k —1). O
For X €V, let Z(X) denote the zero set of X.

THEOREM 7.1.5.

(1) Ka(V) is an open and dense subset of Vy.

(2) If X € Kg(V), then X satisfies the branching condition B1.

(3) We may choose an open neighborhood U of X inVy such that if {X; |t €
[0,1]} is any continuous path in U with Xo = X, there is an open neigh-
borhood W of (0,0) in V x R and an (equivariant) isotopy {K; : W —
VxR |tel0,1]} of (continuous) embeddings satisfying

(a) Ky is the inclusion of W in V' x R.
(b) Ki(WNZX))=27Z(X;) N K,(W), all t € ]0,1].

(4) Ka(V) € SulV, G):

PROOF. An application of theorem 6.14.4 gives statements (1,3) and (1,2,3)
together imply (4). It remains to prove (2). Fix a minimal set F of homogeneous
polynomial generators for Pg(V, V') and let Az be the corresponding Whitney
stratification of R*. Let X € K(V) and suppose that v(X)(0) € R, = R*N 9%,
(if no such 7 # (G) exists, there are no nontrivial branches and there is nothing
to prove). Since y(X) M Az, 7(X)(0) lies in a codimension one stratum C
of Ar. Since Ar is a union of strata from the canonical stratification S of X
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(theorem 6.10.1), the frontier condition implies that (C,X;) is Whitney regular
and so locally trivial along C' (we are not claiming 3, € §). Hence we may
choose open semialgebraic neighbourhoods W of (0,v(f)(0)) € V x R* W, of
(0,0) € V x R and W5 of v(X)(0) in C' C R¥~! such that
(a) The intersection of W with 3, consists of finitely many connected com-
ponents Si,...,Sy.
(b) If weset K; = (W1 x{v(X)(0)})NS;, then K; is a (smooth) semialgebraic
arc with boundary point {v(X)(0)}, j=1,...,N.
(¢) There is a homeomorphism h of W onto W x Wy which is equal to the
identity on {0} x W5 and maps S; onto K; x Wy, j=1,..., N.
Since I'x M ¥ at (0,0) and I'x(0,0) = (0,7(X)(0)), we may choose an open
neighbourhood U of (0,0) € V' x R such that I'x th 3, on U and I'x(U) C W.
For j = 1,...,N, define C; = (I'y'|U)71(S;). Each C; has the structure of
a l-dimensional Whitney stratified set. If X is analytic, the curve selection
lemma [12, 20] yields C' arcs v; : [0,0] — C; such that ~;(0,0) = (0,0) and
7;(0) # 0. That is, each Cj is a solution branch. If we do not assume the
analyticity of X, then we may use a result of Pawlucki [140] which implies that
each semialgebraic set Wy U S; has the structure of a C' submanifold of W
(Pawlucki’s result requires that dim(S;) = dim(W5)+1). Standard transversality
theory implies that C; is a C' submanifold with boundary (0,0) and the result
follows as before. We apply the same argument to all nontrivial isotropy types 7
for which v(X)(0) € R,. O

_ 7.1.3. Symmetry breaking isotropy types. If 7 € O*(V,G), then R, =
Y, NR* and 7, = dim(R,) (section 6.15). By lemma 6.15.1, we have

(7.1) k—d.<r, <k-—1.

LEMMA 7.1.6. For all 7 € O*(V,G), A induces a semialgebraic Whitney
stratification A, of R.. (We assume that A, = R* \ RF", see remark 7.1.2.)

ProorF. Immediate from theorem 6.10.1 and the definition of A. O

PROPOSITION 7.1.7. (Notation as above.) Let X € Kg(V') and 7 € O*(V, Q).

(1) The map v(X) : R — R* is transverse to A,.

(2) If r; <k —1, then ¥(X) contains no branches of isotropy type T.

(3) If rr = k—1 and v(X)(0) € R,, then there is a branch of equilibria of
isotropy type T in X(X).

(X
PROOF. Statements (1,2) follow from lemma 7.1.6. For (3), observe that if
v(X)(0) € R, then y(X )( ) lies in a codimension 1 stratum of A, and theo-
rem 7.1.5 implies that there is a corresponding branch of equilibria of isotropy
type 7 in X(X). O
COROLLARY 7.1.8. (Notation as above.) Let T € O*(V,G).
(1) 7 is a symmetry breaking isotropy type if and only if r. =k — 1.
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(2) 7 is generically symmetry breaking if and only if R, = RF1,

7.1.4. Weak determinacy. Set d = dj, (the maximum degree of polynomi-
als in a minimal homogenous set of generators for Pg(V,V)). Let Péd)(V, Vo =
{P € Péd)(V, V) | DP(0) = 0}. Let Iy : Pc(;d)(V, V)o — U be the restriction of the
projection II : Pg(V,V) — Pg(V,V)/MPs(V,V) = U to Péd)(V, V). Observe
that Il maps P (V, V), onto Uy = RF~1 and Uy = PE(V,V)o/MPs(V, V) is
an invariantly defined subspace of U. Define R,,(d) C Péd)(V, V)o by

Ru(d) = {P € P (V,V)o | TIy(P) € Ar_1}.
Since Aj_; is an open and dense semialgebraic subset of Uy, it follows that R(d)
is an open and dense semialgebraic subset of Péd)(V, V)o. We recall that if X €
Cx(V xR,V), then J4X) € Péd)(V, V') is the degree d Taylor polynomial of Xy
at the origin. That is, J4(X)(z) = 31_, DIX(0)(a?)/5!.

LEMMA 7.1.9. We have
’Cg(V) = {X - V() | Jd(X) - Rw(d)}

and so G-equivariant bifurcation problems on (V,G) are weakly d,-determined,
where d,, < dj.

PRrRoOF. Immediate from the definitions. O

REMARKS 7.1.10. (1) A consequence of lemma 7.1.9 is that as far as weak
stability is concerned, we can always assume that X,(z) = Az + g(z), where
g = O(||=]|?) is independent of .

(2) If X € Kg(V) then X, = X +aljz[]*z € Kg(V) for all a € R. Indeed, we can
add any radial term of order greater than or equal to 3 without changing the weak
stability of X. Consequently, if P4(V,V) = {0}, we can always choose a < 0
and use methods based on the invariant sphere theorem to classify branching
patterns. Of course, varying a can be expected to change both stabilities and
direction of branching.

(3) If (V, G) is not absolutely irreducible and we just assume that V¢ = {0}, much
of our analysis continues to apply. In particular, after a change of coordinates,
we can make the generic assumption that at the bifurcation point A\ = 0 we
have DXy(0) =00 A : Vi & Vo — Vi @ V;, where V) is absolutely irreducible,
DX(0)|V5 is non-singular. If we let m; : V' — V; denote the projection on Vi, we
may write m DXo(0)|Vy = n(X\)Iy,, where 7 is smooth near A = 0. If we make the
additional generic assumption that 7/(0) # 0 then, after a smooth local change
of coordinates, we may write

X(x,A) = (Ax1, AN (x2)) + (91(x, 1), 92(x, A),

where x = (x1,%2) € V, A(0) € GL(V2), 91,92 = O([|x[*) and ga(x1,0,A) = 0,
for x4, A in a neighbourhood of (0,0) € V; x R. Let V, denote the set of smooth
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G-equivariant families which are in this normalized form. Just as before, we
define Kg(V) ={X € Vo | X thg 0, at 0 € V}. Using lemma 6.6.9, it is easy
to prove that d-determinacy holds, where d is again the maximal degree of a
minimal homogenous set of generators for Pg(Vi, 1]).

(5) Suppose that (V, G) is absolutely irreducible. A consequence of lemma 7.1.9 is
that as far as the weak stability and determinacy of elements of V, are concerned,
the structure of the R-algebra G-invariants P(V)¢ is irrelevant. As we see later,
similar comments hold when we come to consider general compact Lie groups,
relative equilibria and the equivariant Hopf bifurcation. This is one of the main
reasons why we prefer not to work at the orbit space level where the invariants,
of course, play a major role. When we come to analyse stabilities along branches,
invariants enter into stability computations. However, for generic families, we can
always assume that the higher order terms are independent of the parameter A
and that the coefficient functions f; for X €V, depend linearly on the elements
of a generating set for the invariants. These observations allow one to make
effective computations for generic families that would be quite intractable if we
simply worked with truncations of the Taylor series. We gave one illustration of
the effectiveness of this approach in our analysis of the Hopf bifurcation using
blowing-up techniques.

7.1.5. Weak stability of equivariant reversible vector fields. Suppose
we are given a pair of representations p,o : G — O(V) of the (finite) group G.
Let ,V denote V with the action on V' determined by p. We similarly define ,V'.
To start with we assume that ,V¢ = ,V¢ = {0}.

We consider G-equivariant vector fields X : ;V — V. In the simplest case,
we take the same action of G on source and target. This amounts to looking at G-
equivariant vector fields defined on a G-representation. In the case of reversible
equivariant vector fields, we fix an index two subgroup K of G and consider

representations p, o which restrict to the same representation on K but differ by
a sign on G\ K. That is, p(g) = —o(g9), g € G\ K.

Let F = {F\,..., F;} denote a minimal set of homogeneous generators for
the P(,V)%module Pg(,V,,V). Set degree(F;) = d; and index the F} so that
1 <d; <...<d. As we are not assuming that ,V/, ;' contain any isomorphic

subrepresentations, it is possible that d; > 2. Let ¥ C ,V x R* denote the
universal variety.

Let V = CZ(,V xR,,V). If X € ¥V and ,V and ,V are inequivalent rep-
resentations, then X, has a singular zero at the origin (det(DX,(0)) = 0) for
all A € R. Hence every point on the line {0} x R C ,V x R is a ‘bifurcation
point’ for the family X according to our earlier definition of bifurcation point. In
order to handle this situation, we need to redefine what we mean by bifurcation
point. Roughly speaking, a bifurcation point Ay will be a value of A where the
topological type of the germ of Z(X,) = X, '(0) at zero changes.
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Let A = {4;]0 < j < k} denote the canonical stratification of U = R*
induced from the minimal Whitney stratification S of the universal variety 3 (A
may not be a union of S strata.) Given X € Vp, let v(X) : R — R* denote
the coefficient map v(X)(A) = (f1(0,A), f2(0,A), ..., fe(0, X)), where X (z,\) =

S fi(x M F(x).

DEFINITION 7.1.11. We say that A is a regular point for the family X € V if
Y(X)(\) ¢ UFZ1 A, TEy(X)(N) € Uf;llAj, we refer to A as a bifurcation point.

Jj=

Let Vj be the subset of V consisting of families which have a bifurcation point
at A = 0. Define

Ka(,V,oV)={X € Vo | 7(X)(0) € Ay and (X)) th Ay_y at 0}.

LEMMA 7.1.12. (1) If X € Ka(,V,,V), then A =0 is an isolated bifur-
cation point of X.
(2) Ka(,V,oV)={X €V | X g 0 at (0,0)}.
(3) Ka(,V,,V) is an open and dense subset of V.

Proor. If y(X)(0) € Ax—1 and v(X) th Ax_1 at 0, then there exists an open
interval I containing 0 € R such that (y(X)[I)™'(Az_1) = {0}. Since A is a
Whitney stratification, we may suppose that I is chosen sufficiently small so that
(V(X)I)"Y(A;) =0, j < k—1, proving (1). Statements (2,3) follow in the usual
way from theorem 6.10.6 and properties of equivariant transversality. 0]

An application of the isotopy theorem for equivariant transversality yields the
following stability result.

LeEMMA 7.1.13. If X € Ka(,V,,V), we may choose an open neighborhood U
of X in Ka(,V,,V) such that if {X, | t € [0,1]} is any continuous path in U with
Xo = X, there is an open neighborhood W of (0,0) in ,V xR and a G-equivariant
isotopy {Ky - W — ,V xR |t €[0,1]} of (continuous) embeddings satisfying

(a) Ky is the inclusion of W in ,V x R.
(b) Ky(WNZ(X)) =7Z(Xy) N K (W), all t €]0,1].

As we did for equivariant vector fields, we may define weak stability and
weak determinacy. Families in K¢(,V, V') will be weakly stable and 1-parameter
families of G-equivariant vector fields from ,V to ,V will be weakly d-determined,
where d < dj,.

We assumed that ,V¢ = {0}. If ,V¢ is 1-dimensional, then bifurcation
points for a family X € V are defined exactly as before. In this case if \ is
not a bifurcation point then X,(0) # 0. If dim(,V¢) > 1, then there are no
bifurcation points in generic 1-parameter families. We can allow for dim(pVG) >0
by considering multiparameter families on a representation ,V¢ with ,V¢ = {0}.
In this case it is natural to introduce the idea of a distinguished bifurcation
parameter (cf [83]).
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ExXAMPLE 7.1.14. We consider 1-parameter families of reversible equivariant
vector fields between the inequivalent representations ,V, ,V of Hy on R?* defined
in examples 6.15.3(6). We recall that a minimal set of homogeneous polynomial
generators for Py, (,V,,V) was given by

Fi(xy,...,24) = x1@0m304(T1,...,24),
Fy(xy,...,m4) = zimemswy(al,. .. x3),
Fy(xy,...,m4) = z130x324(23,...,77),
Fy(zy,...,2q) = (xox31y4,...,T12213).

It is straightforward to verify that if A = {Ay,..., A4} is the canonical stratifi-
cation of R, then AgU...UA3 ={t e R* | t, =0} and A3 = {t | t4 = 0,¢; # 0}.
If X € C2(,V xR,,V), we may write

Hence A is a bifurcation point for X if f4(0,\) = 0. If we suppose that X € V),
then X € Kq(,V,,V) if and only if f,(0,0) # 0 and %(0,0) # 0. In this case
I-parameter families of Hy-equivariant vector fields from ,V to ,V are weakly
4-determined. We refer to [31] for many more examples and references.

7.2. Jet transversality

In this section we describe some of the main definitions and results of Bier-
stone’s jet transversality theory for equivariant maps [15]. We start by recalling
the theory when there is no symmetry (for details and proofs see [1, 92, 81]).

Let M, N be smooth manifolds and r € N. Let J"(M, N) denote the bundle
of rjets from M to N (see chapter 6, section 6.2.1). If f € C>(M,N), let
J'f M — J"(M,N) denote the r-jet extension map.

We recall from chapter 6 the local structure of J"(M, N). Suppose V, W are
finite dimensional vector spaces. For j € N, let LJ(V, W) denote the space of
symmetric j-linear maps from V to W and note that LI(V, W) ~ P/(V,W) by
mapping the symmetric j-linear map A to the polynomial P defined by P(x) =
A(z,x,...,z)/j! = A(27)/j! For r € N, we define the jet space J"(V,W) =
VX [Ii—o LAV, W). Tf we let P")(V, W), denote the vector space of of polynomial
maps from V to W which are of degree r and vanish at the origin of V', then

J(VIW) =V x W x POV, W)~V x PV, V).
If feC>(V,W), then
J'f(x) = (z, f(x), Df(x),..., D" f(x)) € J(V, W)
If we view J"(V,W) as V x P")(V, W), then j"f(x) = (x, T, f(z)), where T}, f(z)

is the Taylor polynomial of degree r for f at z. We often identify 7, f(z) with
the r-jet of f at x.
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THEOREM 7.2.1 (Thom jet transversality theorem). Let r € N and suppose
that Q is a smooth submanifold of J"(M,N). Take the Whitney C*-topology on
C>®(M,N).

(1) {f € C®(M,N) | 57 f N Q} is a dense (residual) subset of C°(M,N).
(This is also true if we take the C*®-topology on C*°(M,N).)

(2) If Q is closed, {f € C*°(M,N) | 3 f h Q} is an open subset of C*°(M, N).
(This is also true if M is compact and we take the C*-topology on
C>*(M,N).)

7.2.1. An equivariant version of Thom’s jet transversality theorem.
We now review some the basic ideas underlying Bierstone’s generalization of the
jet transversality theorem to equivariant maps. Our main interest will lie with
the jet space J"(V, W), where V,W are G-representations. The theory in this
case is a little simpler and it will not be necessary to verify that definitions
are invariant under coordinate changes nor to assume that maps are defined on
proper open subsets of the representation. For this reason we omit many details
and proofs (which can be found in Bierstone’s original paper [15]) and instead
focus on those parts of the theory which suffice for our intended applications to
equivariant bifurcation theory. In particular, we always assume that generators
are homogeneous and defined on representations, rather than on G-invariant open
sets. For our applications we shall mainly be interested in the equivariant jet
transversality theorem for the 1-jet extension map and we generally only give full
details of proofs for this case. Although we present an abbreviated version of the
theory, details will be complete for our intended applications.

The equivariant version of Thom’s transversality theorem is easily formulated.
We require that M, N are smooth G-manifolds. The jet bundle J"(M, N) then
has the natural structure of a G-manifold. Let ) be a G-invariant submanifold of
J"(M, N) and consider the set {f € CZ(M,N) | j*f ¢ Q}. The whole problem
rests with finding the right definition of Mg. It turns out that a simple-minded
extension of our earlier definition of Mg to jet spaces does not work.

We now describe the local set up for equivariant transversality. Basically, we
will be describing a factorization of the r-jet extension map j"f : V — J"(V, W)
through an intermediate space V x R¥X. We start by assuming that r = 1.

Let V,W be finite-dimensional G-representations. For r > 0, J"(V, W) has

the natural structure of a G-representation and J"(V,W)¢ ~ V¢ x P((;)(V, W).
Let P = {p1,...,p¢} be a minimal set of homogeneous polynomial generators
for the R-algebra P(V)¥ and P = (p1,...,ps) : V — R’ denote the associated
orbit map. Let F = {F1,..., Fi} be a minimal set of homogeneous polynomial
generators for the P(V)%module Pg(V,W).

Let Py (R’ R*) denote the set of affine linear maps from R’ to R*. Note that

(7.2) P,(R",R*) ~ R* @ L(R’, R¥).
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We represent elements t! € L(RY R¥) as a k-tuple (ti,...,ti), where each com-
ponent t} = [tl ] is a linear map of R* onto the ith component of R¥.
Every f € CZ(V,W) may be written

k
= Zgi(P x))Fi(z
i=1

where each coefficient g; € C°°(V)“. (Using remark 6.6.14 we may require that
the coefficients g; depend continuously on f, C'*°-topology — however, we will not
need this result).

We define Hy = H' 7 (f) : RY — Py (R, R) by

Hy(s) = (g1(s), - -, 9(s); Dga(s), .., Dgi(s)), (s € RY).

Let Uy = Uy " : V x Py(RY, RF) — JY(V, W) be the map defined by

t)z(:c,it? ,it DP(x) Fy(x) + t; DF;(x )])

where t = (t%,t!) = (£9,...,t%:t}, ... t}) € P;(RY R¥). Note that t! DP(x) is
the composition of DP(z) : V — R’ with the linear functional t} : R — R.
Consequently, for fixed z, each term t! DP(x) F;(x) defines a linear map from V/
to W.

LEMMA 7.2.2. With the previous notation, we have
jlf:Ulo([,Hlo,P).

PROOF. The results follows on differentiating f(z) = Z?Zl g;(P(z))F;(z)
and applying the chain rule and the definitions of H; and U;. U

Now suppose r > 1. Define P, (R, R*) = R* ¢ @7_, LI(R",R¥). Given
f=>g0PF; € C¥(V,W), we define H, = H’*(f) : R® — P,(RR")
by H,(s) = (91(8),...,D7gi(s),...,D"gr(s)), s € R.. We may define a map
U, : V x P.(RYRF) — J7(V, W), linear in P,.(RY, R¥)-variables and independent
of f, so that j"f = U, o (I, H, o P). The explicit definition of U, depends on
the rather complicated expression for the rth derivative of a composite of vec-
tor valued functions (Fad di Bruno’s formula). More specifically, U, is obtained
by differentiating the expression f(x) = Zle g;j(P(x))F;j(x) r-times and every-
where replacing derivatives of the g; by the appropriate dummy variable from
P, (RY R¥). We refer to [15] or [51, §3] for details on the explicit form of U,.

EXERCISE 7.2.3. Find the expression for Us.
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Let @Q be a G-invariant closed semialgebraic® subset of J"(V,W). Set A =
U7HQ) C V x P.(RYRF). Since U, is a polynomial, A is a closed semialgebraic
set. Give A the canonical Whitney regular stratification.

DEFINITION 7.2.4 ([15, Proposition 7.4]). (Notation as above.) Let f €
Cg(V,W). The jet extension map j"f : V. — J"(V,W) is in equivariant general
position to Q on A C V if (I, H.oP) : V — V x P,(R*,R¥) is transverse to A on
A. In the sequel, we say that j" f is G-transverse to Q on A and write “j"f Mg Q
on A”.

The next result is a special case of Bierstone’s jet transversality theorem.

THEOREM 7.2.5 (Bierstone [15]). Let Q be a G-invariant closed semialgebraic
subsett of J"(V,W) and A be a closed G-invariant subset of V.

(1) The definition of j"f hg Q on A is well-defined and independent of
choices of generating sets p1,...,pe, Fi,..., Fyx and representation of f
i terms of polynomial invariants and equivariants.

2) {f € CR(V.W)|j5f Mg @ on A} is an open and dense subset of
CX(V.W) (Whitney C*-topology).

(3) (Isotopy theorem) There exists an open neighbourhoodU of f in CZ(V, W)
such that if g € U, then (a) j"g Mg Q on A, and (b) (j79) 1 (Q) is con-
tinuously equivariantly isotopic to (5" f)~HQ).

REMARKS 7.2.6. (1) A proof of theorem 7.2.5 is in [15]. It is also possible —
and useful — to develop a proof along the lines of our exposition of equivariant
transversality in Chapter 6. We develop some of the necessary local theory in
subsequent sections.

(2) Openness of G-transversality holds: if j"f g @ at 0 € V, then there is an
open neighbourhood U of 0 such that j"f g, @, for all y € U.

ExAaMPLE 7.2.7. Let H(V') C L(V, V) be the space of hyperbolic linear maps
(A € H(V) if and only if all eigenvalues of A have real part non-zero). Define

7y =2Z,(V)={(2,0,A) € J}(V,V) =V xV x LV, V)| A¢ H(V)}.

Clearly Z; is a closed, nowhere dense, semialgebraic subset of J'(V,V). Let G
be a finite group and (V, G) be a G-representation. Suppose X € CZ(V, V) and
regard X as a smooth G-equivariant vector field on V. The following conditions
are equivalent.

(1) All equilibria of X are hyperbolic.
(2) ' X(V)NZy = 0.

3Semianalytic will work just as well here. However, unless we can prove the existence of a
canonical Whitney regular stratification, we cannot allow @ to be a general closed G-invariant
submanifold.

n [15] it is required that @ is a submanifold — for our context, this is an unnecessary
restriction
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(3) j*X thg Z; on V.

It is obvious that (1) <= (2) = (3). It remains to prove (3) = (2). While it
is possible to prove this directly from the definition of equivariant transversality,
it is easier to infer the result using the isotopy theorem. Suppose that j1X Mg
Z1. We have U71(Z;)) € ¥ x L(R*,R¥), where ¥ C V x R* is the universal
variety. Suppose first that (I, H o P)(z) € (X x L(RYR*)\ U~'(Z;). Then
x is a hyperbolic equilibrium of X and so j'X(z) ¢ Z;. On the other hand if
(I,H o P)(x) € U™Y(Z,) then since (I, H o P) t U~Y(Z;), it is automatic that
(I, HoP) th ¥ x L(R*, R¥) at z. That is, j' X thg Z; on V implies that (I, HoP) rh
¥ x L(RY,R¥) on V. Since the codimension of ¥ x L(Rf, R*) in V x P(R¢ R¥)
is equal to dim(V), it follows that the equilibria of X are isolated. Suppose that
X(xg) = 0. If DX(z0) ¢ H(V), it follows that (20,0, DX (z0)) € Z;. We can
make a C* small perturbation X of X supported on a neighbourhood D of
disjoint from the remaining equilibria of X so that (a) the only zero of X on D
is xg, and (b) DX (z¢) € H(V). Applying this argument at every non-hyperbolic
zero of X, we can find arbitrarily C*°-small perturbations X of X such that X has
the same equilibria as X and all equilibria of X are hyperbolic. It follows from
the isotopy theorem that every equilibrium of X must be hyperbolic (otherwise

(1 X)"Y(Zy) # 0 but (1 X)~1(Z,) = 0 for X arbitrarily close to X).

REMARK 7.2.8. The argument of example 7.2.7 implies that the codimension
of U71(Z1) in V x P1(RY, R¥) is at least dim(V) + 1 (we emphasize G is finite).
We give a more formal proof shortly.

7.2.2. Invariance lemmas. If we ignore questions about the invariance of
the jet transversality definition — that is, the dependence of the definition on
the choices of generators P and F — then the main issues involved in proving
theorem 7.2.5 are as follows. In order to prove density, we would like to apply
standard results on density of smooth mappings transverse to a Whitney stratified
set. The problem here — just as in the case of G-transversality — is that the
map H,(f) is G-invariant. This difficulty is easily overcome along either the lines
described in Bierstone [14, 15] or by using the method described in chapter 6 and
reformulating equivariant transversality in terms of transversality of a (general)
smooth map to a stratification of the parameter space P,.(R‘ R*), We describe
the second approach later in the chapter. In order to prove openness, we first need
to give a general definition of equivariant jet transversality for G-manifolds. This
is standard and done in terms of slices and local charts (we need the submanifold
Q C J"(M, N) to define an analytic subset of the local model so that we can apply
Mather’s results on minimal stratifications). Next we need to prove openness of
the definition and show that if j"f hg Q at 0 € V, then j"f Mg, @ for all y in
some open neighbourhood of 0. It is then easy to prove the openness statement
of theorem 7.2.5. In this section we describe two of the basic invariance results.
Using these results we can make our exposition relatively self-contained.



226 7. APPLICATIONS OF G-TRANSVERSALITY TO BIFURCATION THEORY I

LEMMA 7.2.9. [15, Lemma 5.2] Let (V,G), (W,G) be representations. Sup-
pose that P = {p1,...,pe} and Q = {q1, ..., qe} are minimal sets of homogeneous
generators for P(V)¢ and let P, Q denote the corresponding orbit maps. Then

(1) ¢ =0 and if we label the elements of P, Q in ascending order of degree
(so that deg(p;) < deg(pi+1)), then deg(p;) = deg(q;) = e;, 1 <1 < L.

(2) There is a polynomial automorphism ¢ : R — R* such that P = ¢ o Q.

(3) For all k € N, ¢ induces a G-equivariant polynomial automorphism ®,
of V- x P.(RY,R¥) such that UPF = US% o ®,, where F is a set of
polynomial generators for Pg(V,W).

PROOF. (1) This is elementary and uses the homogeneity of the generators.

(2) Denote coordinates on R® by (y1,...,5). For 1 < j < ¢, we may choose
polynomials ¢; : R — R such that ¢; = ¢;(p1, ..., px). Further, we may require
that each ¢; is weighted homogeneous of degree e;, where the y;-coordinate of
¢; is given weight e;. Let ¢ = (¢1,...,¢,) : RY — R’ Obviously, P = ¢ o Q.
Group coordinates according to weight so that (y1,...,y) = (y',...,y*), where
Yy = Yi;41, - Uk,) and €41 = ... = €, = €;. Write ¢ = (¢',...,0°). Then
we have ¢’ (y',...,y%) = A/(y?) + Pi(y',...,y’~!), where P7 is a weighted ho-
mogeneous of degree e; and A’ € GL(k;—i;,R). It follows that ¢ is a polynomial
automorphism of R.

(3) We assume r = 1 and refer to [15] for the general case. We define the
polynomial automorphism ®; of V x P;(R*, R¥) by

@y (2,1, 8) = (2,8, ' DH(Q(2)))-
We leave it to the reader to verify that U7 = U2 o ®,. g
EXERCISE 7.2.10. Prove (3) of lemma 7.2.9 in case r = 2.

LEMMA 7.2.11. [15, Lemma 5.4] Let F = {F\,..., Fy} and G = {G1,...,Gy}
be minimal sets of homogeneous generators for the P(V)%-module Po(V,W). Let
P be a minimal set of homogeneous generators for the R-algebra P(V)¢. Forr >
0, there exists a G-equivariant polynomial automorphism A, of V x P,(R* R¥)
such that UP" = UP9 o A,.

PROOF. The case r = 0 is lemma 6.7.4. We prove the case r = 1 and
refer the reader to [15] for the general case. As in the proof of lemma 6.7.4,
we may choose p;; € P(V)Y such that F; = ZlepijGj, i = 1,...,k, where
P = [p;j] is invertible on V with P~! having polynomial entries. Since P is a
set of homogeneous generators for P(V)¢, we may choose \;; € P(R’) so that
Dij = )‘ji 9] P, 1 < Z,j < k. Set A = [)\Z]] Define

Ay, 7, 81) = (2, A(P(2))(t"), A(P(2))(t") + dA(P(2))(t)),
where the k x f-matrix dA(P(z))(t°) has ith row equal to 3%, t9D)\;(P(z)).

j=1"7
We leave it to the reader to verify that A; has the claimed properties. O
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EXERCISE 7.2.12. Prove lemma 7.2.11 in case r = 2 (this is combination of
the Fad di Bruno and Leibniz formulas).

The next result, which is immediate from lemmas 7.2.9, 7.2.11, shows that
equivariant jet transversality is well-defined — at least if we restrict attention to
minimal sets of homogeneous generators.

PROPOSITION 7.2.13. Let (V,G), (W, G) be G-representations. Let r € N and
suppose Q is a closed G-invariant semialgebraic subset of J"(V,W). Let P, Q be
minimal sets of homogeneous generators for the R-algebra P(V)Y and F, G be
minimal sets of homogeneous generators for the P(V)%-module Pg(V,W). Let
A be a G-invariant subset of V. The map (I, HP) : V. — V x P.(RF RY) is
transverse to the canonical stratification of (UP7)~Y(Q) if and only if (I, H29) :
V — V x P.(RFRY) is transverse to the canonical stratification of (U29)71(Q).

REMARK 7.2.14. Using a similar technique to that used to prove the jet
transversality theorem of Thom, one may show that if @) is a closed G-invariant
semialgebraic subset of J"(V, W), and A is a closed subset of V¢, then {f €
CR(V,W) |7 f e Q on A} is an open and dense subset of CZF(V, W) (Whitney
C*>-topology). We refer to [15, section 9] for details. In the next section, we prove
this using Thom’s jet transversality theorem. This partial result will suffice for
our applications to equivariant bifurcation theory.

7.3. Equivariant jet transversality for families

In this section we formulate equivariant jet transversality so that it is ap-
plicable to smooth equivariant families f; : V. — W, t € R®. In particular, we
will be looking at submanifolds @ of J"(V x R* W) that are independent of the
R® coordinate and so may be regarded as submanifolds of J"(V, W) rather than
JT(V x R*, W),

As our main interest lies in the analysis of codimension one equivariant bi-
furcations, we shall assume that V¢ = {0} and, where necessary, that (V, Q) is
irreducible.

Fix minimal homogeneous sets of generators P = {py, ..., p¢} for P(V)% and
F = {Fl, .. ,Fk} for Pg(‘/, W)

Let r > 0. For s > 0, there is a natural projection map 7, : J"(V x R*, W) —
J"(V, W) defined by restriction (if A € LY(V x R*>, W), r > ¢ > 0, then m,.(A) €
LYV, W) is the map defined by m,.(A)(v?) = A((v,0)?)).

Let jif: V xR®* — J"(V,W) be defined by

Jif(x,A) =3"fa(z), (x,A) € V x R
For all f € CZ(V x R*, W), we have

moj f=7if
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We may factorize j7f : V x R® — J"(V,W) as jif = U, o (I, H,), where

I:VxR — V (2, zx,
H,:V xR — P.(R,RY,
U, :V xP.(RERE) —  J(V,W).

Just as for U,, the definition of U, depends on the chain rule. We give the explicit
formulas only for r = 1.

H’r(x7 A) = ((gl(an )\)7 cee 7gk(P'r7 )‘))7 (Dgl,)\(Px)7 R ng)\(Pl’))),
k k
Up(w, M0 8Y) = (2, t)F(x),Y [t DP(x) F,(x) + t{ DFy(x)).

i=1 i=1

DEFINITION 7.3.1. Let @ be a closed G-invariant semialgebraic subset of

J"(V,W) and A be a closed subset of V x R®*. Given f € CZ(V x R*, W), we say

jif is G-transverse to Q on A if (I, H,) is transverse to the canonical stratification

of U71(Q) along A. We write this ji f Mg Q (along A).

As an immediate consequence of our definitions and constructions we have

LEMMA 7.3.2. Let Q be a closed G-invariant semialgebraic subset of J"(V, W),
A be a closed subset of V x R®, and f € CF(V x R*, W). Then jif ha Q on A
if and only if 3" f hg 7, 1(Q) on A.

Given f € CX(V x R*, W), define v77 (f) = 7.(f) : R® — P.(R" R¥) by

W(F)A) = He(£)(0,A), (A € R?).
Note that if f = Y ¢;P F}, then v,.(f)(A) is the r-jet (in Rf-variables) at u = 0 of
the map gx(u) = (g1(u, A), ..., gx(u,A)). In particular, there are no symmetry
constraints on the values taken by 7,(f).

Let @ be a closed G-invariant semialgebraic subset of J"(V,W). By theo-
rem 6.10.1, the canonical stratification of U-(Q) (or U-(Q)) induces a Whitney
regular stratification AP7(Q) = A,(Q) of U-(Q)Y C P,(R¥ RY). We extend
A, (Q) to a Whitney stratification of P,(R*,R?) by taking the top dimensional
stratum to to be P,(R¥, R\ U 1(Q)C.

PROPOSITION 7.3.3. Let Q be a closed G-invariant semialgebraic subset of
J"(V,W), A be a closed subset of R®* C'V x R®, and f € CF(V x R*,W). Then

J7F he 7 H(Q) on A if and only if (f) M AL(Q) on A.

~ PrOOF. By definition of A,(Q), 7(f) M A.(Q) on A if and only if H,.(f) M
U71(Q) on A. Now use lemma 7.3.2. O

T

COROLLARY 7.3.4. Let Q) be a closed G-invariant semialgebraic subset of
J(V,W), and A be a closed subset of R® C V x R*. Then {f € CZ(V x
RS, W) | 5" f he 771 (Q) on A} is an open dense subset of CF(V xRS, W) (Whit-
ney C*-topology).
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PrRoOOF. We obtain density by applying the Thom jet transversality theorem
to the r-jet extension map j"gx along A. For openness, we start by noting that
since A,(Q) is a Whitney stratification of a closed subset of P,.(Rf,R¥), the set
of (g1,...,9x) € C®(R" x R*)* for which j"gx M A,.(Q) along A is open. But the
map C®(R? x R*)* — CX(V x R*, W), (g1,...,9%) — > g;P F; is open by the
Open Mapping Theorem (see the proof of lemma 6.6.11). This ‘local’ result in
the C'*°-topology implies openness in the Whitney C'*°-topology. 0J

Proposition 7.3.3 and corollary 7.3.4 suffice for our applications to equivariant
bifurcation theory.

7.3.1. Intrinsic formulation of jet transversality. In the remainder of
this section we briefly sketch how we can formulate the definitions for equivariant
jet transversality in a more intrinsic way so as to parallel what we did in chapter 6
for equivariant transversality. We will not use any of these results in the sequel.

Let M = {p € P(V)“ | p(0) = 0}. For r > 0, let M+ <« P(V)% be the ideal
generated by all » 4+ 1-fold products of elements in 9. We similarly define the
ideal M7 < C=(V)¢.

LEMMA 7.3.5. Let 7 > 0 and set U, = Pg(V,W) /9" Ps(V,W).

(1) Cx(V,W)/MC(V,W) =~ U, (as vector spaces).

(2) A choice of minimal sets of homogeneous generators F for Po(V, W) and
P for P(V)Y determines a vector space surjection

x2P PL(RYRY) — U,
x2P is a linear isomorphism if r = 0.

PROOF. Since Pg(V,W) C Cg(V,W), there is a natural homomorphism
of Po(V,W) in C¥(V,W)/MHCx(V,W). If P € PLV,W) maps to zero in
Cx(V,W) /MM Ce(V,W) then P € M P;(V,W). Hence the natural map
Po(V,W) /U Po(V, W) — CF(V,W) /MO (V, W) is injective. Surjec-
tivity follows from Schwarz’s theorem, proving (1). If t = (c,(Al,..., A")) €
R @ @7_, L} (R, R¥), we define

XEP) = (c;+ > AloP)F; € Po(V, W),

J

Quotienting by M 1 Pg(V, W), we see that 77 determines the required surjec-
tion x77 : P.(RY\,R¥) — U,. It follows from lemma 6.6.5 that if » = 0, then
x2P is a linear isomorphism. O

REMARK 7.3.6. In general x> will not be a linear isomorphism if 7 > 0.
However, if (V,G) is the standard representation of a finite reflection group,
then there are no relations in P. If there are no relations in F (for example,
if (W,G) = (V,G) and (V,G) is a finite reflection group), then x>* is linear
isomorphism for all » > 0.
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Let II, : C&(V, W) — U, be the projection map given by Lemma 7.3.5. Given
s >0, define II, : CX(V x R*, W) — C>(R*,U,) by IL.(f)(t) = II.(f;), t € R®.

LEMMA 7.3.7. The map 11, : CF(V x R*, W) — C>®(R*,U,) is continuous
with respect to the C*-topologies on CF(V x R*, W) and C*(R*,U,).

PRroOF. After choosing generating sets F, P, the result may be proved along
the lines of lemma 6.6.11. Alternatively, we can use results on the existence of
continuous linear sections (see remark 6.6.14). O

Assume now that V¢ = {0}. Let @ be a closed G-invariant semialgebraic

subset of J"(V,W). Give U-1(Q) C V x P, (R, R*) the canonical stratification
and let A,(Q) denote the induced stratification of U, (Q)9 C P,(R",R). Set
A(Q) = x7P(UH(Q)).

LEMMA 7.3.8. Let AX(Q) = x7T(A(Q)). Then AXQ) is a well-defined
Whitney stratification of A,.(Q) which is independent of the choice of generating
sets F,P. If ACR® and f € CX(V x R*, W) then 5" f thg Q along A if and
only if IL.(f) M AX(Q) along A.

PROOF. We indicate the proof in case r = 1. Let © C L(R’, R¥) be the linear
subspace consisting of all matrices 6 = [6;;] such that
¢

D) bupiF =0 (in Po(V,W)).

i=1 j=1

(Of course, © may just consist of the zero matrix in which case y; is a linear
isomorphism.) If @ € ©, we define the G-equivariant polynomial automorphism

K(0) of V x P(R*, R¥) by
K(0)(z,t°,t') = (v, Ko(z,t°,0), Ki(z,t",0)),

where
l
Ko(l’,to,0>i = t?—i—Z@ijpj(x),
=1

Kl(l',tl,e)ij = tllj + 013

For all @ € ©, U, o K(8) = U,. It follows that K(0)(U;(Q)) = U; 4(Q). Hence
A3 (Q) is a well-defined Whitney stratification of A;(Q). The independence of
A% (Q) from the choice of generating sets follows from proposition 7.2.13. U

7.4. Stability and determinacy

Throughout this section we assume that (V,G) is an absolutely irreducible
G-representation of the finite group G. Let V) = Vo(V,G) C CX(V x R, V)
denote the space of normalized 1-parameter families of vector fields on V. We
recall some notation and definitions from example 7.2.7. Let H (V') denote the
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open dense semialgebraic subset of L(V, V') consisting of hyperbolic linear maps

and define
Zy={(x,0,A) e J(V,V) | A ¢ H(V)}.

Then ¥, = U;1(Z,) is a closed G-invariant semialgebraic subset of V x P, (R, R¥)
and codim(X;) > dim(V) + 1 (remark 7.2.8 and below).
We define

Ka(V) = {X eKg(V)|jiX g Z; at (0,0) € V x R}
= X eWV,G)|;°X =X Mg 0, jiX Mg Z; at (0,0) € V x R},

LEMMA 7.4.1. (1) K&(V) is an open and dense subset of Vo(V,G).
(2) If X € K5(V), then X satisfies the branching conditions (B1, B2, B3).

PRrROOF. (1) is immediate from the equivariant jet transversality theorem —
corollary 7.3.4 suffices. (2) Since X € Kg(V), X satisfies (B1), theorem 7.1.5(2).
Since ji X Mg Z; at (0,0), we may use either example 7.2.7 or codim(3;) >
dim(V)+1 to deduce that that (0,0) € V xR is an isolated point of (j; X)~1(Z;).
Hence X satisfies (B2,B3). O

THEOREM 7.4.2. K4(V) C S(V,G) (stable families). In particular, S(V,G)
is an open and dense subset of Vo(V,G).

PROOF. Suppose that X € KL(V). Since X € Kg(V), we can choose an open
neighbourhood U of X in K (V') such that if Y € U, then (a) Y has a branching
pattern X(Y'), and (b) there is a continuous path in U joining Y to X. In
particular, X and Y have isomorphic branching patterns by the isotopy theorem.
Since K}(V) is open, we may suppose U C K5 (V). Hence, by lemma 7.4.1, every
Y € U has a signed indexed branching pattern ¥*(Y’). Since we can connect Y to
X by a continuous path in U/, lemma 7.4.1 implies that X and Y have isomorphic
signed indexed branching patterns and so K5 (V) € S(V,G). O

Let dy be the maximum degree of the polynomials in a minimal set of homoge-
neous generators for P;(V, V) and ey be the maximum degree of the polynomials
in a minimal set of homogeneous generators for P(V). Set Dy = dy + ey and
note that dy, ey and Dy depend only on the isomorphism class of the represen-
tation G (and not on the choice of generating sets).

THEOREM 7.4.3. Equivariant bifurcation problems on (V, Q) are d-determined,
where d < Dy .

PROOF. We already know that G-equivariant bifurcation problems on (V, G)
are weakly d-determined, where d < dy (lemma 7.1.9). Fix minimal sets F
and P of homogeneous generators for Pg(V,V) and P(V)% respectively. By
proposition 7.3.3, X € K5(V) if and only if X € Kg(V) and 7 (X) h AT at
0 € R, where A7 is the Whitney stratification of £ = U;1(Z;)¢ c Py (R’ RF)
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induced from the canonical stratification of ¥; = U;}(Z;). We may write

X(@ )= (¢+ Zcﬁpi(m))F](x)

J=1

where ¢; € C®(R), ¢;; € C*(V x R)%. Since X € Kg(V), ¢1(0) = 0 and
(cay...,c)(0) € Ag_q, where Ay is the codimension 1 stratum of the stratifica-
tion of R* induced from the canonical stratification of ¥. Let B C P (R?, R*) de-
note the codimension 1 stratum of the stratification A7 Since 71 (X)(0) € X¢,
we have v, (X) h A7 at 0 if and only if (c5(0), ..., cx(0), (¢;(0,0))) € B. That
is, X € K5(V)ifand only if (co, ..., ¢)(0) € Ag_1 and (¢2(0), ..., cx(0), (¢;;(0,0))) €
B. These are open and dense conditions on the Dy-jet of Xy at 0. More formally,
let PéDV)(V, V')o denote the subspace of P((;DV)(V, V') consisting of polynomials P
such that DP(0) = 0. We define R(Dy) C P((;DV)(V, V') to consist of polynomials
P such that

z) :chzrj(xwzzjcﬂn z) + Q(a),

=1 i=1

where (ca,...,cx) € Ap_1, (c2,... ¢k (cij(0))) € B, and Q € m?Pg(V,W).
Clearly R(Dy ) defines an open and dense set of PC(;DV)(V, V). If X €V then

X is stable if j7v X(0) € R(Dy). Hence equivariant bifurcation problems on
(V,G) are d-determined, where d < Dy. O

7.4.1. A reformulation of the stability criterion. It is natural to ask
whether j1X Mg Z; at (0,0) € V x R implies that X € Kg(V). This is cer-
tainly the case when there is no assumption of G-equivariance. In [60, 57| we
approached the proof of theorem 7.4.3 slightly differently. Rather than work with
the twin conditions X thg 0 at (0,0) € VxR and j1 X Mg Z; at (0,0) € VxR, we
defined a new Whitney stratification Q* of ¥ x L(R’, R*) C V x P (R’ R¥) and
corresponding induced stratification A} of Py (R, R¥) such that (a) ¢ is a union
of Q*-strata and (b) the transversality of v, (X) to A} implies that X € Kg(V).
As this approach sheds some light on the structure of Y1, we recall the main ideas
(this section is not used elsewhere in the book).

If 7 € O(V,G), ¥, is a k-dimensional submanifold of V' x R* (lemma 6.9.4).
A point £ € ¥, C X is singular if £ € 3, for some 7 # 7. Otherwise £ is regular.
Let 3, denote the set of all regular points of ¥ and 3, = ¥\ 3, denote the set
of singular points.

LEMMA 7.44. (1) ¥, x L(R,R¥) € 3.
(2) ¥; =X, x LRERF) U Yy, where Ty = {(x,t%,t!) € Z, | (z,t°) € .}
In particular, if X = Zle fiF;, where fi € C*(V)Y, 1 < i < k, and
(z, (fi(z),..., fulx))) € 4, then j' X (x) € Z,.
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PROOF. Let ((wo,t9), [ai;]) € Xy x L(RY RF). Define J : V x R¥ — V by

J(z, Z (t: + Zam pj(z) — pj(wo)) Fi(x),

and define F € C(V,V) by F(z) = J(z,t)). Since F(xy) = 0 and Dy J(z¢,t)) =
DF(xg), we see that if DF(z,) is nonsingular then (o, t)) is a regular point of
J710). Now 9 = J o A, where A is the G-equivariant diffeomorphism of V' x R¥
defined by

~

)4
A(z,t) ZCLU pi(x) — p;(20)) 7Za’kj pj(z) — pj(z0))).

J=1 J=1

Since A(zg,t3) = (g, t), it follows that if (x¢, t9) is a regular point of J~1(0) then
(79, t3) € X,. This contradicts our assumption that (zg,t°) € X, and so DF(z)
must be singular proving that ¥, x L(RY,R¥) C ¥;. Notice that this argument
shows that if X € C(V,V) and I'x(zg) € X5 then DX (z0) is singular. O

LEMMA 7.4.5. (Notation as in lemma 7.4.4.)

(1) 0T, C B, x LR, R*) and dim(9Y,) < k + kf — 2.

(2) dim(X, x L(RY,R*)) <k + k( — 1.

(3) The canonical stratification of 3y restricts to the canonical stratification
Of Tl-

PROOF. (1) Since T; = ¥; N (X, x L(RY, R¥)) and X is closed, 9Y; C X, X
L(R*,R¥). Since T is semialgebraic of dimension k+kf—1, dim(0Y;) < k+k(—2.
(2) follows since dim(X,) < k — 1 and (3) is implied by (1) since ¥, x L(R¢ R¥)
is a closed subset of ;. O

COROLLARY 7.4.6. Let X € K{(V). Then there exists a neighbourhood U of
(0,0) € V xR such that for all nonzero (x,\) € U such that X\(xz) =0, DX,(x)
18 nonsingular.

PRrROOF. If X € KL(V), then j1X th Z; at (0,0). Since (0, H;(0,0)) € ¥, x
L(RY,R¥), lemma 7.4.5 (1,2) implies that we can choose a neighbourhood U of
(0,0) € V x R such that (a) Hy(x,\) ¢ Yy, all (x,\) € U and (b) Hy(z,\)
Y X L(RY RF) if and only if (x, \) = (0,0).

Om

PROPOSITION 7.4.7. There exists a Whitney reqular stratification IC of 3 x
L(RY RF) C V x Py(R" R¥) such that

KL(V) ={X e Vo(V,G) | (I, H (X)) h K at (0,0) € V x R}.

If we let A% denote the induced stratification of Pi(R¢ R¥) then for all X €
VWo(V,G), X € KL(V) if and only if v1(X) M A} at 0 € R.
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PROOF. By lemma 7.4.4, ¥ is the disjoint union of ¥, x L(R’ R*) and T;.
Give X1 the canonical stratification C. Applying lemma 7.4.5, we see that the
canonical stratification of T is a union of strata from C. In what follows we will
not change any of the strata comprising T;. Set X% = ¥ x L(R*, R¥). Then X, C
39 and dim(X°) = m, where m = k + kl. We define K, = 2, x L(R*, R¥)\ 97;.
This will be the top dimensional stratum of our new stratification of ¥°. Observe
that since dim(Y;) = m —1, dim(9Y;) < m —2 and so dim(K,,) = m. Since K,,
is an open subset of 3, x L(R¢ R¥), every point of K,, is regular. We now carry
out the procedure for the canonical stratification of 3" subject to K, being the
top-dimensional stratum. Observe that no strata in T, lie in the boundary of K,,.
Let 3,5 denote the set of regular points in the singular set 3. If dim(X;) < k—1,
we take K, _1 to be the union of the (m—1)-dimensional strata in T;. Otherwise,
we excise from T, = (3,5 x L(R*, R¥))\ 0T, the closure of the set of all points
where Whitney regularity fails for the pair (7,,-1,Y;,). Adding in the m — 1-
dimensional strata from T, we thereby construct K,,_;. The process continues
using the obvious induction — the method is the same as that used to construct
the canonical stratification. O

REMARK 7.4.8. If (X,,,%,) satisfies the Whitney regularity conditions (or if
the points where (b)-regularity fails lie in 971), then K, 1 = T},,_1. In this case
that if ji X Mg Z; then we automatically have X g 0 at (0,0) (this is always
the case for non-equivariant maps). Unfortunately, we do not know the extent
to which we can expect to see points in the primary stratification of ¥ where
(b)-regularity fails. We know of no examples where the primary and canonical
stratifications differ. However, this cannot be regarded as serious evidence for the
two stratifications to coincide. Most of the examples we have are determined by
either the homogeneous quadratic or cubic terms. This is typically not the case
for say the higher degree irreducible representations of SO(3) but then we have
no reasonable way of computing the universal variety let alone verifying Whitney
regularity. In a similar vein, solution branches are necessarily C' (branching
condition B1) but we have no examples where solution branches fail to be smooth
C>. Note that even if (local) connected strata pairs (U, V') in the canonical
stratification of 3 are analytically locally trivial, it does not follow without further
work that the associated C''-manifold U UV is smooth.

EXERCISE 7.4.9. Show that the canonical stratification of the universal variety
associated to the representation (R?,Zs x S3) is not locally analytically trivial.

7.4.2. Example: computations for (R, Dy).

ExXaAMPLE 7.4.10. We carry out detailed computations for a simple example.
Take G = H, (the dihedral group Dy) acting in the standard way on V = RZ.
Denote coordinates on V' by (z,y). We write a general point in V, without
coordinates, in bold as x. It is helpful to use some simple notation for the four
isotropy types of the action of D, on V. We denote the isotropy type of the
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origin by ¢, at non-zero points (x,0) by h, at (x,z), x # 0, by d, and at (z,y),
zy(z® — y?) # 0, by e. As basis for P(V)#2 we take p(x,y) = (2* + y?) and
pa(z,y) = (2 +y*) /4. A basis {F}, Fy} for the P(R?)2-module Py, (V,V) is
given by the gradients of p1, ps:

Fl(xay) = (.fC,y), F2<x7y) = ($3,y3).

Since k = ¢ = 2, we have P;(R? R?) = R? @ L(R?* R?). Let t = (t1,ty) € R?,
A = [a;] € L(RLR?). Then Uy(x,t,A) = (z, 37 t;Fj(x), X1, Sit, A)),

where
10 322 0
Sy(t, A) =t Syt A) =t ,
A= (g | ) sear=n( o 5, )

2 4 3
. a11xr” + a9x anxTy + apxy
Ss(t, A) = < anry + awpr’y any® + any’ ) ’

Sit ) = (e e,
The universal variety ¥ C V x R? is the common zero locus of
o +tx® =0, tiy+ty® =0.

We write ¥ = 3,UX,US,UY,. Each of these subsets of ¥ may be given explicitly
in coordinate form. For example,

Y = {(0,0,t,t2) | (t1,t2) € R?},

Yy = {(z,£3,t1,t) €V x R? | t; + tya® = 0},

Y. = {(2,9,0,0) € V xR?*| (x,y) € V}.
We write Uy : V x P1(R*,R?*) — V x V x L(V, V) in the form

Ur(x,t,A) = (x,T(x,t), L(x,t,A)).

Computing L(x,t,A), we find that

. tl + 3t2$2 + a11x2 anxry 4
socea) = (10 e ey ) T OURIY,

The O(||x||*) terms are independent of t and depend linearly on a9, as;, as. Next
we compute L(x,t, A) for (x,t) € . As we shall only be interested in the case
when f g 0 at (0,0), we assume ¢y # 0. If (x,t) € Xy, then L(x,t,A) = t11y.
Hence a necessary condition for (t,A) € ¥, = U;'(Z;) is t; = 0. Suppose
(x,t) € 4. We have x = y and t; + t,2? = 0. Substituting in our expression for
L(x,t,A) we find that

. (2t2 + a11)$2 a11x2 4
L(X,t,A) = ( a11132 (2t2 —|—CL11)$2 "‘O(CC )
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Provided that ¢q,ts + a11,t2 # 0, we may choose r > 0 such that if 0 < |z| < r,
t1 # 0, then L(x,t,A) € H(V). If to(ta + a11) = 0, then although we can
choose ajg, asy, ase,r > 0 so that L(x,t,A) € H(V), t; # 0, 0 < |z| < r, this
condition will not be stable under perturbations of t, A. A similar analysis holds if
(x,t) € ¥,US, and we find that L(x,t, A) € H(V) provided that ¢, 2ty +a1; # 0.
If 2t5 + a3 = 0, we can choose ajg, Gg1, ase so that L(x,t,A) € H(V), t; # 0.
Again, this condition will not be stable under perturbations of t, A. As a result

of our analysis the top dimensional stratum B of 3¢ C R? x L(R?,R?) is given
by

B = {(t,A) | tl = O,tg 7é O,tQ +&11,2t2 —i—an 7é 0}

These are exactly the conditions given in proposition 4.5.4 (note that the a of
proposition 4.5.4 is related to ay; by a = a11/2). For this example it is easy to
see that ji X g Z; at 0 € V implies that X € Kg(V).

REMARK 7.4.11. The computations of example 7.4.10 are not recommended
as a good way of actually working out the order of determinacy for G-equivariant
bifurcation problems on an absolutely irreducible representation. The methods
used in chapter 4 to establish 3-determinacy for subrepresentations of the hype-
roctahedral group are far easier (and more powerful) as we only have to consider
one invariant in addition to the cubic generators in F. However, theorem 7.4.3 has
two important consequences. Firstly, in order to determine stabilities of branches
in generic equivariant bifurcations, it is only necessary to consider coefficients f;
of the equivariants F; which are affine linear in the polynomial invariants. That
is, fij(x) = ¢; + Zle ¢;ipi(x), cjeji € R Secondly, in order to deduce that a
branch of solutions of a generic equivariant bifurcation will be hyperbolic it suf-
fices to check that if the branch has isotropy H, then zeros with isotropy H of a
generic equivariant vector field will be hyperbolic. Indeed, this condition implies
that the corresponding top-dimensional strata of ¥¢ has codimension 1.

7.5. Higher order versions of G-transversality

Suppose M, N are smooth manifolds and that () is a submanifold of N. Let
f € C°(M,N) and suppose that f h Q. It is easy to show that for all r > 0,
Jrf M J(M,Q), where J"(M, Q) is regarded as a submanifold of J"(M, N). In
fact, if f M Q and dim(Q) < dim(N), we always have ;" f(M) N J"(M,Q) = 0,
r > 1. As observed by Bierstone [14, 15|, this result fails in the equivariant
category if we use the definition of G-transversality for maps given in chapter 6.
That is, f Mg @ does not imply j"f thg J"(M, Q). Although this failure does
not seem important for the study of local equivariant bifurcation theory, it is
important for the stability and classification theory of equivariant maps (and it
may be significant in the study of reversible equivariant vector fields and higher
codimension problems). We illustrate with two examples.
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ExXAMPLES 7.5.1. (1) (Bierstone [14, 15]) Let SO(2) act on C as multipli-
cation by ¢ and on C? as multiplication by (¢*,e??). A minimal set of homo-
geneous generators for the P(C)5°®-module Pso)(C, C?) is given by Fi(z) =
(2,0), Fy(2) = (0,2%). Every f € Cgy,(C,C?) may be written (uniquely) in
the form f(z) = (a(|z]*)z, 8(|z|*)2?) where a, 3 : R — C are smooth. We have
f Mso@) 0 at 0 € C if and only if a(0) and B(0) are not both zero. How-
ever, if a(0) = 0, Df(0) is singular at zero. If we add the requirement that
gtf m JYC,{0}), then a(0) # 0 (and so j'f(0) ¢ J'(C,{0})). On the other
hand if «(0) = 0, then j'f(0) € JY(C,{0}) and j'f is not SO(2)-transverse
to JY(C,{0}) at = = 0. Since j'f(0) ¢ J'(C,{0}) if a(0) # 0, it is trivial
that j7f(0) ¢ J"(C,{0}) for all » > 1 if a(0) # 0 and so this sequence sta-
bilizes at r = 1. If instead we took the SO(2)-action on C? given as multipli-
cation by (e™,e"™) we may write f € O, (C,C?) uniquely as f(z2) =
(a(|z*)2™, B(]2]?)z"). We have f Mgo) 0 at 0 € C if and only if (0) and 3(0)
are not both zero. We find that j" f tgo2) J"(C,{0}) provided a(0) # 0. We
then have j" f(0) ¢ J"(C,{0}), r > n, and so j" f Mhso2) J'(C,{0}), for all r > n.
(2) Let SO(2) act on V = C? as multiplication by (e*?,¢%) and on W = C? as
multiplication by (e, e™). A minimal set of homogeneous generators for the

P(V)59®@-module Pso)(V, W) is given by
Fi(21,20) = (2122,0), Fo(21,20) = (0, 2122), F(z1,20) = (0, 2123
Fy(z1,2) = (5%z270) F5(21,20) = (Zilfza()), Fe(z1,20) = (0,2{’22).

The universal variety ¥ C V x C5 may be written as ¥ = (V x {0}) U (X x
C%), where X = {(z1,22) | z122 = 0}. The canonical stratification A of C° is
given by A = (C°\ {0}) U{0}. If f € CF o) (V. W), we may write f(21,22) =
Z?:l fi(z1, 22) Fi(21, 22). We have f thgo(2) 0 at 0 € V' if and only if at least one
of the f1(0,0),..., f6(0,0) is non-zero. On the other hand, j2f thso@) J*(C?,0)
at 0 € V if and only if f1(0,0) # 0. If f1(0,0) # 0 then j” f thso@) J"(C?,0) for
all » > 1.

DEFINITION 7.5.2 ([15, section 8]). Let M, N be smooth G-manifolds, () be
a closed G-invariant submanifold of N and A C M. A map f € CF(M,N) is in
rth-approzimation to equivariant general position to () along A if for ¢ =0,...,7,
Jjif mg JUN,Q) along A. If f is in rth-approximation to equivariant general
position to @ along A for all » > 0, then f is in equivariant general position to
Q along A.

We adopt some new notation. If f € C (M, N) is in rth approximation to
equivariant general position to () along A C M, we write “f hg, Q@ on A”. If f
is in equivariant general position to () along A, we write “f Mg @ along A”.
We remark that f g @ along A <= f hgo Q along A.

Bierstone proves [15, Theorem 8.4] that if (V, G), (W, G) are G-representations
then there exists r = r(V, W) such that f Mg, 0 at 0 € V implies that f Mg e O
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at 0 € V. It follows that the sequence of approximation conditions always sta-
bilizes on a compact subset of N. From this it follows that the openness and
density theorem for G-transversality extends to Mg o [15, Theorem 8.6].

7.6. Extensions to the case of non-finite G

Most of what we have done in this chapter for finite groups GG extends without
difficulty to general compact Lie groups G. The main differences are that new
definitions of branch and indexed branching pattern are required and some state-
ments on dimension need to be modified. In this section we describe the main
definitions and results. We will be brief on details of proofs as much of what
we do is quite similar (though simpler) to the more general theory we develop
in chapter 10 for studying branches of relative equilibria, relative periodic orbits
and limit cycles.

7.6.1. Equilibrium G-orbits. We briefly review definitions and elementary
properties of equilibrium group orbits. Suppose that G is compact Lie group
and M a smooth G-manifold. For each 7 € O(M,G), choose H € 7 and set
A, = G/H — a representative G-orbit with isotropy type 7. We recall our earlier
notations that dim(A,) = g, and dim(N(H)/H) = n..

DEFINITION 7.6.1. Let X € C¥(T'M). A G-orbit a C M is an equilibrium
G-orbit of X if X|a = 0.

REMARK 7.6.2. If X € CZ(T'M) and there exists x € M such that X (z) =0,
then Gx is an equilibrium G-orbit.

LEMMA 7.6.3. Let o be an equilibrium G-orbit of X € CZ(TM). For all
r € a, T,X|T,ao = 0. In particular, if o has isotropy type T then 0 is an
eigenvalue of T, X with multiplicity at least g, .

PROOF. Immediate since X|a = 0. O

DEFINITION 7.6.4. An equilibrium G-orbit « C M, of X € CX(TM) is
transversally hyperbolic or generic if for any (each) x € « there are precisely
dim(M) — g, eigenvalues of T, X : T,M — T, M which have real part nonzero.
The index of «, ind(X,«), is defined to be the number of eigenvalues of T, X
(counting multiplicities) which have real part less than or equal to zero.

REMARKS 7.6.5. (1) If a C M, is an equilibrium G-orbit of X € CX(T' M),
then 0 is an eigenvalue of T, X of multiplicity at least g,. Hence there can never
be more than dim(M) — g, eigenvalues of T, X with nonzero real part.

(2) If « is transversally hyperbolic, then « is normally hyperbolic [93]. In fact
normal hyperbolicity is immediate as dynamics is trivial restricted to o and so
the normal behaviour automatically dominates the tangential behaviour.

(3) Suppose that o C M, is transversally hyperbolic for X. It follows from
the stability of normal hyperbolicity [93], or directly, that there exists an open
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neighbourhood U of X in CF (T M) (C*-topology), and a G-invariant open neigh-
bourhood V of a in M such that every X’ € U has a unique flow-invariant G-orbit
o/ C V which is normally hyperbolic. Unless n, = 0, o/ will generally not be an
equilibrium G-orbit.

(4) We generally use the term ‘transversally hyperbolic’ rather than ‘generic’
for equilibrium G-orbits. Later, when we investigate relative equilibria (flow-
invariant G-orbits), we always use the term ‘generic’ for normally hyperbolic
relative equilibria.

EXERCISE 7.6.6. (1) Assuming the necessary results on normal hyperbolic-
ity [93], show that if « is a transversally hyperbolic equilibrium G-orbit for X,
then there exist G-invariant stable and unstable manifolds W*(«), W"(«) for a.
Verify that W*(a), W"(«) intersect transversally along a and that ind(X, o) =
dim(W*(«)). (These results may also be proved using slices without recourse to
the theory of normal hyperbolicity [52]. We indicate how in the next chapter.)
(2) Let aw C M, be a transversally hyperbolic equilibrium G-orbit of X. Show
that « is an attractor if and only if ind(X, o) = dim(M).

7.6.2. Branching and stability for compact Lie groups. For the re-
mainder of the section we assume G is a compact Lie group and (V,G) is an
absolutely irreducible G-representation.

DEFINITION 7.6.7. Let X € Vo(V,G) and 7 € O(V, G). A branch of equilibria
of isotropy type 7 for X at (0,0) € V x R is a C'!' G-equivariant map

o= (x,A):[0,0] x A, -V xR,
satisfying
(1) ¢(0,u) = (0,0), all u € A,.
(2) For all s € (0,0], ay = x(s,A;) is an equilibrium G-orbit of X)) of
isotropy type 7.
(3) For every u € A,, the map ¢, : [0,d] — V xR, s — ¢(s,u), is a
C'-embedding,.
If oy is transversally hyperbolic for X)), s # 0, the branch ¢ is a branch of
transversally hyperbolic equilibrium G-orbits.

EXAMPLE 7.6.8. Define maps c¢*,c¢™ : [0,00) — V x R by ¢*(s) = (0, £s),
s € [0,00). The maps c¢* define the trivial branches of equilibrium G-orbits for
any X € Vy(V,G). Both branches are transversally hyperbolic.

We regard two branches of equilibrium G-orbits as equivalent if they differ
only by a local reparameterization (see section 10.1.3 for more a precise definition
of what is meant by ‘local reparameterization in this context). Let [¢] denote the
equivalence class of the branch ¢. It is easy to verify that if a branch ¢ has a
parameterization as a branch of transversally hyperbolic G-orbits, then the same
is true for all parameterizations of ¢. It follows that we may talk about the
equivalence class ¢ as being transversally hyperbolic.
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DEFINITION 7.6.9. Given X € Vy(V,G), we let ¥(X) denote the set of all
equivalence classes of nontrivial branches of equilibrium G-orbits. We call ¥(X)
the branching pattern of X.

REMARK 7.6.10. Unlike the earlier definition we gave, where we assumed G
was finite, our new definition of branching pattern is framed in terms of G-orbits
and so 2(X) has only the structure of a trivial G-set. However, we regard each
equivalence class in (X)) as being labelled with the isotropy type of the branch.

DEFINITION 7.6.11. Suppose ¢ = (x, ) : [0,0] x A, — V x R is a branch of
transversally hyperbolic G-orbits for X € Vy(V,G). The branch is supercritical
(or forward) if N'(s) > 0 for all s € [0,0]. If N'(s) < 0, the branch is subcritical
(or backward).

LEMMA 7.6.12. Let X € Vo(V,G) and suppose ¢ = (x,A) : [0,0] x A, — VxR
is a branch of transversally hyperbolic G-orbits for X. Then N (s) # 0, s € (0, 4].
In particular, ¢ s either supercritical or subcritical.

ProOOF. We refer the reader to the proof of lemma 10.1.13. 0

Suppose that ¢ = (x,A) : [0,6] x A; — V x R is a branch of transversally hy-
perbolic G-orbits for X € Vy(V, G). By continuity, ind(X ), x(s, A;)) is constant
on (0,0]. Hence we may define the index of ¢, ind(¢), to be the common value of
the indices of the nontrivial equilibrium G-orbits along the branch. Just as for
finite G, the index function is well defined for all equivalence classes [¢] € (X))
corresponding to transversally hyperbolic branches. Using lemma 7.6.12, we sim-
ilarly define sgn([¢]) € {£1} whenever [¢] € X(X) is the equivalence class of a
transversally hyperbolic branch.

Following section 4.2, we may formulate branching conditions on normalized
families.

Condition B1
There exists a finite set ¢1, ... ¢, o of solution branches, with images C,...C, o
(C; = image(¢;)), such that

(1) (X)) = {[n], .., [¢r]} and [pr1a] = [¢7], [fry2] = [c¢7].
(3) There is a neighbourhood N of (0,0) in V' x R such that
Z(X)NN = UZLC;

Condition B2
Every [¢] € ¥(X) is a branch of transversally hyperbolic equilibrium G-orbits.

PROPOSITION 7.6.13. Let Kg(V) ={X € Vy | X Mg 0, at 0 € V'}.

(1) Ka(V) is an open and dense subset of Vy.
(2) If X € Kg(V), then X satisfies the branching condition B1.
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PRrROOF. The proof is similar to that of theorem 7.1.5. In order to verify that
the X satisfies the branching condition B1, we use the argument of the proof of
theorem 7.1.5 applied to ©# | where H € 7. O

REMARK 7.6.14. There is an isotopy result similar to that of theorem 7.1.5.

Along exactly the same lines as in section 7.1, we may show that G-equivariant
bifurcation problems on (V, G) are weakly d-determined, where d is the maximal
degree of polynomials in a minimal set of homogeneous generators for Pg(V, V),
and that g (V') is contained in the space of weakly stable families. Of more
interest perhaps are the computations determining which isotropy types can be
expected to occur in the branching patterns of generic 1-parameter families.

Following section 6.15, given 7 € O*(V, G), we define the closed semialgebraic
subset R. of R¥ by R, = 0%, N R*. An isotropy type will not occur as the
isotropy of a branch of equilibrium G-orbits for X € Kg(V) if codim(R,) > 1.
The isotropy type will be symmetry breaking if codim(R,) = 1 and generically
symmetry breaking if R, is the hyperplane t; = 0.

PROPOSITION 7.6.15. Let 7 € O*(V,G). Then codim(R,) > 1+ n,. Conse-
quently, if ny > 0, 7 is not a symmetry breaking isotropy type.

PRrOOF. The result follows by lemma 6.15.2. 0

For the remainder of the section we discuss the issue of stabilities along
branches of equilibrium G-orbits.

Let Lg(V,V) = L(V,V)\ H(V). If A € Lg(V,V) then A has at least one
eigenvalue on the imaginary axis. For each 7 € O(V,G), let L.(V,V) denote
the G-invariant subset of L(V,V') consisting of maps that have at least g, +
1 eigenvalues on the imaginary axis (counting multiplicities). If g, = 0 then
L.(V,V) = Lg(V,V); otherwise L,(V,V) is a proper subset of Lg(V, V).

LEMMA 7.6.16. For all T € O(V,G), L.(V,V) is a closed G-invariant semi-
algebraic subset of L(V, V).

PROOF. Set g, = m and let A € L(V, V) have characteristic polynomial p(\).
Suppose dim(V') = n so that p()) is of degree n. Then A € L.(V,V) if and only
if there exists a factorization

p(N) = X T T + i) q(N),

=1

where p+23 7 ¢ =m, 0 < oy < az < ... < ag, and ¢ has no roots on the
imaginary axis. From this one may easily show that the set of characteristic
polynomials which have this root structure determines a semialgebraic subset
Sp.agrrngs of R™ (the coefficient space for characteristic polynomials). Take the
(finite) union of S, 4, 4, over all possible p, g1, ..., gs such that p+23%7_, ¢; = m.
The resulting set S is a closed semialgebraic subset of R”. But now L,(V,V) =
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¢ 1(9), where ¢ : L(V,V) — R" is the polynomial map which sends A to the
coefficients of the characteristic polynomial of A. U

For 7 € O(V, G), define
Zi(1) = {(2,0,A) € JHV,V) |z €V,, A€ L (V,V)}.
We see from lemma 7.6.16 that Z;(7) is a G-invariant semialgebraic subset of

TV, V). Set Zy = Urcovay Zi(7) C JH(V, V).

LEMMA 7.6.17. Z; is a closed G-invariant semialgebraic subset of J*(V,V).
If G is finite, Zy coincides with Zy as defined in example 7.2.7 and section 7.4.

PRrROOF. It is obvious from the construction that Z; is a G-invariant semi-
algebraic subset of JY(V, V). If G is finite, Z; = V x {0} x Lg(V,V), and the
definition is the same as our earlier definition. It remains to prove that Z; is
closed. For this, it suffices to observe that

0Z1(r) = 90V, x {0} x L. (V,V),
= UV, x {0} x L(V,V),
C UV, x {0} x L,(V,V),
since if p > 7, g, < g, and so L,(V,V) C L.(V, V). O
Just as we did for G finite, we define
Ke(V) = {X eKg(V)]|jiX g Z; at (0,0) € V x R},
= {X eV(V,G) | j°X thg 0, jiX g Z; at (0,0) € V x R},

The proofs of the following results are all similar to those of the corresponding
results when G is finite.

LEMMA 7.6.18. (1) K&(V) is an open and dense subset of Vo(V, G).
(2) If X € K5(V), then X satisfies the branching conditions (B1, B2).

THEOREM 7.6.19. KL(V) C S(V,G) (stable families).

THEOREM 7.6.20. Equivariant bifurcation problems on (V, Q) are d-determined,
where d < d,.

7.7. Notes on chapter 7

The equivariant version of Thom’s jet transversality theorem was proved by
Bierstone and appears in [15]. The result was used in his work on the stability the-
ory of smooth equivariant maps [15] which completed the programme started by
Poenaru [143] and Ronga [150] to prove Mather’s stability theorems for smooth
equivariant maps. Applications to equivariant bifurcation theory were first given
in [57] and developed further in [60]. While equivariant jet transversality is tech-
nically complicated to set up on account of the use of Fad di Bruno’s formula
and the factorization scheme, applications to equivariant bifurcation theory are
relatively straightforward. This is because arguments are local, generators can be
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assumed homogeneous and, at least for the codimension one theory, it is only nec-
essary to look at the 1-jet extension map. Methods generalize straightforwardly
to the study of relative equilibria (see chapter 10 and [60]).






CHAPTER 8

Equivariant Dynamics

In this chapter we investigate of the theory of equivariant dynamical systems
on smooth G-manifolds. We assume throughout that GG is a compact Lie group
and M is a smooth G-manifold.

Much of the chapter will be devoted to a careful study of the dynamics of
equivariant diffeomorphisms and flows on and near dynamically invariant group
orbits. We apply some of these ideas in chapter 10 where we study equivariant
bifurcation to and from relative equilibria. After developing the local theory,
we state and sketch the proofs of a number of global theorems on equivariant
dynamical systems including the equivariant version of the Kupka-Smale theorem.

For simplicity, we always assume maps and vector fields are smooth, that
is C*°. Of course, many (though not all) results hold under the assumption of
C", 2 <r < oo, sometimes with a loss of one order of differentiability. If M is
compact we take the C'*°-topology on function spaces, if M is non-compact we
take the Whitney C*°-topology.

If M, N are smooth G-manifolds, let CZ’(M, N) denote the space of smooth
equivariant maps from M to N. (Here as elsewhere, C*°(M, N) will denote the
space of all smooth maps from M to N and CZ (M, N) will be a closed subspace
of C*(M, N).) Let Diff¢(M) denote the space of smooth equivariant diffeomor-
phisms of M. We remark that Diff¢(M) is an open subspace of C (M, M).
Let C(T'M) denote the space of smooth equivariant vector fields on M. If
X € CF(TM), we let & (or just ®*) denote the associated flow of X. If M
is compact, ®X € Diffg(M), all t € R. Otherwise, ¥ : D C M xR — M
will be a smooth map defined on a (maximal) G-invariant open neighbourhood
D of M x {0} in M x R. Tt is convenient for us to assume that when M is
non-compact that ®X is defined on all of M. As least as far as the local theory
is concerned this will be no loss of generality. Indeed, if X € CX(T'M) and K
is any G-invariant compact subset of M we can always choose a strictly positive
smooth G-invariant function f € C°°(M)% such that f = 1 on K and the flow of
fX € CF(TM) is defined for all t. Note that the phase portrait of ®/* is equal
to that of X and that fX = X on K.

8.1. Invariant G-orbits

We start by considering equivariant diffeomorphisms.

245
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DEFINITION 8.1.1. Let f € Diff(M) and @ C M be a G-orbit. We say « is
a relative fized set for f if f(a) = «. If there exists a smallest p > 1 such that
fP(a) = «, then « is a relative periodic orbit of f of relative prime period p. We
also refer to the f-orbit of « as a relative periodic orbit.

REMARKS 8.1.2. (1) If f € Diff¢(M), x € M and f(z) = x, then o = Gz is
a relative fixed set for f. In this case, we refer to a as a G-orbit of fixed points
for f. Similarly if f9(z) = z, for some ¢ > 0, then @ = Gz is a relative periodic
orbit of f. If o has relative prime period p, then p|g (o may be a relative fixed
set for f — see the examples below).
(2) If « is a relative periodic orbit of f, relative prime period p, then so is fi(a),
1 € 7.

EXAMPLES 8.1.3. (1) Let M = T? = R?/27x7Z? (the 2-torus) and let SO(2)-
act on M by e"(0,1) = (0 + t,v). Given ¥ € [0,27), set o, = SO(2)(0,¢) =
T x {1} € M. For u € [0,27), define f, € Diffso2)(M) by fu(0,v) = (0 +u, v+
%sin ). If w = 0, then (0,0) and (0, 7) are fixed points for fy and so «p and o
are fixed sets for fy. If u € (0,27), then ap and «, are relative fixed sets for f,.
If u/27 is irrational, then no point in ag and « is periodic for f,. If we define
gu € Diffso) (M) by g.(0,¢) = (0 + u, v + 7 + ;sin2¢), then ag and ), are
distinct relative periodic orbits of g, which are both of relative prime period 2. If
u/27 is irrational, then g, will have no periodic points. If u/27 is rational, points
in ap U a2 will be periodic but of prime period different from 2 (unless u = 0).
(2) Take the standard action of SO(2) on T. Let f € Diffso(2)(T) be defined by
f(0) =0+ 7. Then f%(0) =6, for all § € T. In this case since f(f) € SO(2)(0),
we regard SO(2)(f) as a relative fixed set for f rather than a relative periodic
orbit.

8.1.1. Vector fields and flows.

DEFINITION 8.1.4. Let X € CF(TM) and o C M be a G-orbit. We say «
is a relative equilibrium for X if o is ®*-invariant (equivalently, X is tangent to
a). If X|a =0, we refer to a as an equilibrium G-orbit (or G-orbit of equilibria).

EXAMPLE 8.1.5. Take the standard action of SO(2) on C. Let X € Cg,,(C)
be defined by X(z) = a1z + (1 — |2]?)z, where a € R. The unit circle |z| = 1 is a
relative equilibrium of X. If a = 0, |z| = 1 is an equilibrium G-orbit.

DEFINITION 8.1.6. A compact ®*- and G-invariant subset X of M is a relative
periodic orbit of X if ¥ is not a G-orbit and there exists T > 0 such that ¥ =
G(®X([0,T)). If T > 0 is minimal, we call T the relative prime period of Y.

LEMMA 8.1.7. Let ¥ be a relative periodic orbit of X of relative prime period
T.
(1) ¥ = G(,([0,T]) for all y € %.
(2) All points of ¥ have the same isotropy type.
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(3) X is a smooth G-invariant submanifold of M.

(4) /G is diffeomorphic to S?.

(5) ®X (respectively, X ) induces a flow ®X" (respectively, vector field X*)
on S' and S is a periodic orbit of ®X" of prime period T.

PROOF. (1,2) follow from the G-equivariance of ®*. For (3), observe that
GOX(T) = Gz (otherwise G(®X([0,T])) would be a proper subset of ¥ or T
would not be minimal). Hence ¥ = G(®X([0,T)) and so the map G/G, x
0,T) — 3, (g[G.],t) — gPX(t) is a G-equivariant embedding. Hence X has
the structure of a smooth G-invariant submanifold of M. Since the action of G
on Y is monotypic, ¥/G has the structure of a smooth manifold which may be
identified with R/TZ & S* (see remark 3.1.15). For (5) it suffices to note that
X drops down to a smooth vector field on the orbit space 3/G. 0

ExAMPLE 8.1.8. Let SO(2) act on the 2-torus T? by e"(0,¢) = (0 + t, ¢).
Let X be the SO(2)-equivariant vector field on T? defined by X (6,¢) = (a,b),
a,b € R. Provided that b # 0, T? is a relative periodic orbit of X and the induced
flow on T?/SO(2) = S* has period 27 /b.

8.2. Stabilities and normal hyperbolicity

8.2.1. Diffeomorphisms. Let f € Diff(M) and V' be a compact invariant
submanifold of M. We recall from [93] that V is normally hyperbolic' for f
if there exists a T f-invariant splitting TV @ E* @ E* of Ty M = TM|V into
continuous subbundles such that, relative to some Riemannian metric on M, we
have

(8.1) sup |[TfIE;|| < inf m(Tf|T,V),
zeV z€V
(8.2) sup |[Tf|1,V| < inf m(Tf|EY).
xeV zeV

(m(A) = inf{|AX|| [ [ X =1} = [[A71]7")

LEMMA 8.2.1. Let f € Diff(M) and suppose that V is a compact G-invariant
normally hyperbolic submanifold of M.

(1) The splitting TV @ E* @ E® is a sum of continuous G-vector bundles.
(2) The normal hyperbolicity estimates (8.1,8.2) hold with respect to a smooth
G-invariant Riemannian metric on M.

PROOF. The estimates (8.1,8.2) continue to hold if we average the Riemann-
ian metric over G, proving (1). It is shown in [93] that the hyperbolic estimates
determine the bundles E*, E* uniquely. Using the G-invariance of the metric, the
equivariance of f and the G-invariance of V', the estimates hold relative to the
splitting TV & gE* & gE?®, for all ¢ € G. Hence gE* =E*, gE* =E*, g G. [

IStrictly “Immediately, absolutely 1-normally hyperbolic” in [93]
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8.2.2. Flows. If ®¥ is a G-equivariant flow on M, a compact ®*- and G-
invariant submanifold V' of M is normally hyperbolic if, for some s # 0, V is
normally hyperbolic for ®X. It is shown in [93, Theorem 2.4] that V is normally
hyperbolic for ®X for all ¢+ # 0 and that the corresponding splittings of Ty M
are independent of t. Together with lemma 8.2.1, this shows that the splitting
of Ty M we get if V is ®¥- and G-invariant is a splitting of continuous G-vector
subbundles of Ty, M.

8.2.3. Genericity.

DEFINITION 8.2.2. Let a be a relative fixed set for f € Diff¢(M) (respec-
tively, a relative equilibrium of X € CX(TM)). We say « is generic for f
(respectively, X) if v is normally hyperbolic for f (respectively, X). We similarly
define genericity for relative periodic orbits.

LEMMA 8.2.3. Suppose that « is a relative fized set for f € Diffg(M). We
may choose a G-invariant Riemannian metric on M such that ||T f|T,a| = 1, for
ally € a. In particular, if o is generic we may choose a G-invariant Riemannian
metric on M such that the estimates (8.1,8.2) may be written equivalently as

(8.3) S1€1pHTf|1E§|| < 1,
(8.4) inf | TFE" > 1.

Moreover, the splitting T,M = Ta & E* ® E® will be a smooth orthogonal direct
sum of smooth G-vector bundles.
Similar results hold for relative equilibria and relative periodic orbits.

ProOOF. Fix = € «, set G, = H and identify a with G/H. We define an
action of G x N(H) on «a by

(9,n)(k[H]) = gk[H|n™" = gkn™'[H], (g,n) € G x N(H),k[H] € a.

Since f is G-equivariant, f(z) = n~'z for some n € N(H). Hence f(k[H]) =
(k,n)[H] = (e,n)k[H], all k[H] € a. If we average a Riemannian metric for «
over G x N(H), then T f|T« will be an isometry in the averaged metric and so
T f|T,c|| = 1, for all y € av.

The estimates (8.1,8.2) depend only on the norm of the Riemannian met-
ric restricted to T,M. Averaging over G x N(H), we may assume that the
metric is G x N(H)-invariant on T,M. The metric may then be extended
smoothly and G-equivariantly to all of M. Since T'f|T« is an isometry, es-
timate (8.1) becomes sup,, [|Tf|E:|| < 1. Since m(A) = [|JA7Y~t < ||A]],
infoeco m(Tf|EY) < inf,e, ||Tf|EY|, proving (8.4). Since G acts transitively on «,
E¥, E* are smooth G-vector bundles over a. Once we have the estimates (8.3,8.4)
it is easy to choose the metric so that the bundles T'a, E* and E° are orthogonal.

The proof in case « is a relative equilibrium follows from the result for diffeo-
morphisms (or directly). For relative periodic orbits, it suffices to note that we
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can always reparameterize time so that the T, ® is an isometry tangent to flow
lines (for diffeomorphisms, we use the fact that f cyclically permutes the group
orbits constituting a relative periodic orbit). O

REMARK 8.2.4. If X is a generic relative periodic orbit for the C"-flow ®;, 1 <
r < 00, then the splitting Tx M = Ta @ E*®E® will be only be a splitting of C™*
G-vector bundles and cannot be assumed orthogonal. Since G acts transitively
on G-orbits, the restriction of T, M to a G-orbit in X does always split as a sum
of smooth G-vector bundles (which may be assumed orthogonal).

8.2.4. Stable and unstable manifolds. Suppose that X is a generic rel-
ative fixed set, relative equilibrium or relative periodic orbit. A consequence of
the theory of normal hyperbolicity is that there exist transverse smooth local
stable and unstable manifolds W} (X), W}*_(X) through ¥ (these results can also
be deduced from stable manifold theory for equilibria, fixed points and periodic
orbits by looking at slices — we indicate how in exercise 8.3.27). We give the main
results for diffecomorphisms and relative periodic orbits (the results for flows are
completely analogous).

THEOREM 8.2.5 (Stable manifold theorem & Hartmans theorem [52]). Let
f € Diff¢(M) and suppose that ¥ is a generic relative periodic orbit for f. Then

(a) There exist smooth G-invariant locally f-invariant submanifolds W} (%)
and W .(X) of M through ¥ such that TsWE.(X) = T & E* and
Wi, (%) = TS & E.

(b) There exists a G-invariant open neighbourhood U of ¥ such that

We(3) = {zeU| f"(2)eUn<0, and d(f"(z),2) — 0, asn — —oo},
Wp(X) = {z€eU| f"(2) €eUmn >0, and d(f"(2),2) — 0, asn — oo}.

(¢) WE(E) and Wi .(X) have the structure of smooth G-equivariant fibra-
tions over ¥ (strong stable and unstable foliations). The fibre W“(X, p)
at p € X 1s characterized by

e (5,p) = {2z € Wi(X) | d(f"(2), /"(p)) — 0, as n — —oo}.
Similarly for Wi (3, p).

(d) If we let Nf = Tf|E" @ E*, then f is conjugate to Nf near ¥ by a
G-equivariant homeomorphism.

(e) There exists an open neighbourhood U of f € Diffg(M) (C*'-topology), a
G-invariant open neighbourhood V' of ¥ and continuous maps v, v*, v* :
U — Diffg(M) such that

(1) v(f) = v"(f) = v*(f) = Ins,
(2) ForgelU, v(g)(X) = X9 is contained in V' and is a generic relative
periodic orbit of g of the same relative period as .

(3) v"(g)(Wr(X,p)) = W9, v(f)(p)), p € &, g € U. Similarly for

loc loc

W W# and W*.
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Granted the existence of local stable and unstable manifolds for a generic
relative periodic orbit ¥ we define global stable and unstable manifolds in the
usual way by continuation. Thus,

WH(E) = Unso f"Wige(2), W(E) = Un<of" Wige(2).

The unstable manifold W*(X) is an equivariantly injectively immersed G-
invariant submanifold of M. More formally, we may construct an equivariant
injective immersion £*(f) : E* — M such that £“(f)(Ef) = ¥ and &*(f)(E*) =
W*(X). We may further require that £*(f) maps the fibers E} onto the strong
unstable sets W" (3, p), p € ¥. Similarly for W*(X) and for flows.

8.3. Diffeomorphism dynamics on G-orbits

Suppose that o C M is a relative fixed set for f € Diffg(M). Let x € a and
set G, = H. ldentifying o with G/H, we regard f|a as element of Diff¢(G/H).
Let C&(G/H,G/H) denote the space of continuous G-equivariant maps of G/H.

LEMMA 8.3.1. Let H be a compact subgroup of G and f € CA(G/H,G/H).
(1) f € Diffa(G/H).
(2) There exists n € N(H) such that f(g[H]) = gn[H] = g[H|n, for all
g € G. In particular, Diff¢(G/H) ~ N(H)/H.
(3) There exists a smallest n(f) > 1 such that f*Y) is G-equivariantly iso-
topic to the identity map of G/H.
(4) There exists 3¢ € Ca(H)o such that f*Y([H]) = B;[H].

PROOF. Since f is G-equivariant, f(g[H|) = gf([H]) for all ¢ € G. Hence
f is smooth since the action of G on G/H is smooth (use a local section of
G over G/H). Since Gy = H, there exists n € N(H) such that f([H]) =
n[H] and so f(g[H]) = gn[H], for all ¢ € G. Consequently, f is invertible
(f~'(g[H]) = gn~'[H]) and so f € Diff¢(G/H), proving (1). We have a nat-
ural antihomomorphism p : N(H) — Diff¢(G/H) defined by p(n) = f,, where
fu(g[H]) = gn[H]. Since p(n) = p(e) if and only if n[H| = [H], kernel(p) = H
and so Diff¢(G/H) ~ N(H)/H, proving (2).

In order to prove (3,4), we start by recalling that (G/H)"¥ = N(H)[H] ~
N(H)/H. A necessary condition for F' € Diff¢(G/H) to be G-equivariantly
isotopic to the identity is that F([H]) € (N(H)/H)o[H] or, equivalently that
F([H]) € Cg(H)o[H] (by corollary 3.10.3). Let n(f) be the smallest strictly
positive integer such that there exists ¢ € Cq(H)o for which f")([H]) = c[H].
Choose & € ¢(h) such that ¢ = exp(§) and define F; € Diff¢(G/H) by Fy([H]) =
exp(t&)[H], t € [0,1]. Then F; defines the required equivariant isotopy between
) and Ig/m. O

Given f € Diff¢(G/H), x € G/H, we define the closure of the f-orbit of z by

O¢(z) = closure{ f"(z) | n € Z}.
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By lemma 8.3.1(2), f determines a unique n € N(H)/H such that

O([H]) = (n)[H],
where (n) is the closed Abelian subgroup of N(H)/H generated by n. Now f
induces a smooth map f : (i) — (n) by f(g) = ng, g € (A). If we identify (n)
with O4([H]) = (A)[H] C G/H, we may write f(g[H]) = gf(e), for all g € G.
Consequently, in order to describe the dynamics of equivariant diffeomorphisms
of G/H, it suffices to classify all subgroups (n), n € N(H)/H, together with the
associated dynamics induced on (n) by left translation by n.

8.3.1. Cartan subgroups of a compact Lie group G.

Compact connected Lie groups. We recall the fundamental result about maxi-
mal tori in a compact connected Lie group (proofs and more details may be found
in Brocker and Dieck [30] or Adams [2]).

THEOREM 8.3.2. Let G be a compact connected Lie group. Then there exists
a toral subgroup T" of G with the following properties.
(1) If A is an Abelian Lie subgroup of G containing T", then A =T" (T" is
a maximal Abelian subgroup).
(2) If x € G, there exists t € G such that x € tT"t~'. In particular, every
point of G lies in at least one maximal torus.
(3) If J is a mazximal connected Abelian subgroup of G, then there exists
t € G such that J =Tt
(4) If J is a toral subgroup of G then J is contained in at least one maximal
torus.

We call the dimension of a mazimal torus the rank of G, denoted by rk(G).

REMARK 8.3.3. If G is connected compact and Abelian, then G = TY, where
g = dim(G) (proposition 1.5.16).

EXERCISE 8.3.4. (1) Show that a maximal compact Abelian subgroup of a
compact connected Lie group need not be a torus. (Look at SO(3).)
(2) Let G be a compact connected Lie group. Show that the set of elements
g € G such that (g) is a maximal torus is dense in G, Deduce that if H is a
compact subgroup of G, N(H)/H is connected, and f € Diff¢(G/H), then there
exist arbitrarily small perturbations f’ of f in Diff¢(G/H) such that O ([H])
determines a maximal torus T in N(H)/H and f|Op([H]) is left translation by
a topological generator of T.

Compact disconnected Lie groups. We shall need information about the struc-
ture of maximal compact Abelian subgroups of G when G is not connected. The
theory we describe is due to G Segal. Details and proofs are in [30] (a brief pre-
sentation, assuming known the topological approach for connected G, is in [58]).

DEFINITION 8.3.5. A closed subgroup H of G is monogenic or topologically
cyclic if there exists h € H such that H = (h).
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REMARK 8.3.6. A monogenic subgroup is Abelian.

LEMMA 8.3.7. A closed subgroup H of G is monogenic if and only if H is
isomorphic to the produce of a torus group with a cyclic group.

ProOF. If H is monogenic, then H is compact Abelian and H/Hy = Z,
where p is the number of connected components of H. Hence H = T° x Z,,
where s = dim(H). For the converse, consider H = T*® x Z,. Let Z, = (p

and pick a point u € T® such that (u) = T* (Kronecker’s theorem). Then
((u,p)) = T* X Zy. O

Set P = G/Gqy and let 1T : G — P denote the quotient map. Since Gy < G,
P has the structure of a finite group. Let Z = Z(G) denote the set of all cyclic
subgroups of P. If p € P, then (p) € Z and so every point of P lies in at least
one cyclic subgroup.

DEFINITION 8.3.8. Let X € Z. A closed Abelian subgroup K of G is of type
X if K is monogenic and II(K) = X.

REMARK 8.3.9. If K is a type X subgroup of G then K = (u) for some u € G,
(Il(uw)) = X and if K = T* x Z,, then | X]||q.

DEFINITION 8.3.10. Let X € Z. A Cartan subgroup of G of type X is a
maximal closed Abelian subgroup of G of type X.

The next result generalizes the maximal torus theorem to non-connected com-
pact Lie groups.

THEOREM 8.3.11. Let X € Z.
(1) Any two Cartan subgroups of G of type X are conjugate subgroups of G.
(2) Suppose that K = (u) = T* X Z,, is a Cartan subgroup of G and that u
lies in the connected component G* of G. Then for every x € G*, there
exists t € Gy such that x € tKt™'.
We define rk(G, X)) = s to be the dimension of a Cartan subgroup of type X and
con(G, X)) = m to be the number of connected components of a Cartan subgroup
of type X.

PROOF. See [30]. O

COROLLARY 8.3.12. Let X € Z and suppose | X| = p. Let K C G be a closed
Abelian subgroup of type X. Then
(1) K =2 T" x Zs, where con(G, X)|s.
(2) There exists a Cartan subgroup K' of type X such that K’ D K.

PROOF. Since K is monogenic, it follows from lemma 8.3.7 that K = T" x Zj,
for some s > 0. Since T" is connected and II(K) = X, it follows that con(G, X)|s,
proving (1). In order to prove (2), choose any Cartan subgroup J of G which is of
type X and suppose that K = (u). By theorem 8.3.11(2) that there exists t € Gy
such that u € tJt~!. Hence K is contained in the Cartan subgroup tJt 1. U
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ExampLES 8.3.13. (1) If G = x"0O(2), then G/Gy = Z§. For 0 < r < n,

let H(r) be the subgroup of G generated by (e,...,e,%,...,R), where k is any
element of O(2) \ SO(2). Then II(H(r)) = X € Z(G), |X| =2, and 1k(G, X) =
n—r.

(2) Let n > 2. Then O(n)/SO(n) = Z,. We have

rk(SO(n)) — 1 if n is even
tk(O(n), Z2) = { rkESOEngg if n is odd

LEMMA 8.3.14. Let X € Z and suppose |X| = q. There exists a smallest
p>1andu € G, such that

(1) (u) = Zy,.
(2) () = X.

PRrROOF. Pick v € G such that (II(v)) = X. By corollary 8.3.12, there exists
a Cartan subgroup K of type X containing v. By lemma 8.3.7, K = T® X Z,,,
where p > 1, s > 0. Pick (e,u) € T® x Z,, such that Z,, = (u). Then II({(u)) = X
and |(u)| = pg. Minimality of p follows easily from corollary 8.3.12. O

REMARK 8.3.15. Note that the group T® x Z,, constructed in the proof of
lemma 8.3.14 meets G in p connected components. Contrary to what is claimed
in [58, Lemmas 4.1,4.2], we cannot generally find an element u € G which has
order | X| and satisfies (II(u)) = X unless G = Gy x G/Gy (that is, G is a split
extension of Gy).

EXERCISE 8.3.16 (see [183, Example 4.2]). Let H be a connected subgroup of
SO(2n), n > 1 and assume that — € H. Embed H in SO(4n) as {(A, A7) | A €
H}. Given B € SO(2n), define k = ( (iB_l é% ) € SO(4n). Then xk* =T and
k> = —I € H C SO(4n). Assume that B € Nso@n)(H). If we let G denote the
subgroup of SO(4n) generated by H and k, show that (a) Go = H, G/Gy = Zs,
(b) if Il : G — G/H denotes the quotient map then the order of II(x) is always
2 and half the order of any u € G such that II(u) = II(k). (Explicit examples
can be obtained for n > 1 by taking H to be a maximal torus of SO(2n) and
B e Ngo(gn)<H).>

DEFINITION 8.3.17. Let X € Z, w € G and X = (II(u)). If u satisfies the
conditions of lemma 8.3.14, we call u a representative generator of X.

REMARK 8.3.18. Every representative generator for X lies in at least one
Cartan subgroup of type X.

EXERCISE 8.3.19. Suppose X € Z(G) and K is a type X subgroup of G.
Show that there exists u € K such that [(II(u))| = p|X|, where p satisfies the
minimality condition of lemma 8.3.14.
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EXERCISE 8.3.20. Let X € Z(G) and suppose that the connected component
G* of G maps by II to a generator of X. Show that the subset of G* consisting
of u such that (u) is a Cartan subgroup of type X is dense in G*.

8.3.2. Dynamics on relative fixed sets & periodic orbits. Given f €
Diffo(G/H), set II(O4([H]) = Xy € Z(N(H)/H).

PROPOSITION 8.3.21. Suppose that f € Diffo(G/H) ~ N(H)/H. If C is the
connected component of N(H)/H containing f, then
(1) For all g € C, II(Oy4([H])) = X; (X; depends only on the G-isotopy
class of f in Diff¢(G/H)).
(2) There is a dense full-measure subset C* of C such that if g € C*, then
O4([H]) is a type X; Cartan subgroup of N(H)/H. That is, O,([H]) =
T" X Zn, where r = tk(N(H)/H, Xf), m = con(N(H)/H, Xy).

PRrROOF. Part (1) is immediate since all points in C' project to the (same)
generator of X;. For the density part of (2), use exercise 8.3.20. We omit the
proof of the full measure statement which relies on Fubini’s theorem (the measure
will be Haar measure on N(H)/H). O

Before giving our next result, we briefly recall the definition of a smooth
foliation. A smooth foliation F of a manifold M consists of a smoothly locally
trivial partition of M into smooth submanifolds, all of the same dimension. As
basic examples, the integral curves of a nowhere zero vector field on M define a
1-dimensional foliation (“flow-box” theorem) and the fibers of a smooth locally
trivial fibre bundle 7 : F — X define a smooth foliation of E.

PROPOSITION 8.3.22. Let f € Diff¢(G/H). There is a unique smooth folia-
tion F ={F, |z € G/H} of G/H satisfying

(1) F is G-invariant: gF, = Fyy, for allge G, v € G/H.

(2) Leaves are f-invariant: f(F,) = Fy, for allz € G/H.

(3) For each x € G/H, F, is naturally isomorphic to a compact Abelian
subgroup of N(G,)/Gy. f|F. is transitive and acts by right translation
by (u,n), where ((u,n)) =~ F,.

(4) For each x € G/H, F, = T" x Z,, where r < rk(N(H)/H,Xy) and
p=scon(N(H)/H, Xs), s > 1.

PROOF. For z € G/H, we define F, = Oy(z). The listed properties are
immediate from our constructions and definitions. U

It remains to discuss the case of relative periodic orbits of an equivariant
diffeomorphism. Suppose that o C M is a relative periodic orbit of relative prime
period p. Identify o with G/H and define ¥ = U'—; f/(G/H). Set f = f|¥. We
may represent f : ¥ — ¥ as a skew product ¢, : Z, x G/H — Z, x G/H over
¢ : Ly, — ZL,, where ¢(r) =17+ 1, mod p, and ¢ : Z, — N(H). That is,

¢e(r, g[H]) = (r + 1, g[H]c(r)).
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Just as we did for relative fixed sets, we can to reduce to studying skew extensions
¢c: LyxN(H)/H — Z,x N(H)/H, where ¢ is as previously defined and ¢ : Z, —
N(H)/H. In other words, Diff¢(2) can be identified with C°(Z,, N(H)/H). Let
ng =11y e(r) € N(H)/H and X; = (Il(ns)) € Z(N(H)/H).

PROPOSITION 8.3.23. (Notation as above)

(1) Suppose that f, " : X — X. If ng,np lie in the same connected compo-
nent C' of N(H)/H then Xy = Xy.

(2) There is a dense full-measure subset C* of C' such that if ny € C*, then
Oy ([H]) meets each fiber {r} x N(H)/H in a type X; Cartan subgroup
of N(H)/H. In particular, every f € Diff¢(X) ~ C°(Z,, N(H)/H) can
be approzimated by g € Diff¢(X) such that O4([H]) meets the fibres of
Z, — N(H)/H in a Cartan subgroup.

PRrROOF. The result follows from the corresponding results on relative fixed
sets. Note that for the perturbation theory it suffices to perturb cat r —1. [

8.3.3. Isotopy lemmas.

DEFINITION 8.3.24 ([54, 56]). Let X be a G-space. A map y : X — G is
skew (G )-equivariant if x(gz) = gx(z)g ' forallz € X, g € G.

EXERCISE 8.3.25. (1) Suppose that f € Diffg(M) and x : M — G is skew

equivariant. Show that x f € Diffg(M) (we define (xf)(z) = x(x)f(z), x € M).
(2) Suppose that M is a compact G-manifold and all G-orbits have the same
dimension, say g > 0. Suppose that f : M — M induces the identity map
on the orbit space. Show that if f is smoothly isotopic to the identity map
of M by an isotopy covering the identity map on M/G, then f = xI);, where
X : M — @G is skew G-equivariant. (Hint: Observe that the assumptions imply
that f(z) € N(G,)oz for all x € M. Use a covering by slices and the results of
section 3.10.3. See also [56, Lemmas C,D].)
(3) Suppose that (C? SU(2)) is the standard representation of SU(2) on C? (re-
gard SU(2) as the group of complex matrices ( (15 g ), where |a|* 4+ |b]* = 1).
Show that if Ay € Lgy)(C? C?) is defined as complex multiplication by e*,
then Ay cannot be represented as xI¢2, where y : C* — SU(2) is a smooth skew
equivariant map (see [54, Example 4]).

Suppose that H is a closed subgroup of G and f € Diff¢(G/H). Let 7 : E —
G/H be a smooth G-vector bundle over G/H. We denote the zero section of E
by Eo.

LEMMA 8.3.26. (Notation as above.) Let F' € Diff¢(E) and suppose that
F|Ey = f (that is, fr|Ey = TF|Ey). We may choose a G-invariant open neigh-
bourhood U of Ey C E such that F|U is smoothly G-isotopic to F : U — E
where
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(1) F|Ey = f and F is fibre preserving (that is, fr|U = wF|U).
(2) F = xF, where x : U — G is a smooth skew G-equivariant map such
that x(x) € C(G,), for allz € U.

PRrROOF. Let v = [H] € G/H and set y = f(x). Since F is 1:1, G, = H.
The fiber £, is a slice for the action of G on F at y. By lemma 3.10.6, we may
choose an open neighbourhood V' of y € G/H and an admissible local section
oc:V CG/H— G. Set W =7YV) C E. We see from lemma 3.10.8 that
the map p” : E, x V. — W defined by p?(2,v) = o(v)z is an H-equivariant
diffeomorphism such that for all z € E, and v = g[H] € V, g € N(G,), we have
o(v) € Ce(G,)o and p7?(z,v) € Ce(G,)oz (note remark 3.10.9). Let v : W —
G be the smooth map uniquely defined by the condition v(o(v)z) = o(v), all
(z,v) € E, x V. Since p° is H-equivariant we have v(hw) = hv(w)h™!, w € W,
h € H. Choose an H-invariant open neighbourhood U, of 0 € E, such that
F(U,) ¢ W. Define F|E, by F(u) = v(F(u))"'F(u). Since v is H-equivariant,
and v(F(u))~! € C(G,), F : U, — E, is well-defined and H-equivariant. Clearly
F(U,) C E,. Set U = G(U,). Then F extends G-equivariantly to a G-equivariant
fibre preserving embedding F' : U — E. Obviously, F|Ey = f. Shrinking V, U,
if necessary, we may suppose that there is a smooth map n : V' — g such that
o(v) = exp(n(v)), all v € V. Define Fi|E, by Fi(e) = exp(n(—tv)F(e), t € [0, 1].
Extending F; G-equivariantly to U defines the required isotopy of G-equivariant
embeddings between F and F. Finally, it follows from the construction that we
may write F' = xF, where y : U — G is smooth and x|U, is skew H-equivariant.
Since F, F are G-equivariant, we deduce easily that y is skew G-equivariant. [

Suppose that f € Diff¢(M) and that o = G/H is a relative fixed set of f. As
far as dynamics of f in a neighbourhood of « are concerned, lemma 8.3.26 implies
that, modulo drifts along group orbits, it no loss of generality to assume f pre-
serves a family of slices foliating a neighbourhood of «. Lifting to the associated
normal bundle 7 : £ — « = G/H, we may therefore assume that f € Diff;(E)
is fibre preserving and covers f|G/H. The drift can be recovered (locally) by
composing with the reciprocal of the skew equivariant map x constructed in
lemma 8.3.26.

EXERCISE 8.3.27. Show, using lemma 8.3.26, how theorem 8.2.5 can be de-
duced from the stable manifold theorem for hyperbolic fixed points and periodic
points of a diffeomorphism.

Let Diff¢(F, f) denote the space of smooth G-equivariant fibre preserving
maps F': E — E such that F|Ey = f, where f € Diff¢(G/H).

LEMMA 8.3.28. Let F' € Diffg(FE, f). There exists a smallest integer p > 1,
G-equivariant isotopies f, € Diffo(G/H), F, € Diffq(E, f;), t € [0,1], and a
smooth skew G-equivariant family x, : G/H — G such that

(1) X0 = €, FO:F7 f0:f7 andff:]G/H
(2) ft = thO; F;f = XtFOJ le [07 1]
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(3) x¢(z) € C(Gyp)o, for allz € G/H, t € [0,1].
The integer p = con(N(H)/H, Xy) (notation of proposition 8.3.21).

PROOF. Let f correspond to the element n € N(H)/H. Let K = T*® x Z, be
a Cartan subgroup of type X containing (n). Choose n; € K such that n, n lie
in the same connected component of K and n{ =e. Let {k; € N(H) |t € [0,1]}
be a smooth curve such that ky = 7, k; = 7,. We define f, € Diffg(G/H)
by fi([H]) = k[H]. Since i} = k¥ = e, f/ = Igm. Since ky = (kkg ko
and kiky' € N(H)o, there are smooth curves 7, € ¢(h) and h; € H such that
kiko't = exp (n)he, t €]0,1], and 19 = hg = e. Hence f,([H]) = exp () f([H)). If
we define x;([H]) = exp (n:), then x; extends skew G-equivariantly to a smooth
map x: : G/H — G. Set Fy = x.F, t € [0,1]. O

REMARK 8.3.29. Lemma 8.3.28 implies that, modulo drifts along group orbits,
it is no loss of generality to assume that every relative fixed set of f € Diffg (M)
is a G-orbit of periodic points.

8.3.4. Stabilities of relative fixed sets and periodic orbits. Let V' be
a real vector space and A € L(V, V). Let £(A) C C denote the set of eigenvalues
of A. We define the reduced spectrum of A by

spec(A) = {[A[ | A € E(A)}.

If 11 € spec(A) then the multiplicity of p is defined to be the sum of the multi-
plicities of all A € £(A) such that |A| = u. For m € Z, we define spec(A)™ =
{p™ | p € spec(A)}. Of course, spec(A)™ = spec(A™).

EXAMPLE 8.3.30. If A € O(V), then spec(A) = {1} (multiplicity is dim(V")).
Let « be a relative fixed set of f € Diffg(M). Given z € «, suppose
nf(x) = x, where n € N(G,). Set f, = nf € Diff(M). Clearly, f,(z) = z

and so T,f, € L(T,M,T,M). Unless G is Abelian, f, will generally not be
G-equivariant. Define

spec(f, a) = spec(Ty(fn))-
We call spec(f, ) the reduced spectrum of f along a.
THEOREM 8.3.31. (Notation as above.) spec(f,«) is independent of the
choice of v € a, n € N(Gy). Furthermore,
(1) The multiplicity of 1 € spec(f, «) is greater than or equal to dim(G/H).
(2) If f € Diffg(M) induces the same map on M/G as f, then
spec(f, a) = spec(f, a).
We break the proof of theorem 8.3.31 into several lemmas.

LEMMA 8.3.32. Let f € Diff¢c(G/H). Then spec(f,G/H) = {1} and the
multiplicity of 1 is equal to dim(G/H).
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PROOF. As in the proof of lemma 8.2.3, take the G x N(H)-action on G/H
defined by (g,n)k[H] = gkn~'[H] and choose a G x N(H )-invariant Riemannian
metric £ on G/H. If f([H]) = n[H], then f, = n~'f is an isometry with respect
to £ and so Tim fn € O(T1 G/ H). O

LEMMA 8.3.33. Let (V,G) be a G-representation and suppose A € Lg(V, V)
satisfies A(Gzx) = Gz, for all x € V. Then,

(1) spec(A) = {1}.
(2) If B € Lg(V,V), spec(AB) = spec(B).

PRrROOF. Statement (1) follows by noting that the condition on A implies
that if @;V; is any direct sum decomposition of V' as a sum of R-irreducible
representations then A(V;) = V;. Using the real isotopic decomposition of V'
(theorem 2.7.10), we may reduce (2) to the special case V. = WP (W,G) is
irreducible. Choose a decomposition V' = &;W with respect to which B is in
upper triangular form (this will be over R or C according to whether (W, G) is
irreducible of real, complex or quaternionic type respectively). The result follows
since A is diagonal with respect to the decomposition V' = @&;W. U

LEMMA 8.3.34. Let K be a compact Abelian Lie group and (V,K) be a real
representation of K. Then

spec(kA) = spec(A), A€ Lg(V,V),k € K.

PROOF. Since K is Abelian, every k € K defines a K-equivariant linear
isomorphism of V. Obviously k(Kz) = Kz, for all z € V. Hence the result by
lemma 8.3.33(2). O

LEMMA 8.3.35. Let H be a compact subgroup of the compact Abelian Lie
group K. Suppose m : E — K/H is a smooth K-vector bundle over K/H and
A : E — FE is a smooth K-vector bundle map covering a € Diffx(K/H). For
x € K/H, choose k € K such that ka(y) =y. Then spec(kA|E,) is independent
of the choice of x € K/H and k € K and depends only on A.

PROOF. Since K is Abelian, K, = H for all x € K/H. Hence each fiber
E, has the structure of an H-representation. If ka(z) = z for some © € K/H,
then ka(y) = y for all y € K/H. Suppose y = gz. Since kA = g(kA)g™!,
spec(kA|E,) = spec(kA|E,) and so it is enough to show that spec(kA|E,) is
independent of the choice of k. If ka(z) = K'a(z), then KA = (K'k~1)kA and so
spec(kA|E,) = spec(k’A|E,) by lemma 8.3.34. O

LEMMA 8.3.36. Let H be a compact subgroup of G and m : E — G/H be
a smooth G-vector bundle over G/H. Suppose that A : E — E is a G-vector
bundle map covering a € Diffto(G/H). Given x € G/H, choose g € G such
that ga(x) = x. Then spec(gA|E,) is independent of the choice of x and g and
depends only on A.
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—e

PROOF. As in lemma 8.3.35, the problem is to show that spec(gA|E.,)
independent of g. Suppose first that G is finite and that ga(x) = ga(x) = =,
where g,g € G. Then g"A" = g"A", n > 0. Choosing n > 0 so that ¢g" =
g" = e, we see that spec((gA|E,)") = spec((gA|E,)") = spec(A™|E,) and so
spec(gA|E,) = spec(gA|E,). For the general case, suppose © = [H] € G/H and
start by assuming that N(H) is connected. Let g lie in a maximal torus T of
N(H) and suppose g € T satisfies ga(r) = x. Then ¢7'g € HNT = S which
is compact Abelian. Since FE, is an S-representation, lemma 8.3.35 implies that
spec(gA|E,) = spec(gA|E,). Any g € N(H) satisfying ga(z) = x is a conjugate
of some g € T satisfying ga(z) = z. That is, there exists p € N(H) such that g =
pgp~t. Since pgp~'A = p(gA)p~', we have spec(gA|E,) = spec(gA|E,). Finally,
if N(H) is not connected, we can choose m > 1 such that a™(x) € N(H)oz. The
previous argument then applies together with that given for finite groups. U

S

8

REMARK 8.3.37. In future, we denote the common value of spec(gA|E,) by
spec(A) and refer to spec(A) as the reduced spectrum of the map A.

LEMMA 8.3.38. Let a be a relatively fized set of f € Diffq(M).

(1) spec(f,«) is well-defined, independent of choices.
(2) The multiplicity of 1 € spec(f, ) is greater than or equal to dim(a).

(3) spec(f™, ) = {u™ | u € spec(f, )} < spec(f,a)", m € Z.

Proor. (1) Take B =T, M, A =T f|T, M, and apply lemma 8.3.36. (2) Ob-
serve that T,, M contains the T f-invariant subbundle T« and apply lemma 8.3.32.
(3) Let 2 € @ and choose g € G such that gf(z) = x. Since (¢Tf)™ = g™T f™
and ¢" f™(z) = z, (3) is immediate from the definitions. O

LEMMA 8.3.39. Let E — G/H be a smooth G-vector bundle over G/H. Sup-
pose A: E — E is a smooth G-vector bundle map covering a € Diff¢(G/H) and
X : G/H — G is smooth and skew G-equivariant. Then spec(xA) = spec(A).

PrROOF. Immediate from the definition of spec(A). O

LEMMA 8.3.40. Let H be a compact subgroup of G and 7 : E — G/H be a
smooth G-vector bundle over G/H. Suppose that A, A : E — E are G-vector
bundle maps covering a,a € Diffg(G/H) and that A, A induce the same maps on
E/G. Then spec(A) = spec(A).

PROOF. It suffices to find m > 0 such that spec(A™) = spec(A™). Using
lemma 8.3.28, we may find m > 0 and a smooth skew G-equivariant map x :
G/H — G such that A™ = yA™. By lemma 8.3.39, spec(A™) = spec(xA™) =
spec(A™). O
Proof of theorem 8.3.31 We have already proved that spec is well-defined

and that the multiplicity of 1 € spec(f, «) is at least dim(«) (lemma 8.3.38). For
(2) of theorem 8.3.31 take £ =T, M, A =T f|E in lemma 8.3.40. O
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As an immediate corollary of theorem 8.3.31 we have the following character-
ization of generic relative fixed sets and periodic orbits.

THEOREM 8.3.41. Let f € Diffg(M).

(1) If v is a relative fized set of f, then « is generic if and only if 1 €
spec(f,«) has multiplicity equal to dim(«).

(2) If v is a relative periodic orbit of [ of relative prime period m, then a is
generic if and only if 1 € spec(f™, «) has multiplicity equal to dim(c).

8.3.5. Perturbation theory. Let a be a relative fixed set of f € Diff¢(M).
Fix x € «, set G, = H and identify o with G/H so that z corresponds to
[H] € G/H. Let N = T,M/Ta — « denote the normal bundle of o and
Nf : N — N denote the map induced by T f|T,M. The relative fixed set « is
generic if and only if 1 ¢ spec(N, f) (lemma 8.3.32).

Let p : H — GL(N,) denote the representation of H induced on the normal
fibre N,. Since Gy = H, N.f : N, — Ny, defines an isomorphism of the
H-representations (N, H) and (N, H). Pick n € N(H) such that nf(z) = x.
Unless G is Abelian, the map f,, = nf : N — N will generally not be equivariant
and, in particular, N,f, : N, — N, will not be H-equivariant. However, we
can define a new representation p of H on N, so that N,f, : N, — N, is H-
equivariant with respect to the given representation p on the domain and the new
representation p on the range. For this we define p: H — GL(N,) by

p(h) =nhn™' hecH.

Since N f.(p(h)v) = nhN f(v) = nhn™'nN f(v) = p(h)N f,(v), h € H,v € N,,
N, fn : N, — N, is H-equivariant with respect to p, p.

LEMMA 8.3.42. (1) The representations p,p of H on N, are isomorphic.

(2) The actions of p,p on N, have the same H-orbits. In particular, a

function on N, is H-invariant with respect to p if and only if it is H-
mvariant with respect to p.

ProoF. (1) The map Nf, : N, — N, intertwines p and p. For (2) it suffices
to note that since n € N(H), nhn™' € H, all h € H and so p(H)(v) = p(H)(v),
for all v € N,. O

REMARKS 8.3.43. (1) Although the representations p, p on N, are isomorphic

and have the same H-orbits, the actions will generally differ unless n € C(H).
In particular, the identity map I : (N, p) — (N, p) will generally not be H-
equivariant. (See also section 10.7.)
(2) Let H be a closed subgroup of G, (V, H) be an H-representation and con-
sider the G-vector bundle p : G xyg V — G/H. Suppose that G, = G, = H,
x,y € G/H. Tt is not generally true that the H-representations (p~!(z), H) and
(p~(y), H) are isomorphic. Examples are (implicit) in section 10.7.
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PROPOSITION 8.3.44. Suppose « is a relative fived set of f € Diffq(M). Given
any Ct-open neighbourhood U of f, and a G-invariant open neighbourhood U of
a in M, we may choose f € U such that

(1) f=fonM\U.
(2) « is a generic relative fized set for f.
A similar result holds for relative periodic orbits.

PROOF. As there is nothing to prove if « is generic for f, we suppose « is
not generic. Let x € «, set G, = H and choose n € N(H) so that nf(z) = x.
Set f, = nf. Let S, C T, be differentiable slices at = such that G(f(S,)) C
G(T,). Tt is no of generality, by lemma 8.3.26 and theorem 8.3.31, to assume
that f(S,) C Tf(z). Under this assumption, f, : S; — T,. Let A: S, — R be a
smooth H-invariant function on S, which is equal to one near z and is zero near
the boundary of S,. By lemma 8.3.42(2) X\ is H-invariant with respect to the
action p on S, defined by p(h) = nhn™', h € H. For t € [0,1], define the map
ft S, — T, by

faly) = (tMy) + D) fuly), v € Se.
We have spec(T,.fL) = (t + 1)spec(T. f,). In particular, we may choose ¢ > 0,
so that 1 ¢ spec(T,.f) for t € (0,¢]. Taking e > 0 smaller if necessary, we may
also require that f! is a smooth H-equivariant embedding for all ¢ € [0,¢] (we
take the action of p on the range). Hence for ¢t € [0,¢], f' =n"'f! : Sy — Ty
is H-equivariant. Since f* = f near the boundary of S*, f! extends smoothly
and G-equivalently to M. This proves the result since 1 ¢ spec(N f*), for all
t € (0,¢]. O

8.3.6. Genericity theorems for equivariant diffeomorphisms. For p €
N, let Gi(M;p) C Diffg(M) denote the set of all diffecomorphisms f such that
if « is a relative periodic orbit of f of relative prime period at most p, then « is
generic. We set

G1(M) = Np>1G1(M;p).
If f € Gi(M) then all relative periodic orbits of f are generic.

Let f € Gi(M;p) and suppose that « is a relative periodic orbit of f of
relative prime period ¢ < p. We say « is *-generic if the dimension of Oy.(z),
T € a, is maximal (that is, the orbits of f? determine Cartan subgroups — see
proposition 8.3.23). Let Gi(M;p) denote the subset of G;(M;p) consisting of
diffeomorphisms such that all relative periodic orbits of relative prime period
q < p are x-generic. We set

gf(M) = mlegf(Mﬂj)'
THEOREM 8.3.45 ([52]). Suppose that M is a compact G-manifold.

(1) For allp € N*, Gi(M;p) is an open and dense subset of Diffq(M).
(2) Gi(M) is a residual subset of Diffg(M).
(3) For allp € N*, Gf(M;p) is a dense subset of Gi(M;p).
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(4) Gf (M) is a dense subset of Diffg(M).
Similar results hold if M is not compact provided we take the Whitney C>°-
topology on Diffg(M).

PROOF. (Sketch) (1) We start by proving that G;(M;1) is open in the C'-
topology on Diffg(M). Let f € Gi(M;1). It suffices to construct a C'-open
neighbourhood of f contained in G;(M;1). Since M is compact, f has finitely
many relative fixed sets, say aq,...,a. By theorem 8.2.5, we can choose a
C'-open neighbourhood U of f and G-invariant open neighbourhoods U; of «,
1 < i < k, such that if f € U, then each U; contains a unique relative fixed
set @; of f and @; is generic. Let X = M \ U;U;. Then X is a compact G-
invariant subset of M. For f € U, define Ry = inf,cx d(f(z),Gz) (d is any
G-invariant metric on M compatible with the topology on M). The compactness

of X implies that Ry > 0. We have d(f(x),Gz) < d(f(z), f(z)) + d(f(z), Gz)
and so Ry > Ry —inf,ex d(f(x), g(z). We may choose a C®-open neighbourhood
U* of f within U such that if f € U*, then Ry > Ry/2 > 0. Hence U* C Gi(M; 1)
proving that G;(M; 1) is open in the C'-topology. A similar argument shows that
G1(M; p) is open in the C'-topology for all p > 1.

Next we prove G, (M;p) is C* dense in Diff;(M). We start by assuming that
G acts freely on M. Let f € Diff(M/G) denote the map induced by f on the orbit

space M /G. Since the action of G on M is free, ]/D\Eng/G) = {f | f € Diffg(M)}
is an open subset of Diff(M/G) and the map f +— f is continuous. Furthermore,
if f € Diffg(M), we can find an open neighbourhood V' of f € Diff(M/G) and

continuous local section ¢ : V' — Diffg (M) such that f € (V') and

£(g) =g, forall g € {(V).
For p € N*, let Go(M/G;p) C Diff(M/G) consist of all diffeomorphisms & such
that the graph map graph(k?) : M/G — M/G x M/G, © — (z,k%x)), is
transverse to the diagonal A(M/G) C M/G x M/G, 1 < q < p. Using stan-
dard transversality arguments, Go(M/G;p) is a C'-open and C'*°-dense subset of
Diff(M/G). Hence Go(M;p) = {f € Diffa(M) | f € Go(M/G;p)} is a C'-open
and C'*°-dense subset of Diff (M) (density uses the existence of continuous local
sections of Diff¢(M) — Diff(M/G)). Now M is compact and so if f € Go(M;p)
then f has finitely many relative periodic orbits of relative period at most p. Ap-
plying proposition 8.3.44 to each of these (stable) relative fixed sets, we deduce
that Gi(M;p) is dense in Go(M;p) and hence in Diff¢(M). If the action of G
on M is monotypic then we may apply the same argument to the free N(H)/H-
manifold M*, where H is an isotropy group for the action of G on M. Finally,
suppose the action of G is not monotypic. Let f € Diffg(M). It suffices to
show that U N Gy (M;p) # 0, where U is an open neighbourhood of f. Choose
a filtration My C My C ... C My = M of M defined by the isotropy strata.
Each set M; will be a compact G-invariant subset of M, N; = M;,; \ M; will
be a union of orbit strata and ON; = M;, 1 < i < N (we refer to section 3.7.1).
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Note that M; consists of maximal isotropy strata and is a compact G-invariant
submanifold of M (the dimensions of components may vary). Our argument pro-
ceeds by an upward induction on the filtration. We start with M;. Since M is
a disjoint union of compact monotypic G-manifolds, there is an open and dense
subset Gi(M;p) of Diff¢(M) such that if k& € G{(M;p), then k|M; has finitely
many relative periodic orbits of relative prime period at most p. It follows from
proposition 8.3.44 that we may require that these orbits are generic as relative
periodic orbits of k : M — M. Choose k1 € Gi(M;p) NU. By theorem 8.2.5
we can choose a C'-open neighbourhood U; C U of k; and a G-invariant open
neighbourhood U; of M; C M such that if k& € U; then every relative periodic
orbit of k of relative prime period at most p that meets U, is generic and a subset
of M;. This completes the first inductive step. At the nth step, we will have
constructed k, € U, a C'-open neighbourhood U,, C U of k,, and a G-invariant
open neighbourhood U,, of M,, C M such that if k € U, then every relative pe-
riodic orbit of k of relative prime period at most p that meets U, is generic and
a subset of M,. Suppose n < N (otherwise we are done). Then M, 1 \ U, is a
finite union of compact disjoint monotypic G-manifolds. The previous argument
therefore applies to complete the inductive step.

Statement (2) follows since Diff;(M) is a Baire space. Finally, we prove (3,4).
We start by making a choice for each r > 0 of a metric d,. on Diff; (M) that defines
the C" topology. We require that d, < d,.1, r > 0. Let f € G;(M). The set of
relative periodic orbits of f is countable. For n > 1, let P(f,n) C M denote the
set of relative periodic orbits of f of relatively prime period exactly n. It follows
from theorem 8.2.5 that, for each n > 1, we may construct an open G-invariant
neighbourhood U, of P(f,n) such that U, NU'Z{P(f,j) = 0. Let ¢ > 0 and
r € N*. Using propositions 8.3.23, 8.3.44, we may construct (f,) C Gi(M) such
that

(1) fo=1.

(2) For n > 0, the maps induced by f, f, on M/G are equal.

(3) fn = fu_1 outside U,, n > 1.

(4> Jn € gf(M,n)
(5) drin(fr, fuo1) <€/(2n%), n > 1.
It follows from (5) that (f,) converges to f € Diffg(M). Since f, — f = (f. —
foc1)+ ...+ (fi— f), and d, < d,p, it follows that d.(f,, f) < e, n > 1, and so
d.(f, f) <e. Hence Gf(M) is C"-dense in G;(M). Since this result holds for all
r > 1, it follows that Gf (M) is C*>°-dense in G, (M). O

REMARK 8.3.46. The proof that G;(M;p) is open and dense uses only ele-
mentary results (such as lemma 8.3.44) in combination with an upward induction
on the isotropy filtration (this methods appears in [52]. The inductive method
depends on proving openness and density results on each compact set M; in the fil-
tration My C ... C My = M. A significantly less elementary proof can be based
on equivariant transversality (including jet transversality). This proof amounts
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to an equivariant version of the approach used in Abraham and Robbin [1] in
their proof of the Kupka-Smale theorem.

We now turn to the question of G-transversality of stable and unstable man-
ifolds. Let f € Gi(M). Suppose that X is a relatively periodic orbit of f — we
assume X is f-invariant and so ¥ is a finite union of G-orbits. Let T  E*(X) &
E*(X) be the corresponding T f-invariant splitting of T, M. We may represent
the stable manifold W*(X) as the image of a G-equivariant injective immersion
&t EY, — M mapping the zero section of EY, onto X. Similarly for &, : ES, — M.
Fix a G-invariant Riemannian metric on M. The bundles E*(X), E$, inherit the
structure of Riemannian G-vector bundles from the induced Riemannian struc-
ture on TXM. For T > 0, we let E&(T) = {e € E% | |le|| < T} denote the
T-disk bundle of E¥. We similarly define E$(T"). Set W*(X,T") = £4(E%(T)) and
similarly define W*(X,T). Thus W*(X,T), W#(X,T) are compact G-invariant
(embedded) submanifolds of M (with boundary).

Suppose that X1, s are relatively periodic orbits of f. We say that W*(%) is
G-transverse to W*(Xy) if £ : E*(X;) — M is G-transverse to W*(¥3) (equiv-
alently, if &5 : E*(X2) — M is G-transverse to W*(X;)). Alternatively, and
equivalently, we may require that W* (%, T) is G-transverse to W#*(3,, T') for all
T > 0. If W*(¥,) is G-transverse to W¥(X,), we write W" (%) Mg W*(3,).

Let Go(M) be the subset of Gy (M) for which the stable and unstable manifolds
of all relative periodic orbits meet G-transversally. Let G5 (M) = Go(M)NGF(M).

THEOREM 8.3.47 (Equivariant Kupka-Smale theorem [52]). Go(M) is a resid-
ual subset of Diff(M) and G5(M) is a C*®-dense subset of Diffg(M).

PROOF. (Sketch) Let p € N* and Gy(M;p) denote the subset of G;(M;p)
consisting of diffecomorphisms for which W*(¥;, p) is G-transverse to W#*(%s, p)
whenever ¥;, Y, are relative periodic orbits of relative prime period at most p.
It follows easily from the openness of G-transversality that Go(M;p) is an open
subset of Gi(M;p). Some careful perturbation theory then shows that Go(M;p)
is dense in G;(M;p) (see [52] for the case of flows — the method is based on the
technique of Peixoto [142]). Finally Go(M) = Nys0G2(M; p). O

8.4. Equivariant vector fields

Much of the theory of dynamics of equivariant flows on and near relative
equilibria and periodic orbits is similar to, or follows from, the corresponding
theory for diffeomorphisms. As as result, we often omit or severely abbreviate
those proofs that are simple generalizations or reformulations of our results for
diffeomorphisms and instead focus on new issues as and when they arise.

8.4.1. Relative equilibria. We start with a result that gives dynamics on
a relative equilibrium.

PROPOSITION 8.4.1. Let H be a closed subgroup of G.
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(1) Every G-equivariant vector field on G/H is smooth.
(2) CX(T(G/H)) = n(h)/b ~ c(h)/bNe(h) and if X corresponds to n €
c(h), then for allx € G/H, t € R we have

& (z) = zexp(tn), (x € G/H, right N(H)-action on G/H),
= exp(tAd(g)(n))z, where x = g[H].

(3) If X € CF(T(G/H)), there is a ®* -invariant foliation F~X = {FX |z €

G/H} of G/H by s-dimensional tori satisfying:

(a) FX = closure(®X(R)), z € G/H.

(b) Fo = gF), forallge G, x € X.

(c) 1<s<rk(N(H)/H).

(d) ®X|FX is the identity, a periodic orbit or an irrational torus flow
according to whether s = 0,1 or s > 1 respectively.

(e) The subset of ¢(b) defining flows for which s = tk(N(H)/H) is a
full measure subset of ¢(h).

Proor. (1) If X is a G-equivariant vector field on G/H then X(g[H]) =
gX([H]), for all ¢ € G. Since the left action of G on G/H is smooth, X €
CE(T(G/H)). (2) A vector X € Ti)G/H ~ g/bh extends to a G-equivariant
vector field on G/H if and only if X € (g/h)" ~n(h)/h ~ c(h)/c(h) N h, where
the last isomorphism is the Lie algebra version of corollary 3.10.3. The expressions
for ®X come from section 3.3 and remarks 3.10.1(2). (3) These statements are
proved along similar lines to the corresponding results for relative fixed points.
For example, ®,(R) inherits the structure of a connected Abelian group from R
and so closure(®X(R)) is a compact connected Abelian group and therefore a
torus (theorem 1.5.16). We leave the remaining details to the reader. U

8.4.2. Stability of relative equilibria. Suppose that « is a relative equi-
librium of X € C&(TM). We recall that « is generic if « is normally hyperbolic
for the flow of X. We start by showing that normal hyperbolicity can be charac-
terized in terms of spectral conditions on a linearization of X along «.

Let V' be a real vector space, A € L(V,V) and £(A) C C denote the set of
eigenvalues of A. We define the v-reduced spectrum of A by

vspec(A) = {Re(\) | A € E(A)}.

If 1 € vspec(A) then the multiplicity of u is defined to be the sum of the multi-
plicities of all A € £(A) such that Re(\) = u. We remark that for all ¢t € R,

(8.5) spec(exp(At)) = {exp(tu) | u € vspec(A))} & exp(t vspec(A)).
~ LEMMA 8.4.2. Let a be a relative equilibrium of X € C&(TM). There exists
X € C¥(T'M) supported on a neighbourhood of a such that

(1) X is everywhere tangent to G-orbits.
2) X—=X=0ona.
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Proor. Fix x € a and set G, = H. By proposition 8.4.1 we may choose
n € ¢(h) such that ®;*(y) = yexp(tn), y € o, t € R. Choose a slice S, at z and a
smooth H-invariant function A : S, — R(> 0) which is equal to one near x and
vanishes near the boundary of S,. We define an H-equivariant vector field X on
S, by X(y) = 4 (y exp(tA(y)n)|i=o. By construction, X — X =0 on a. Extend
X G-equivariantly to G:S, and then by zero to M. 0

~ DEFINITION 8.4.3. Let a be a relative equilibrium of X € CZ(TM). Let
X be an equivariant vector field satisfying the conditions of lemma 8.4.2. The
reduced v-spectrum of X along « is defined by

vspec(X, a) = vspec(T,(X — X)),
where z € a.

LEMMA 8.4.4. (Notation as above)

(1) vspec(X, ) is well-defined independent of the choice of X and x € a.

(2) spec(®, a) = exp(t vspec(X, a)).

(3) 0 € vspec(X, a) has multiplicity at least dim(«) and « is generic if and
only if the multiplicity of 0 equals dim(«).

PROOF. The result may either be proved directly or deduced from the corre-
sponding results for diffeomorphisms using (8.5). O

EXERCISE 8.4.5. (1) Suppose that X € CZ(T'M) is everywhere tangent to
G-orbits. Prove that if « is a G-orbit then vspec(X, «a) = {0}.
(2) Following what we did for diffeomorphisms, it is useful to have a description
of vspec(X, ) that does not depend on the choice of a slice. Let a be a rel-
ative equilibrium of X € C¥(T'M). Fix z € «, set G, = H and suppose that
X(z) = £ exp(tc)(z)|i=o, where ¢ € ¢(h) (or n(h)). Define X¢ € C>(T'M) by
X¢(y) = Lexp(te)(y)|e=o, y € M. Certainly X* is tangent to a and vanishes at
x. Generally, X¢ will not be equivariant unless, for example, G is Abelian. Show
that vspec(X, a) = vspec(T,(X — X°)).
(3) Let (V,G) be a complex representation. Let w € R, w # 0, and define the
linear G-equivariant vector X on V by X (x) = wx. Show that if « is a relative
equilibrium of X then vspec(X,a) = {0} (note this result is trivial if S* C G).

Let a be a relative equilibrium of X € CZ(T'M). Lemma 8.4.2 gives a
decomposition X = Z + X, where X is tangent to G-orbits and Z|o = 0. If
one fixes a family {S, | x € a} of slices for «, Krupa [105] showed that it was
possible to decompose X|GS, into a component Xt tangent to G-orbits and a
‘normal’ component Xy tangent to slices and necessarily vanishing along a. In
essence Krupa’s result allows one to factor out the drift along group orbits and
analyse bifurcations from a relative equilibrium by determining the bifurcations
of the normal vector field (see [105, 82] for some applications).
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LEMMA 8.4.6 ([105, Theorems 2.1, 2.2]). Let o be a relative equilibrium of
X € C¥(TM). Fiz a smooth family S = {S, | v € a} of slices and set U =
UzeaSz. There exist Xp, Xy € CF(TU) such that

(1) X=Xr+ Xy onU.

(2) X is everywhere tangent to G-orbits and Xr|a = X|o.

(3) Xn is tangent to S. That is, for ally € Sy, v € a, Xn(y) € T,,S,. In
particular, Xy|a = 0.

Furthermore, there ezists an open neighbourhood Wx(U) of U x {0} in U x R
and a smooth map v : Wx(U) — G such that

X (y) = 1y, YO (y, 1), (y,t) € Wx(U),
and y(y,t) = exp(tn) € Ca(Gyo, n € ¢(gy), (y,t) € Wx(U).

PROOF. Let z € a, set G, = H and identify o with G/H. Suppose that
o0:V C G/H — G is an admissible section. For each y € S, let £, = T, (a(V)y),
F, =1T,S,. Since E,, = hE, (using admissibility — see proof of lemma 8.3.26),
and Fp, = hF,, the families {E, |y € S,}, {F, |y € S;} define smooth H-
vector bundles over S,. Extend by G-equivariance to smooth G-vector bundles
mr: B —U,ny: F—U. Wehave TyM = E®F. Given X € CZ (T M), we have
the unique decomposition X|U = X1 + Xy, where X; € CF(E), Xy € CF(F).
The final statement follows using proposition 8.4.1(2) and properties of admissible
sections. O

REMARKS 8.4.7. (1) The construction of the bundle E can also be done Lie

algebraically using the adjoint representation Ad : G — GL(g) — see the proof of
Lemma 2.3 [105].
(2) Lemma 8.3.26 may be regarded as giving a ‘tangent and normal’ form for
diffeomorphisms. Indeed, it is not hard to derive lemma 8.4.6 from lemma 8.3.26.
(3) There is an important variation of lemma 8.4.6 that gives a natural decompo-
sition of the vector field in terms of a skew product. The ‘tangent’ vector field is
then naturally defined on the group rather than a group orbit. We describe the
basic idea and refer the reader to [48] for more details and applications (including
to proper G-actions).

Identify the neighbourhood U of lemma 8.4.6 with the twisted product Gx 4V,
where V = T,Gz*, G, = H. The orbit map p : G x V — G xg V gives
G x V the structure of a principal H-bundle over G Xy V' (example 3.1.19). If
Z = (a,p) € CF 4 (T(G x V)), then for all (g,v) € G x V we may write

a(g,v) = ga(v),
Blg,v) = PB(v),
where a € C¥(V,g) and g € CgP(TV). The H-equivariance of a is given by
a(hv) = ha(v)h™' = Ad(h)a(v), (he H,v V).
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Consequently, every G x H-equivariant vector field on G x V is a skew product
over an H-equivariant vector field on V. Observe that if ®7 is the flow of Z, then
we may write ®Z(g,v)) = (¢¥(v, g), ¢} (v)) where ¢} is the flow of 3 and ¢¢ : G x
V — G. Since Z is G x H-equivariant, Z induces a unique Z € CX(T(G xg V))
and o = ¢{’¢}’. That is, ®7([g,v]) = ¢f'(g,v)¢) (v) = gof'(e,v)¢} (v), for all
(g,v) € G x V (we identify ¢} (v) with [e, ¢} (v)] € G xg V).

Since the orbit map is submersive, every smooth G-equivariant vector field
X € C¥(T(G xg V)) lifts to a smooth G x H-equivariant vector field X on
G x V. However, the lift will be non-unique (unless H is finite). We can enforce
uniqueness by fixing a G x H-invariant Riemannian metric on G' x V. Given
(e,v) € GXV, let L =T H(e,v) C gxV (H(e,v) = (h™', hw) | h € V}). Then
TieyP(L) = {0} € Tie,)(Gx V) and T{.,yp maps L+ C gxV isomorphically onto
Tier)(G x5 V). Hence given X € CZ(T(G x V)), we uniquely determine X €
C, 1 (T(G xV)) by requiring that X (e, v) € L* is mapped to X ([e, v]) by T(c.)p-
Set X (e,v) = (a(v), B(v)), v € V. Let hact on V by kv = < exp(th)(v)|i=o, k € b.
Our condition uniquely characterizing X amounts to the condition (3(v), kv)y =
(a(v), k)g, for all £ € h. Finally, the components of X determine a tangential and
normal decomposition for the vector field X (X7 = p.(a,0), Xn = p.(0, 3)).

EXERCISE 8.4.8. (1) Let M be a Riemannian G-manifold and X € CZ(TM).
Show that it is in general not possible to write X = Xp + Xy where X, Xy €
CX(TM), Xp is tangent to G-orbits and Xy is orthogonal to G-orbits. (Hint:
Look at the representation of SO(2) on C? defined by € (21, 29) = (€21, ¢%2,).)//
(2) Investigate the skew product formulation given in remarks 8.4.7(3) in case
H = T is the diagonal subgroup of T? and (V, H) is the standard irreducible
representation of T on V = C.

As an immediate consequence of lemma 8.4.6, we have the following simple
criterion for genericity of relative equilibria.

LEMMA 8.4.9. Let a be a relative equilibrium of X € CF(T'M). Fix a smooth
slice family S = {S, | € a} and set U = GS,. Let Xp, Xy € CX(TU) be
the associated tangent and normal forms of X given by lemma 8.4.6. Then « is
generic if and only if 0 € S, is a hyperbolic zero of Xy for some (any) x € a.

PROPOSITION 8.4.10. Suppose « is a relative equilibrium of X € CF(TM).
Given a C*°-open neighbourhood U of X, and a G-invariant open neighbourhood
U of a in M, we may choose X € U such that

(1) X=X on M\ U.

(2) a is a generic relative equilibrium for X.

PRrROOF. The result may either be proved directly along the lines of proposi-
tion 8.4.10, using lemma 8.4.4 or, more simply, by using lemma 8.4.9. U
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8.4.3. Classification of relative periodic orbits. Suppose that ¥ C M
is a relative periodic orbit of X € C&(TM) with relative prime period 7' >
0. We recall from lemma 8.1.7 that G acts monotypically on ¥ and ¥/G is
diffeomorphic to S'. If ¥ has isotropy type (H), then p : ¥ — X/G is a locally
trivial G-fibre bundle over S!, fibre G/H. The vector field X induces a vector
field X* € C>(TS') such that S* is a periodic orbit of X*, prime period T

We now consider the inverse problem. That is, given a non-zero vector field
X* on S, a group G, and a compact subgroup H of G, classify all relative
periodic flows ®X : ¥ — ¥ over X*, where ¥ is a monotypic G-manifold with
isotropy type (H). The first step is classify all monotypic G-spaces > with orbit
space S!.

We start by classifying free K-manifolds with orbit space S*, for K a compact
Lie group. This amounts to the well-understood problem of the classification of
K-principal bundles over S'. We review the basic definitions and results and
refer the reader to [26] for the general theory.

Let Prin(K, S') denote the set of isomorphism classes of principal K-bundles
over S'. Then

Prin(K, S") ~ mo(K) ~ mo(K/Ko).
(mo(K/Ky) = |K/Kp| is the number of connected components of K/Kj.) For
completeness, we give a direct and simple proof that Prin(K, S') ~ mo(K/K).

LEMMA 8.4.11. There is a natural bijection x : K/Ky — Prin(K, S1).

PROOF. Set K/Ky= P andlet Il : K — P denote the quotient map. Identify
S with [0,1]/(0 = 1). Let 2 € P and pick ¢ € IT7!(z). Let E¢ be the free K-space
defined by
(8.6) ES=1[0,1] x K/ ~,
where (1,k) ~ (0,kC), k € K. If we let 7° : ES — S denote the orbit map, then
p° : B¢ — S'is a K-principal bundle over S'. If ¢’ € II71(2) then there is a
smooth path ¢; connecting ¢ to ¢’ and standard elementary techniques show that
E¢ and E< are isomorphic as K-principal bundles over S'. Hence we may define

x(2) € Prin(K, S1) to be the isomorphism class of the bundle E¢. Conversely,
suppose that 7 : £ — S! is a K-principal bundle. Then we may represent F as

E=100,1] x K/ ~,

where the relation ~ is a K-invariant equivalence relation identifying boundary
points of [0, 1] x K. That is, for each k € K, there exists k € K such that (1,k) ~
(0,k) and (1,gk) ~ (0,gk), all g € K. If we let ( = €, then F is isomorphic to
E¢ = x(II(¢)) as a K-principal bundle. Hence y : K/K, — Prin(K,S") is a
bijection. O

Given z € P = K/Ky, ¢ € II74(2), let #¢ : ES — S! be the principal
K-bundle over S* defined by (8.6). We define a K-equivariant flow 0% on E¢ by

Q5(0,k) =0+t k)~ (teRkekK).
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We call @§ the canonical flow on E. (The canonical flow is a suspension flow
over K/Kj with roof function constant and equal to 1 — see section 9.4.)

LEMMA 8.4.12. (Notation as above.) Let z € P and set X = (z) € Z(K).
Suppose that Cartan subgroups C of type X have tk(C, X) = s, ind(C, X) = p.

(1) For allz € ES, ©¢(z,R) = T, is an r-dimensional torus, where 1 < r <
s + 1. The restriction of ©¢ to T, is conjugate to a linear torus flow
(irrational if r > 1).

(2) If ¢ is a representative generator of X, then every trajectory of @f will
be periodic of prime period p and |X| divides p.

(3) For ¢ lying in a full measure subset K* of II71(2), and all z € E°,

O¢(z,R) =T, is an (s + 1)-dimensional (mazimal) torus.
PrOOF. The lemma follows from the results of section 8.3.2. O

EXERCISE 8.4.13. (1) Let ¢,(’ be representative generators of X = (z) C
P. Prove that the canonical flows are smoothly K-equivariantly topologically
conjugate. Show also that there is a free SO(2)-action on E¢ such that (a) The
SO(2)-orbits are equal to the periodic orbits of ©¢, (b) the actions of G and SO(2)
commute, and (c) G x SO(2) acts transitively on E°.
(2) Extend (1) to show that that for general ¢ € II7!(z), there exists a free
T**!l-action action on E° with orbits equal to the closure of ©%-trajectories.

PROPOSITION 8.4.14. Let H be a closed subgroup of G. Let FB(G, H,S")
denote the set of isomorphism classes of G-fibre bundles over S* with fiber G/H.
There exists a natural bijection

A : FB(G, H, S') — Prin(N(H)/H, S").

Given ¥ € FB(G, H,SY), let z = x(A(X)) € (N(H)/H)/(N(H)/H)y, X = (2),
and s be the rank of Cartan subgroups C of type X. Then the canonical flow
@f on ES determines a unique flow ®, on ¥ with a flow invariant foliation F =
{Fo |z € X} of X satisfying
(1) Foo=9Fs, g€ G, x € X.
(2) Each leaf F, is diffeomorphic to an r-dimensional torus where 1 < r <
s + 1 and the restriction of ®; to F, is transilive and conjugate to a
linear torus flow.

ProOOF. If ¥ € FB(G, H,S'), we define A(X) = ¥ and take the induced
free N(H)/H-action on . With this definition, A(X) € Prin(N(H)/H,S").
Conversely, if £ € Prin(N(H)/H,S'), we define A7 (E) = ¥ € FB(G, H, S') by
Y = G Xy E. The remaining statements of the proposition follow straightfor-
wardly from lemma 8.4.12. U

EXERCISE 8.4.15. Extend exercise 8.4.13 to the setup of proposition 8.4.14 —
in particular, show that the leaves of the foliation F may be represented as group
orbits of a smooth free toral action on .
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REMARK 8.4.16. Suppose that X is a relative periodic orbit of ®* and ¥ has
relative prime period T > 0. We may rescale time so that the induced vector
field X* on S! is the constant unit field. It then follows that there exists ¢ €
I (x(A(Y)) such that & : ¥ — ¥ is conjugate, by a time preserving smooth G-
equivariant diffeomorphism, to the canonical flow @f on E¢. In particular, up to a
time rescaling, lemma 8.4.12 and proposition 8.4.14 give a complete classification
of relative periodic orbits.

8.4.4. Periodic orbits and symmetry. Suppose that 7 is a periodic orbit
of X € C(TM). Noting that isotropy groups are constant on trajectories of X,
we let H denote the isotropy group of any point on v. We define the symmetry
group of v by
Gy={9€Glgv=r}
LEMMA 8.4.17. (1) H<G,.
(2) G, /H is either isomorphic to Z,, or to S*.

ProOOF. Let g € G,. By G-equivariance and the 1-parameter group property
of flows, there exists a unique smallest ¢t = ¢(g) > 0 such that gz = ®X(x), for
all z € v. For all h € H, ghg~'z = &} (h®*,(z)) = x and so H < G,,. Since
gr = g'z if and only if t(g) = t(g’), we see easily that if inf,eq \unt(g) =T > 0,
then G,/H = Z,,, where m = period(y)/T. If inf e \nt(g) = 0, then G, /H =
0, period(7)]/(0 = period(y)) = S*. O

REMARK 8.4.18. If G, /H = S, ~ is called a rotating wave, and if G /H =
L, then ~y is called a discrete rotating wave.

More generally, suppose that ®X(¢) is a trajectory contained in a relative
equilibrium or relative periodic orbit of X € C&(T'M). Let A = ®X(R). Isotropy
groups are constant on A and we set G, = H, where x is any point of A. Let
Gr ={g9 € G| gA = A}. It is easy to show that H < G,. If Go/H is connected
then Gy/H = T*, s > 0. Otherwise, G, /H will be isomorphic to T® x Z,, where

s,p > 0. All of this is a consequence of lemma 8.4.12.

8.4.5. Poincaré map for a relative periodic orbit. Just as for limit cy-
cles of vector fields, we may construct a Poincaré first return map for relative
periodic orbits of an equivariant vector field. In this way, we can reduce the
analysis of dynamics in a neighbourhood of a relative periodic orbit to the study
of an equivariant diffeomorphism in a neighbourhood of a relative fixed set. How-
ever, unlike the case of unconstrained vector fields, the imposition of symmetry
on the vector field can lead to additional constraints on the Poincaré map that
significantly affect the types of bifurcations that may occur. We return to this
point in the chapter 10.

Let X € C¥(T'M). Suppose that ¥ C M is a relative periodic orbit of X
with relative prime period T. Let 7 : ¥ — X/G = S' = [0,T]/(0 = T) denote
the orbit map.
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Let ¢ : N(X) — X denote the normal bundle of 3 and fix an equivariant
tubular neighbourhood p : N(X) — M of ¥ in M (see proposition 3.4.8). Set
U = p(N(X)) and note that U is a G-invariant open neighbourhood of . Fix
6 € St and let « = 771(0) C 3. Set N, = N(X)|a, qo = ¢|N,, and D = q,(N,).
The map ¢, : N, — D C M is a G-equivariant embedding onto the G-invariant
submanifold D C M. Note that D h ¥ and that D N ¥ = «. Since X is tangent
to ¥ and non-vanishing, we may suppose that ¢, D are chosen so that X m D.
In particular, X|D is non-vanishing. Fix a G-invariant metric on N, and let N/
denote the open r-disc bundle of N,. For sufficiently small » > 0, it follows from
the continuity of ®X that there exists € € (0,7) such that for each y € g, (N7),
there exists a unique 7(y) € [T'—¢, T +¢] such that ®* (y, 7(y)) € D and 7|a = T..
Set D' = qo(N!). An application of the implicit function theorem (using X th D)
shows that 7 : D’ — R is smooth. We define the Poincaré map P = PX : D’ — D
by

P(y) = ®*(y,7(y)), (ye D).
(See figure 1.) We call (D, D', P, 1) a Poincaré system for X.

D—

~

D/

o

F1GURE 1. Poincaré system for X

As simple consequences of our construction we have

(a) P:D"— D is a smooth G-equivariant embedding. B
(b) If we choose another Poincaré system (D, D’, P, 7) for ¥, then P and P
are smoothly G-equivariantly conjugate near . In particular, the germ
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of the Poincaré map P along a = ¥ N D is independent of choices up to
smooth equivariant conjugacy.
(c) If we only assume X is C”, r > 1, then P will be C".
(d) There exists an open neighbourhood U of X € C(T'M), such that
(1) YD, forallY € U.
(2) PY . D’ — D is well defined and smooth for all Y € U.
(3) The map CF¥(TM) — C>(D’',D), Y + PY, is continuous in the
sense that for all compact K C D’ we can choose a compact subset
K of GD such that for every r € NT, continuity holds with respect
to || |X on C¥(TM) and || ||X on C>=(D’, D).

PROPOSITION 8.4.19. (Notation as above.) The following statements are
equivalent.

(1) The relative periodic orbit 3 is generic.
(2) If (D, D', P,T) is a Poincaré system for X, then the G-orbit « =¥ N D

is a generic relative fized set for P.

PROOF. The result may be proved in several ways. Most simply, the splitting
TsM = TY @ E* @ E" restricts to give a T P-invariant splitting of T, M. Alterna-
tively, we can equivariantly isotop the flow along G-orbits to a periodic flow Wy,
with Poincaré map P, so that spec(P, a) = spec(P, ). The Floquet exponents
of U, are equal to the exponentials of the eigenvalues of P?, where all points of
a are of prime period d for P. O

8.4.6. Perturbation lemmas for relative periodic orbits. Suppose that
¥ is a relative periodic orbit of X € Cg(T'M) which is not generic. In this section
we show how we can find arbitrarily small perturbations Y of X for which ¥ is
a generic relative periodic orbit of Y. In order to construct the perturbation Y,
we first perturb the Poincaré map PX to P so that « is generic for P (relative to
a Poincaré system for X and ¥). We then show that P is the Poincaré map of a
vector field Y close to X. The proof that P can be realized as the Poincaré map
of a vector field needs a preliminary lemma on equivariant isotopies.

LEMMA 8.4.20. Let X, Y be compact G-manifolds with boundary and f : X —
Y be a smooth equivariant embedding such that f(0X)NIY = (. Given 0 < a < b,
there ezists an open neighbourhood V of f in CF(X,Y) such that if g € V then

(1) g is an embedding and g(0X) NIY = 0.
(2) There exists a smooth equivariant isotopy H : X X [a,b] — Y between f
and g satisfying
(a) Ht( ) f(x), whenever f(x) = g(x).
(b) Hy = f, fort close to a, H, = g, fort close to b.
(c) H depends continuously on g, C"-topology, 1 < r < oco.
(d) The t-derivative of H is C* (in (x,t)-variables).
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ProoOF. Fix an equivariant Riemannian metric on Y. Let V be an open
neighbourhood of Y in Y such that f(0X)NV = 0. For r > 0, let D,(y)
denote the open r-disk, centre y, in Y. Choose r > 0, so that D,(y) C Y \ 9Y,
all y € Y\ V. Choosing r > 0 smaller if necessary, we may suppose that exp,
maps the r-disk centre 0 in 7,Y diffeomorphically onto D, (y) for all y € Y\ V.
Choose a C'-open neighbourhood V of f in C&(X,Y) such that if g € V then
(a) g is an embedding, and (b) d(f(x),g(z)) < r. For each x € X, there exists
a unique §(z) € Tr)Y, |§(z)]| < r, such that g(x) = exp;(,)(§(x)). Since we
may represent £ : X — TY as the composition (exp f(z))’l g(x), it follows that &
is smooth and depends continuously on g, C"-topology, 1 < r < oco. Define

Hy(x) = expy (R(DE(2)), (v € Xt € [a,b]),

where k : [a,b] — [0,1] is C* and equal to 0 near a and 1 near b. Clearly H
satisfies all the required conditions. Il

Let ¥ be a relative periodic orbit of X € CZ(T'M) and (D, D', P,T) be a
Poincaré system for 3. An open G-invariant neighbourhood U of ¥ is subordinate
to (D, D', P,7) if U C Upep ®X(z, [0, p()]).

LEMMA 8.4.21. (Notation as above). Assume that U is an open G-invariant
neighbourhood of ¥ subordinate to (D, D', P,T). Set « = XN D. Fiz a compact
neighbourhood K C U N D' of a and let CF (D', D; K) denote the subset of
CX (D', D) consisting of smooth maps F such that F = P on D'\ K.

There exists an open neighbourhood Q of P in CF(D',D;K) and a map
v:Q — C¥(TM) such that

(1) P’ is an equivariant embedding for all P' € Q.

(2) v is continuous with respect to the C"-topologies on Q and C(T'M),
1 <r<o.

(3) v(P) = X.

(4) v(P")=X on M\ U, all P' € Q.

PROOF. Fix real numbers a,b such that 0 < a < b < inf,cp p(z). By
lemma 8.4.20 we can choose a C'-open neighbourhood Q of P in CF (D', D; K)
such that if P’ € Q, then (a) P’ is an embedding, (b) there exists an isotopy
H : D' x [a,b] — D between the inclusion i : D' — D and P~'P'. Fory € D',t €
[0, p(P~H(P'(y)))], define

P'(y) = p(PH(P'(y)), D(y,t) = ¥ (Hi(y),t).
It follows from the definitions that
(a) Ify € D'\ K, Oy, 1) = ¥ (y,1).
(b) If P' = P, then & = ®X.
(c) @y, ' (y)) = PX(PH(P'(1)), p(PTH(P'(y)))) = P'(y), for all P' € Q.
By the C'-openness of embeddings that we may suppose Q is chosen sufficiently
small so that if P’ € Q, then ® is an immersion and restricts to an embedding
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of Uyep{y} x [0,p'(y)) in U C M. We define a smooth G-equivariant vector

field X’ on the image of ® by X'(®(y,t)) = %(i)y(t). Since ® = ®X outside
Uyex®(y, [0, /' (y)]), X' extends smoothly and G-equivariantly to M if we set
X" = X on M\ U. We define v(P") = X', for P € C¥(D',D;K). The
remaining statements of the lemma are now immediate or follow directly from
lemma 8.4.20. U

REMARK 8.4.22. If X is a C"-vector field, » < oo, then the vector field X’
constructed in lemma 8.4.21 will generally only be C"~!. Note that this problem
does not arise if we work within the space of C"-vector fields but require that X
is (at least) C"*1.

8.4.7. Genericity theorems. For 7 > 0, let G,(T'M;7) C CZ(T'M) denote
the set of all vector fields X such that if ¥ is a relative periodic orbit of X
of relative prime period at most 7, then ¥ is generic (we regard G;(TM;0) as
consisting of vector fields all of whose relative equilibria are generic). We set

g1 (TM) = ﬂq—zogl (TM, T).

If X € Gi(TM) then all relative periodic orbits of X are generic.

Let X € Gi(T'M;7) and suppose that X is a relative periodic orbit of X of
relative prime period v < 7. We say 3 is x-generic if the dimension of ®,(R), z €
¥, is maximal (see lemma 8.4.12). Let Gi(T'M; 7) denote the subset of G (T'M;T)
consisting of vector fields such that all relative periodic orbits of relative prime
period v < 7 are x-generic. We set

THEOREM 8.4.23 ([52]). Suppose that M is a compact G-manifold.

(1) For all >0, Gi(TM;T) is an open and dense subset of CX(T'M).

(2) Gi(TM) is a residual subset of CF(TM).

(3) For all >0, GH(T'M;T) is a dense subset of Gi(T'M;T).

(4) G1(T'M) is a dense subset of CF(TM).
Stmilar results hold if M 1is not compact provided we take the Whitney C>-
topology on CZF(T'M).

PRrOOF. The proof follows the same strategy as that of the corresponding
result for diffeomorphisms. For details we refer the reader to [52, section 7]. O

Suppose that ¥ is a generic relatively periodic orbit of X € Gi(T'M). Let
TY. ® E“(X) @ E*(X) be the corresponding ®; -invariant splitting of T M. We
may represent the stable manifold W (X)) as the image of a G-equivariant injective
immersion & : EY, — M mapping the zero section of E§, onto ¥. Similarly for &5, :
E§ — M. Fix a G-invariant Riemannian metric on M. The bundles E*(X), E*(X)
inherit the structure of Riemannian G-vector bundles from the induced Riemann-
ian structure on TxM. For T' > 0, let E&(T") = {e € E% | |le]| < T'} denote the
T-disk bundle of E. We similarly define E$.(7"). Set W*(X,T") = (4(EL(T)) and
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similarly define W*(3,T). Thus W*(X,T), W*(X,T) are compact G-invariant
(embedded) submanifolds of M (with boundary).

Suppose that ¥, ¥ are relative periodic orbits of X. We say that W*(%,) is
G-transverse to W*(3,) if £&& : E*(%,) — M is G-transverse to W*(X3) (equiv-
alently, if &, : E*(¥3) — M is G-transverse to W*(X;)). Alternatively, and
equivalently, we may require that W* (%, T') is G-transverse to W*(%,, T') for all
T > 0. If W%(X,) is G-transverse to W*(Xs). We write W*(%;) thg W*(2,).

Let Go(T'M) be the subset of Gi(T'M) for which the stable and unstable
manifolds of all relative periodic orbits meet G-transversally. We similarly define
G;(TM) (= Go(TM) NG (T M)).

THEOREM 8.4.24 (Equivariant Kupka-Smale theorem [52]). Go(T'M) is a
residual subset of C&(T'M) and G5(T'M) is a C*-dense subset of CXG(T'M).

PROOF. The proof is similar to that of the corresponding result for diffeo-
morphisms. For details we refer the reader to [52, sections 8,9]. O

8.5. Notes on chapter 8

Proposition 8.4.1, giving dynamics on relative equilibria, was originally proved
in the author’s thesis (Warwick, 1970, [49]) and first appeared in [52] together
with results for relative fixed sets (for diffeomorphisms) and relative periodic or-
bits. The results for relative periodic orbits were only partial and correct and
complete results first appeared in Krupa [105]. Krupa’s paper also contains the
statement and proof of the tangential and normal form for equivariant vector
fields, a result that has proved useful in equivariant bifurcation theory. Results
along similar lines for equivariant diffeomorphisms and relative fixed sets appear
in [56, Lemmas C,D] and [54] (these results were not motivated by bifurcation
theory). General results on dynamics near and on relative periodic orbits and
fixed sets also appear in [58]. There have been some errors in the literature
involving the minimal period of periodic orbits for flows in a fixed isotopy class
of equivariant flows on a relative periodic orbit (see [183, Example 6.2]). In
section 8.3.2 we give careful statements of results for relative fixed sets. Corre-
sponding results for relative periodic orbits of flows follow using a Poincaré system
(see also chapter 10). More recent works, for example [48, 8, 134], have empha-
sized proper actions by Lie groups and have used the skew product formulation
for dynamics in a neighbourhood of a relative equilibrium (remark 8.4.7(3)). We
say more about recent work in the notes to chapter 10.

The Kupka-Smale genericity theorems 8.3.47, 8.4.24 originally appeared in [52]
— indeed proving these results was the (author’s) incentive for developing G-
transversality. Earlier versions of these theorems, without the G-transversality,
appeared in [49].



CHAPTER 9

Dynamical systems on G-manifolds

In this chapter we describe a number of basic classes of equivariant dynamical
systems on G-manifolds and indicate some of the main theorems and properties
about the associated dynamics. We tend to give only brief details of proofs of
the main results (proofs can be long and sometimes quite technical) and instead
refer the reader to the original sources.

After a quick review of skew products — the easiest way to manufacture equi-
variant dynamics — we start by considering G-invariant Morse functions. We
prove that every compact G-manifold admits G-Morse functions that determine
a very regular decomposition of the manifold into GG-handlebundles. Next we con-
sider the equivariant version of subshifts of finite type and indicate the proof of
an equivariant version of the C%-density theorem of Shub and Smale — this uses
our results on G-handlebundle decompositions. Finally, we look at symmetric
solenoidal attractors and Anosov diffeomorphisms.

9.1. Skew products

We have already encountered skew products — for example as a model for
dynamics near a relative equilibrium (remarks 8.4.7(3)).

9.1.1. Skew extensions of diffeomorphisms. Let M be a compact mani-
fold and G be a compact Lie group. Let G act freely on M xG by g(x,v) = (x, g7),
g € G, (r,7) € M x G. Suppose ¢ € Diff(M) and f € C*°(M,G). We define
¢f € lef@(M X G) by

¢! (2,9) = (¢(2), gf(x)), (v € X,g9€Q).
We call ¢/ a G-extension or skew-extension of ¢ by G. We refer to f as a cocycle.

EXERCISE 9.1.1. Show that every ¢ € Diff¢(M x G) may be represented as
a skew extension. That is, there exist unique ¢ € Diff(M) and f € C*(M,G)
such that 1 = ¢;.

For n € Z, x € M, define

W5 f(@ (@), n>0,
(9.1) =3 e neo
(= f(# (@)™, n<0.

277
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Order of multiplication is from left to right (f2(x) = f(z)f(¢(z))). We have
(¢7)" (2, 9) = (¢"(2), 9f"(x)), (n € Z,(x,9) € M x G).

It is easy to make translations from dynamical properties of ¢ to properties
of the G-equivariant diffeomorphism ¢;. For example if x € M is a point of
prime period p for ¢, then o = G(z,e) is a relative periodic orbit of ¢/ of
relative prime period p. If z is hyperbolic then « is generic (that is, normally
hyperbolic). Dynamical properties of ¢¢|la will depend on the value of f"(z).
Stable and unstable manifolds of hyperbolic periodic points of ¢ lift to G-invariant
stable and unstable manifolds of generic relative periodic orbits. Transversality
of invariant manifolds also lifts. Equivariant transversality is not an issue here.
Since the G-action is free, equivariant transversality is equivalent to stratumwise
transversality which is regular transversality.

EXERCISE 9.1.2. Assuming the Kupka-Smale theorem for diffeomorphisms,
verify that Go(M x @) is a residual subset of Diffg(M x G). Show that if ¢ €
Diff(M) is Kupka-Smale, then (1) ¢y € Go(M x G) for all cocycles f, and (2)
there is a C°-dense subset of cocycles for which ¢ € G5 (M x G).

9.1.2. Principal G-extensions. Suppose that F is a compact G-manifold
and G acts freely on E. Let ® € Diff¢(F). If we let M = E/G denote the orbit
space, then M is a smooth compact manifold and ® uniquely induces ¢ € Diff(M).
We refer to & : E — E as a principal G-extension of ¢ : M — M. The orbit
map p : E — M gives E the structure of a principal G-bundle over M (see
section 3.1.1). Let C(E, G) denote the space of ‘cocycles’ f : E — G satistying
the equivariance condition

flgv) =gf(v)g™", (g €G,veE).
If & € Diff¢(F), f € CF(E,G), then the map f& defined by

(f®(v) = f(0)@(v), (veE)
is a G-equivariant diffeomorphism of E.

EXERCISE 9.1.3. Show that every (skew) G-extension can be viewed as a
principal G-extension. Verify that C°(M,G) =~ C¥ (M x G, G).

9.1.3. Skew products for flows and vector fields. Let M be a smooth
manifold and G be a compact Lie group. Let X € C*°(T'M) and £ € C*(M, g).
We define X, € CF(T'(M x G)) by

Xe(x, 9) = (X(2), g&(x)).
We call X, a skew product vector field. More formally, X, is a skew extension of
X by G and € is a cocycle.

Let ®; be the flow of X;. Then we may write ®,(z,g) = (¢ (), g7 (x)),
where ¢ is the flow of X and v, : M — @ satisfies the (flow) cocycle condition

’7t+8(x) = 7t($)78<¢;€x(x))v (l‘ = X7 t,s € R)
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Just as for diffeomorphisms, it is easy to translate dynamical properties of X to
the skew product field X¢. In particular every equilibrium (respectively, limit
cycle) of X corresponds to a relative equilibrium (respectively, relative periodic
orbit) of X¢.

EXERCISE 9.1.4. (1) Show that every smooth G-equivariant flow on M x G
is a skew product flow.
(2) Suppose that H is a closed subgroup of G and M is a smooth H-manifold. Let
¢ € Diffg(M) and f € C*(M,G). Find conditions on f that are sufficient for
the skew-extension ¢; to induce a G-equivariant diffeomorphism of the twisted
product G x gy M. Similarly for flows.
(3) Develop the formal theory of principal skew product flows (that is, equivariant
flows on a principal G-bundle).

REMARK 9.1.5. Skew products go back at least to Von Neumann and figure
prominently in ergodic theory — both in classification theory and also in the
construction of examples. In smooth ergodic theory, it is natural to take M to be
a hyperbolic basic set (for example, ¢ : M — M might be Anosov). Compact Lie
group extensions of Anosov diffeomorphisms appear in the influential mid-1970’s
articles of Brin [27, 28] who gave conditions for ergodicity of G-extensions. Later,
Brin, Katok and Feldman used circle extensions as part of their construction
of Bernoulli diffeomorphisms on compact Riemannian manifolds [29]. Burns
and Wilkinson [32] have shown that for ergodic compact group extensions of
Anosov diffeomorphisms, ergodicity can persist under measure preserving smooth
perturbations of ¢/, breaking the smooth skew product structure. The perturbed
skew-extensions may be richly pathological [152, 161]. Results and references
on smooth compact group extensions over basic hyperbolic sets may be found
in [66].

9.2. Gradient dynamics

Throughout this section we suppose that M is a compact Riemannian G-

manifold. The Riemannian metric on M will remain fixed. Given f € C*°(M)%,

define
(a) Xy ={x € M |df(z) =0} (the set of critical points of f).
(b) Cp = f(Xy) (the set of critical values of f).
(c) Ry =R\ Cf (the set of regular values of f).
Since f is G-invariant, ¥y is a closed G-invariant subset of M.
Let grad(f) € C(T'M) denote the gradient vector field of f. If we let (, )

denote the inner product on fibres of T'M determined by the Riemannian metric
on M, then (by definition)

(grad(f)(z),v) = df (z)(v), (veT,M,x € M).

The zero set of grad(f) is equal to the singular set ¥y of f. In particular, if
a C Xy is a G-orbit then « is an equilibrium G-orbit of grad(f).
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LEMMA 9.2.1. Let oo C X5 be a G-orbit. The following conditions are equiv-
alent.
(1) The equilibrium orbit « is generic (for grad(f)).
(2) If we choose a slice S, at x € a, then x is a non-degenerate critical point

of f15z-

(3) « is non-degenerate for f in the sense of equivariant Morse theory [176].

If any of these conditions hold, we refer to o as a non-degenerate critical orbit
of f.

PROOF. Exercise (we shall only need the equivalence of (1) and (2)). O

DEFINITION 9.2.2. Suppose that a is a non-degenerate critical orbit of f.
The index of «, ind(c, f), is defined to be the dimension of the stable manifold
of W#(a) (for grad(f)).

DEFINITION 9.2.3. If all critical G-orbits of f € C°°(M)% are non-degenerate,
we say f is a G-Morse function.

It was shown by Wasserman [176] that every G-manifold admits a G-Morse
function. Let M(M,G) C C=(M)Y denote the set of G-Morse functions on
M and Mr(M,G) C M(M,G) denote the set of G-Morse functions for which
the stable and unstable manifolds of equilibrium orbits of grad(f) meet G-
transversally.

PROPOSITION 9.2.4. My (M, G) is an open and dense subset of M(M, Q).

PROOF. The result uses similar techniques to those used to prove the Kupka-
Smale theorem for equivariant flows — see [52]. Since there is no recurrence in
the dynamics, the stable and unstable manifolds of critical orbits are embedded
G-manifolds and there are no difficult issues concerning stability of G-transverse
intersections. Il

DEFINITION 9.2.5. A G-Morse function is excellent if stable and unstable

manifolds of the equilibrium orbits of grad(f) meet transversally. We denote the
set of excellent G-Morse functions by Mg(M,G).

PROPOSITION 9.2.6. Every compact Riemannian G-manifold admits an ex-
cellent G-Morse function.

PROOF. We give a sketch of the proof — complete details may be found in [53].
Let My C My C ... C My = M be the filtration of M defined by the isotropy
strata. We recall that each set M; is a compact G-invariant subset of M, N; =
M; 1 \ M; will be a union of orbit strata and ON; = M;, 1 < i < N (see
section 3.7.1). Note that M; consists of maximal isotropy strata and is a G-
invariant submanifold of M (the dimensions of components may vary). Our
construction goes by an upward induction on the filtration. At the rth step,
suppose we have constructed an open G-invariant neighbourhood U, of M, and
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fr € C=(M)% such that (a) AU, is smooth, (b) grad(f.) h OU, and inward
pointing, (c¢) if @« C N; C M, is an equilibrium orbit, then « is generic and
W*(«) M N, (d) there are no equilibrium orbits in U, \ M, (these conditions imply
that the trajectory of grad(f) through any point of U, \ M, is forward asymptotic
to M,). To start the induction, choose a G-invariant tubular neighbourhood U
of M; = N, and define f; € C*(U,)% to be minus the square of the distance
from M. Extend f; smoothly and G-equivariantly to f; € C>=(M)%. Perturb fi
to fi € C°°(M)% so that fi|M; is a G-Morse function (equivalently, f; induces
a Morse function on M;/G). We may do this so that conditions (a—d) hold. In
particular, every equilibrium orbit of f meeting U; will be a subset of M;. This
completes the first step of the induction. Suppose next that 1 < r < N and we
have constructed U,, f, satisfying (a—d). Let K C U, be a G-invariant compact
neighbourhood of M,. Choose a G-invariant tubular neighbourhood V, of N, \ K
and consider the G-invariant neighbourhood U,..; = U, UV, of M, ;. Smoothing
corners, we may assume that OU,,; is a smooth G-invariant submanifold of M.
We define a new G-Morse function f,41 M dU,.1 on U,,; by patching together
fr on U, with the negative of the square of the radius function for the tubular
neighbourhood V,. and then extending smoothly and equivariantly to M. Finally,
perturb f,;1 to fry1 € C°(M)% so that (a—d) hold. O

EXAMPLE 9.2.7. In general, a G-Morse function cannot be approximated by
an excellent G-Morse function. As an example, take the Zs action on S? which has
the equator as fixed point set. Choose a smooth Zs-invariant Morse function on
S? which has exactly two non-degenerate singular points p, ¢ on the equator, both
of index one. The equator will then be non-transversal saddle link connecting
p,q. The connection cannot be removed by Zs-invariantly perturbing f.

9.2.1. Handlebundle decompositions of a G-manifold. We start by re-
viewing the definition of a G-handlebundle (we refer to Wasserman [176, section
4] for details we omit).

Let H be a closed subgroup of G and E, I’ be smooth Riemannian G-vector
bundles over « = G/H. Define

H(E, F) = {(v,w) € E® F | [Jv]], [lw]] < 1}.

We call H(E, F) a (G-) handlebundle of type (E, F) and index dim(F'). Note
that H(E, F') is a G-manifold with boundary that has corners. We define

CEF) = {(v,w) e H(E,F) | w =0},
T(E,F) = {(v,w) e H(E,F) | v =0},
B(E,F) = {(v,w) € H(E,F)|[lo] = 1},
H(E,F) = {(v,w) € H(E,F) | |u] <1},
and call C(E, F), T(E, F) the core and transverse bundles of H(FE, F’) respec-
tively. The set B(FE, F') is the distinguished boundary of H(E, F). Given z € a,
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w € F,, we refer to {(v,w) € (E@ F), | |[v|| <1} as a core disk. We similarly
define transverse disks.

Core disk bundle

________

Transverse disk bundle

FiGURE 1. Attaching a handlebundle

Suppose that M is a compact G-manifold, boundary M, and dim(M) =
dim(H(E, F)). Let f : B(E,F) — OM be a G-equivariant embedding. We
define M Uy H(E, F) to be the topological space defined by identifying points in
OM and H(E, F') by f. We may give M Uy H°(E, F)) the structure of a smooth
manifold. We can extend this smooth structure to M Uy H(E, F') by the process
of “straightening the angle” along the corners (see Milnor [127]). We say that
M Uy H(E, F) is the result of attaching a handlebundle of type (£, F') to M. In
figure 1, we show the effect of attaching a (Z-) handlebundle to a Zs-invariant
2-disk (note we have smoothed the corners).

Denote the isotropy strata of M by M, ..., My, where we have labelled so
that My = My (principal isotropy stratum) and if OM; N M; # () then i > j. In
particular, M; is a compact G-invariant submanifold of M and M7 = U,;<;M; is
a compact G-invariant subset of M for all 7 > 1.

THEOREM 9.2.8. Let M be an m-dimensional compact Riemannian G-manifold.
There exists f € Mg(M,G) such that
(1) f=0.
(2) f7Y[0,7]) is a closed neighbourhood of M7 with smooth boundary, 1 <
i<N.
(3) f71 ([, s +1NCy) C My, j > 0.
(4) If &« C M; is a critical orbit of f, then
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where k = ind(a, f).
In particular, if we set W3 = f71([0,4]), j > 1, then W7t is obtained from W
by successively attaching groups of handlebundles of common index k, 0 < k < m,
each of which is associated to a critical orbit of grad(f) lying in M.

PRrROOF. The proof uses the technique of the proof of proposition 9.2.6 to-
gether with Smale [163, Theorem C]. (We refer to [53] for more details — the
only issue beyond the method of proposition 9.2.6 is modifying the Morse func-
tion so that it takes prescribed values at critical points.) 0

EXAMPLE 9.2.9. Let SO(2) xZy act on R? = R?®R as the sum of the standard
representation of SO(2) on R? and the non-trivial representation of Z; on R. The
action extends smoothly to S? = R® U {oo}. We have the orbit decomposition
S3 =8, USy U S3U Sy, where S; consists of the two fixed points of the action,
Sy is the set of points with isotropy Z,, S3 is the set of points with isotropy
SO(2) and Sy is the set of points with trivial isotropy. We remark that S; U S, is
diffeomorphic to S? (with the obvious SO(2)-action) and S; U Ss is diffeomorphic
to S'. We may construct an excellent SO(2) x Zy-Morse function f such that
the two critical points of f|S; are of index 3 and f(S;) = {1/5}, there is one
critical orbit 3 for f|Ss of index 2 and f(3) = 7/5, there is one critical orbit
for f|S5 of index 2 and f(y) = 12/5, and one critical orbit ¢ for f|S4 of index 1
and f(§) = 18/5. In figure 2 we have taken a section of R? by the (x, 2)-plane
and shown the level surfaces f~1(j), j = 1,2, 3, as well as representative critical
pointsa € S, b€ B, c€vyand d € 6.

N
3)

FIGURE 2. S! x Z, handlebundle decomposition for S*
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9.2.2. Triangulations and handlebundle decompositions. We conclude
with a discussion of an alternative proof of the final statement of theorem 9.2.8.

If M is a compact G-manifold, then we may assume that M has the struc-
ture of a real analytic G-manifold (see remark 3.1.10). Give M the semiana-
lytic! Whitney regular stratification by isotropy type. It follows by results of
Schwarz [154] and Mather [120] that M /G has the structure of a semianalytic
subset of some R™. If we give M /G the canonical semianalytic Whitney stratifica-
tion and let p : M — M /G denote the orbit map, then p maps connected strata
of M onto strata of M/G [13]. It follows from a result of Lojasiewicz [116]
that we may triangulate M/G as a semianalytic set (see also Hardt [90] and
[121]). Denote the triangulation of M/G by T and let T}, denote the k-skeleton
of T, 0 <k < dim(M/G). If we let M* C ... € M¥ denote a filtration of
M by isotropy type (that is, the filtration is determined by imposing an order
on isotropy types), then the triangulation T induces a triangulation 77 of each
M’ /G. 1f we choose a G-invariant Riemannian metric on M and let p denote the
induced metric on M /G, then given any € > 0, we may choose the triangulation
T so that each simplex of T is of p-diameter at most ¢.

Let 7 denote the structure on M determined by p~'(T). If F € T is a p-face,
with interior F°, then 7—!(F*°) will consist of points of the same isotropy type.
We may build a G-handlebundle decomposition of M using the structure 7  (for
the non-equivariant case see Mazur [123]). Roughly speaking, the sets p~!(F),
F' a face, will correspond to core bundles of the G-handlebundle decomposition.
We build the G-handlebundle decomposition by an upwards induction over the
isotropy filtration. If F' € T is a p-face, let vp € F° denote the barycentre of F'
(p(z,0F) < p(vp,OF) for all x € F). The set T" determines a triangulation of
the manifold M;/G. We define an excellent G-Morse function f! on a G-invariant
neighbourhood U; of M; which has critical orbits of index m—p at 7! (vp) C M!,
where vp € F € T7 and F is a p-dimensional face. We can arrange all of this
so that U; is a union of G-handlebundles, OU; is smooth, grad(f!') M U; and
inward pointing, and 7~ (vF)NU; = @ for all vp ¢ M;. We induct up the filtration
in the obvious way to construct the required G-handlebundle decomposition of
M. The fact that the triangulation determines a triangulation 77 of each M7 /G
allows us to carry through this process without explicitly constructing a G-Morse
function. In figure 3 we show a simple example of this process for the Zs-action
on S? defined by rotations about the z-axis. On the lefthand side of the figure
we show a triangulation of the orbit space S?/Z, with four vertices, six edges
and four faces. Two of the vertices correspond to the fixed points of the action
on S%. The associated Z4-handlebundle decomposition of S? will have a total of
10 handlebundles of index 2 (0-dimensional core), 24 handlebundles of index 1
(1-dimensional core) and 16 handlebundles of index 0 (2-dimensional core). In
terms of a Z,-Morse function on S?, the vertices will be sinks, centres of index 1

IThe analytic version of semialgebraic — see [119]
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handles will be saddles and centres of index 2 handles will be sources. Once one
has the handlebundle decomposition of S?, it is trivial to draw the level curves

of the Morse function.

FIGURE 3. Z,-handlebundle decomposition for S?

Index 0 handle

Index 1 handle

Index 2 handle

9.3. (G-Subshifts of finite type

In this section, we assume some familiarity with basic definitions and results
on subshifts of finite type [139, 102] (or topological Markov chains [100, chapter
1, section 9]). Our aim will be to describe an equivariant version of this theory.
In particular, we give an equivariant version of Williams’ result [179] on realizing
subshifts of finite type as basic hyperbolic sets of a diffeomorphism. We also
show that every C'-equivariant diffeomorphism of a compact G-manifold can be
equivariantly isotoped to an equivariantly Q-stable diffeomorphism (the equivari-
ant version of Shub and Sullivan’s theorem [160]). There will be quite a few
preliminaries, mainly concerned with the case when G is not finite.

Recall that for n > 1, n = {1,2,...,n}. For n > 2, let ,, = n” denote the
space of all bi-infinite sequences x = (z;), with z; € n, i € Z. We give ¥, the
product topology (discrete topology on n) and note that with this topology %,
is a compact metrizable space. If § € (0,1), we define a metric dy on ¥,, by

d@(X, y) = 9N>

where N = N(x,y) = max{N | z; = y;,|j| < N}. The topology defined by dj
coincides with the product topology on ¥,. Let o : ¥, — X, be the shift map
defined by o(x); = x;11, i € Z,x € ¥,,. The shift map defines a homeomorphism
of ¥, (‘the full shift on n symbols’).
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G-subshifts of finite type, G is finite. Let G be a finite group and ¢ : G — S,
be a representation of G into the symmetric group S, of n. We give X, the
structure of a G-space with G-action defined by

gx; = Y(g)(x;), i € Z,g € G.
With this G-action, o : ¥, — ¥, is an equivariant homeomorphism.

An n x n matrix A is called a 0-1 matrix if each entry A(7, j) = a;; € {0, 1}.
Let M(n) denote the set of 0-1 matrices. We have an action of G on M (n) defined
by

9(A)(i, 7) = A(b(9) (1), ¥(9) (1)), (9 € G, A € M(n),i,j € n).
Set M (n)¢ = M(n;v). Given A € M(n;1) define

EA = {X = (x,) € I'IZ | A(Z’i,.TH_l) = 172 € Z}

Clearly ¥ 4 is a compact G- and o-invariant subspace of ¥,,.
A matrix A € M(n) is irreducible (or transitive) if for all 4, j € n, there exists
p = p(i,7) such that AP(i,j) > 0.

EXERCISE 9.3.1. Show that o : ¥4 — X4 is transitive (there exists a dense
orbit) if and only if A is irreducible.

Henceforth we always assume A is irreducible. We refer to o : ¥4 — ¥4 as a
subshift of finite type.

We define the period of A to be the highest common factor of {n|A™(i,i) >
0, 4,7 € n}. When A has period 1, A is called aperiodic. If A is aperiodic then
0 : ¥4 — X4 is topologically mixing?.

EXERCISE 9.3.2. Verify that o is topologically mixing if and only if A is
aperiodic (see [139, 102]).

DEFINITION 9.3.3. Let X be a compact metric G-space and f : X — X be
a G-equivariant homeomorphism. We say that the pair (X, f) is a G-subshift of
finite type if there exists a representation ¢ in some 5, an irreducible matrix
A € M(n)¢ and an equivariant homeomorphism & : ¥4 — X such that

hoo= foh.

REMARK 9.3.4. It is easy to see that the pair (X4,0) need not be uniquely
determined by f: X — X (see also Williams [179]).

EXAMPLE 9.3.5. Let Z, act on R? as multiplication by £I. Referring to
figure 4, we consider the oval Zy-symmetric region 2 C R? defined as the union
of the rectangle () and the half disks A and B. The rectangles P;, P, P; and
Ry, Ry, R3 are contained in ). We assume —P; = P3, —P, = P,, —R; = Rj
and —Ry = Ry. We define a smooth Zs-equivariant equivariant embedding f :
0 — interior(Q2) such that f|P, : P, — R; is an affine linear bijection, i =

20 : ¥4 — ¥4 is topologically mixing if for every pair of non-empty open subsets U,V of
Y4 there exists N = N(U, V) € N such that c™(U)NV #0, n > N.
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1,2,3. We require that f has a hyperbolic attracting fixed point u € f(A) (and
corresponding point —u € f(B)) and that these are the only fixed points of f
in AUB. Set A =nNX___fY(Q). Then (A, f|A) is Zy-equivariantly topologically

conjugate to the full Zo-shift o : 3% — 3% where we take the representation

b 1 Ty — Sy defined by ¥(—I)(1) = 3, ¥(=I)(2) = 2 and ¥(—I)(3) = 1. We

b

wU
s T
-0

FIGURE 4. Zs-subshift of finite type

may extend f to an Zs-equivariant diffeomorphism of S?. To this end, regard
S% as R? U {oo}. Since f is Zs-equivariantly isotopic to the identity map of
Q, it follows from the equivariant isotopy theorem that f extends to a smooth
Zsy-equivariant diffeomorphism of S2. We may require this extension to have a
hyperbolic repellor at oo and W*(oco) D 5%\ Q. The resulting diffeomorphism
of §% is Axiom A and even Z,-structurally stable. This example is based on the
construction described by Smale [163].

EXERCISE 9.3.6. (1) Show that for all p > 0, o : 3, — 3, is topologically
conjugate to the full shift on n” symbols. That is, there exists a homeomorphism
H, : ¥, — X,» such that H, o o? = 0 o H,. Find and prove a similar result for
subshifts of finite type.

(2) Show that if AP(i,j) > 0 for all i, € n, then A%(i,5) > 0 for all ¢ > p,
1,] € n.

(3) Suppose that (3, 0) is a full G-shift on n-symbols and that G acts freely on
¥,. Letting f denote the map induced by o on %, /G, show that (X,/G, f) is
topologically conjugate to a full shift on n symbols. (This result fails if the action
of G is not free — see [68, chapter 4].)

G-subshifts of finite type when G is compact. Let G be a compact Lie group
and J, H be closed subgroups of G with J < H and H/J finite. Let ¢ be a
representation of H/.J in S,,. We have an induced representation ¢ : H — S,.

Let A € M(¢;n) and 0 : ¥4 — X4 denote the corresponding subshift of finite
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type. The representation ¢ : H — S,, induces an H-action on > 4. It follows that
0 : X4 — X4 has the structure of an H-subshift of finite type (we allow H to be
infinite).

Let x : ¥4 — G be a continuous skew H-equivariant map:

x(hx) = hx(z)h™', (z € 4, h € H).

We form the twisted product G Xy ¥4 and define the map o, : G xg X4 —
G Xy X4 by

ox(lg,2]) = [gx(2),0(x)], (lg,2] € G xu Xa).
Since x is skew H-equivariant, o, is well-defined and a G-equivariant homeo-
morphism of G xg ¥4. We may extend x to a skew G-equivariant map x :
G Xy X4 — G if we define x([g, ]) = gx(x)g~ ! and then

ox(lg, 7)) = x(lg, z])o ([g, z]),
where o ([g,z]) = [g,o(x)]. With this notation, o, = xo.

DEFINITION 9.3.7. Let X be a compact metric G-space and suppose that
f X — X is a G-equivariant homeomorphism. We say that (X, f) is a G-
subshift of finite type if there exist closed subgroups J, H of G, with J <« H and
H/J finite, a representation ¢ : H/J — S,, A € M(n;1)), a skew H-equivariant
map x : X4 — G and a G-equivariant homeomorphism h : G Xy ¥4 — X such

that o
GXHEA — GXHEA

[ [
X g x

commutes

EXAMPLE 9.3.8. Consider the representation (C2,SO(2)) which is defined
by €?(21,25) = (21,e*2,). All nonzero points with zero z;-coordinate have
isotropy Zs. Let u = (0,1) € C? and set W = (Ruu)*. As a Z,-representation,
we may write W = Ru & V', where V is naturally isomorphic to the z;-axis.
The group Zs acts trivially on Ru and as multiplication by +I on V. Define
I, ={(1+suls € [-1,i} CRuand let S = [, x V C C® Then S is a
slice at u for the action of SO(2). We define a smooth Zs-equivariant embedding

¢: 85— S by

S+ s)u,z) = (1= D, fz) s €[5, 5] m €V R C
where f : C — C is the Zs-equivariant diffeomorphism constructed in exam-
ple 9.3.5. Let x : S — SO(2) be a smooth map which equals the identity element
on a neighbourhood of the boundary of S (since SO(2) is Abelian, x is auto-
matically skew-equivariant). Set U = SO(2) xz, S and define F' : U — U by
F([e?, z]) = [e?x(x), #(x)]. Using the equivariant isotopy extension theorem, we

may extend F' to F' € Diffso2)(C?). Restricting F to U, we see that U contains
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two hyperbolic attracting relative equilibria and an SO(2)-subshift of finite type
which is topologically conjugate to the ‘full shift” £ on SO(2) xz, 3%. All SO(2)-
orbits in SO(2) xz, 3% have dimension one. However, not all points have the
same isotropy. There is precisely one singular SO(2)-orbit through 2 (the point
corresponding to u € C? or the origin of V).

Classes of maps covering the identity map on orbit space. If A is a closed G-
invariant subset of the G-manifold M, let F(A) denote the space of equivariant
maps [ : A — A satisfying

(a) f(z) € Gz, for all x € A (f covers the identity map on A/G).
(b) f is the restriction of a smooth diffeomorphism of M.

Noting (b), we may define the C"-topology on F(A), 0 < r < oo.

Suppose that H is a closed subgroup of G and (V, H) is an orthogonal repre-
sentation. We assume H-orbits are finite (equivalently, Hy acts trivially on V).
Let 7 : G xyV — G/H denote the natural projection on G/H (7 (g, z]|) = g[H])
and recall that 7 : G xg V — G/H is a smooth G-vector bundle over G/H. Let
D denote a closed disk centre 0 in V. Set 3 = G xy D. Regard D as embedded
in ¥ as {[e,z] | z € D} = (7|X)"([H]). Let F(X) denote the space of smooth
G-equivariant diffeomorphisms of ¥ covering the identity map on 3/G.

LEMMA 9.3.9. Let U be an open neighbourhood of the identity element of G.
There exists a C°-open neighbourhood N' = N(U) of Is in F(X) such that if
feN, then f = xIs, where x : X — U C G is smooth and skew G-equivariant.

PROOF. Using an admissible local section of G — G/H, we can find a C°-
open neighbourhood A of Is; such that if f € A then there exists a smooth skew
G-equivariant map 7 : 3 — U C G such that n(z)f(z) € 7~ (z), for all z € &
(see the proof of lemma 8.3.26). Let Dp C D C X denote the open and dense
subset of D consisting of points of principal isotropy group J. We claim that
for U sufficiently small n(x)f(z) = z, x € Dp. Observe that since H-orbits are
finite, f¢ = {z € Dp | n(z)f(x) # =} is an open subset of Dp. Since Dp/H is
connected, we either have fg is empty or all of Dp. Since H-orbits are finite, if
U is chosen sufficiently small then for all f € N, there exists € Dp such that
n(z)f(z) = z. Hence nf = Iy, for all f € N. Take x =n~'. O

REMARK 9.3.10. We caution the reader that lemma 9.3.9 generally fails if
the dimension of G-orbits in 3 varies — that is, if Hy does not act trivially on V'
(for an example, see exercise 8.3.25(2)).

LEMMA 9.3.11. If f € F(X) is equivariantly isotopic to Is, through maps in
F(X), then there exists a smooth skew equivariant map x : ¥ — G such that

[ =xIs.

PrROOF. By lemma 9.3.9, we may write f = fi0...0 f,, where each f; = x;/s
and x; is skew equivariant. O
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Define
J — ma;evHZ-

LEMMA 9.3.12. (Notation as above.)

(1) J is a normal subgroup of H and J D H,.
(2) H/J is finite and the H-action on V induces a linear action of H/J on

V
(3) The principal isotropy group of the action of H on'V is constant, equal

to J.

PROOF. (1) Since J = Nyey H,, J<<H; Hy acts trivially on V and so J D Hj.

(2) Immediate from (1). (3) The principal isotropy group for the action of H/.J
on V is constant (see exercise 3.7.10(1)) and so must be the identity by definition

Given n € G, let [n, H] = {nhn='h™' | h € H}. Define
K(J,H)={n € Ng(J) | [n,H] C J}.
REMARK 9.3.13. If H is finite and J = {e}, then K(J, H) = Cq(H).

LEMMA 9.3.14. (Notation as above.)
(1) K(J,H) is a closed subgroup of Ng(H).
(2) J<Q K(J, H).
PRrROOF. Obviously, K (J, H) is a closed subset of G containing eq. If [n, H] C
J, then n € Ng(H) since Jh C H, for all h € H. Let n,m € K(J,H), h € H.
Then
nmh(nm)'h™t = n(mhm 'R Hn " AT
= njihn th7L, for some j; € J,
= jonhn 'h7!, where j, € J,
= JjoJs, for some j3 € J,
e J

Hence K (J, H) is a subgroup of G. Since J<H, J C K and so, since K C Ng(J),

we have J < K(J, H). O
Given n € K(J, H), define 3, : G xyg V. — G xyg V by

ﬁn([gav]) = [gn7v]’ [972)] € G XH V

LEMMA 9.3.15. (Notation as above.) For allm € K(J,H), B, : G xgV —
G xg V is a well-defined smooth G-vector bundle isomorphism of G xg V' such

that B, (z) € Gz for allz € G xg V.
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PRrROOF. We must show that for all z € V, g € G, we have (,([g,z]) =
Bn([gh™, ha]). We have

Bu(lgh™ ha]) = [gh™'n, hal,
= [gjnh™', hx], since h'nhn™t € J,
= [gjn, z],
= |[gny’, x|, since J < K(J, H),
= [gn,j'z] = [gn, =],
= Bullg. z])
Hence f3, is well-defined. 0

LEMMA 9.3.16. Let L : G xg V. — G xg V be a smooth G-vector bundle
isomorphism covering ¢ € Diff¢(G/H) and such that L(z) € Gz for all z €
GxgV. There existsn € K(J, H) such that L = 3,. If we let p denote the number
of connected components of a Cartan subgroup of Ng(J)/J containing n[J], then
there exists n € K(J,H), with n? € J, such that L is smoothly equivariant

1sotopic to the G-vector bundle isomorphism L = (3.

PROOF. Regard V' as embedded in G x gV as {[e,v] | v € V'}. Let Vp denote
the open and dense subset of V' consisting of points of principal isotropy J (for
the action of H on V). If z € Vp, then Lz = nz for some n € Ng(J). We
claim that Lz = nx for all x € Vp and hence, by continuity, for all x € V. Let
V(z) = {x € Vp| Lz = nx}. Clearly V(z) is open in Vp since H-orbits are
finite and L covers ¢ € Diff¢(G/H). Since V(z) is obviously nonempty and L|V/,
x +— nz are both linear, V(z) = V and so Lx = nx for all x € V. In order that
Lz = nx extend to a G-equivariant map of G xy V', L|V must be H-equivariant
and so [n, H| C J. Hence n € K(J, H). Finally, suppose the Cartan subgroup C
of K(J,H)/J containing n[.J] is isomorphic to T*® x Z,. Choose n € K(J, H) so
that n[J] € C is of order p and lies in the same connected component of K (.J, H)
as n. Necessarily, n? € J. Let n; be a smooth curve in K(J, H) joining n to 7.
Using the previous lemma, we may define the required equivariant isotopy L; of
G-vector bundle isomorphisms of G xy V' by L; = f3,,, t € [0, 1]. O

REMARKS 9.3.17. (1) In lemma 9.3.16, we cannot just quotient by J and
assume that the principal isotropy group is trivial. This is because although
J QK (J, H), it is not necessarily the case that J <1 G. Of course, if we know the
result when J = {e}, it is not hard to deduce the general result proved above.
(2) In lemma 9.3.16, we could have chosen 7 so that n = e — however, this would
generally require P to be a multiple of the integer p defined above (take a Cartan
subgroup T" x Z, of K(J, H) containing n).

LEMMA 9.3.18. Let f € F(X). There exists a smooth skew G-equivariant map
X:X— G, nne K(J, H) and a smallest strictly positive integer p such that
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(2) n? e J.
(3) f is smoothly G-equivariantly isotopic to [3; through elements of F(X).

PROOF. Define L : G xg V — G xyg V by
L(z) = lim f(tx)

t—0 t ’

where tx is defined as multiplication by t in the fibre over 7(z) of the vector
bundle 7 : G xyg V — G/H. It is straightforward to verify that L is well-defined
and a smooth G-vector bundle isomorphism of G xy V (L can be equivalently
defined in terms of T'f restricted to vertical fibres along the zero section of the
tangent bundle of G xy V). Since f(z) € Gz for all z € G xg V, the same is
true for L and so, by lemma 9.3.16, there exists n € K(J, H) such that L = j,.
We define a smooth G-equivariant isotopy fi, t € [0, 1], between L|% and f by

_Jt M f(te) ift#0and x € X
fi(x) = {L(x) ift=0andz € X.

Set k = B,'f € F(X). Since k is isotopic to the identity, we deduce from
lemma 9.3.11 that there exists a smooth skew G-equivariant map x : ¥ — G
such that k(z) = x(z)x, v € ¥. Hence f = x3,. The remaining statements of
the lemma are immediate from lemma 9.3.16. 0J

DEFINITION 9.3.19. Suppose that f : ¥ — ¥ is a smooth G-equivariant
diffeomorphism (or embedding) and that A is a compact G- and f-invariant
subset of 3. We say that f|A has representable shift dynamics it A = G Xy Y4,
for some 0-1 matrix A, and there exists n € F(X) such that f|A = no.

REMARKS 9.3.20. (1) If f|A has representable shift dynamics, then the dy-

namics on the orbit space A/G is the same as dynamics on the orbit space of the
G-subshift of finite type o : G Xy X4 — G Xy X4.
(2) If f|A has representable shift dynamics, then we are realizing the H-subshift of
finite type o : X4 — X4 by a smooth mapping g : D — D. That is, g = n~'f|D
and ¢g|¥4 = o (recall ¥ = G x g D). Later we show that every H-subshift of finite
type, with H finite, can be realized by a smooth H-equivariant map on a twisted
product. For the present we assume this implicitly and investigate G-equivariant
maps with representable shift dynamics.

THEOREM 9.3.21. If f|A has representable shift dynamics, f is G-equivariantly
conjugate to a G-subshift of finite type.

PROOF. Suppose that f|A = no, where A = G xyg X4 and n € F(A). It
follows from lemmas 9.3.18 and 9.3.11 that there exist n € K(J, H) and a smooth
skew equivariant map x : A — G such that n? € J and f = x0,0. Let
Y H — S, denote the representation of H in S, associated to the G-subshift
o:GxygXy— GxgXa Let ¢ > 1 be the smallest positive integer such that
n? € H. Clearly q|p. If we define H = (H,n), then H < H and H/H = 7,
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Let Sy, be the symmetric group on the ng symbols {z11,..., %14, T21,. .., Ting}-
Define a representation ¢ : H — S,,, by

ﬂ(h)(xw) = x5, where ¢¥(h)(z;) = z,,
tﬁ(n)(%) = @y, ifj+1<g,
@(n)(:vzq) = xu1, where ¥(n?)(x;) = x,.

(In order to verify that these relations define ¥ as a group homomorphism we
need [n, H] C J and our assumption that J acts trivially on S,.) Define the
non-zero entries of A € M (mp; ) by

A(G,4), (7,5) = TiEA@G, i) = Tand j' =j+1<q,
= 1lifj=g¢q,j =1and A(¥(n9)(i),7) = 1.
Set A = G x 7 ¥ ; and let & denote the corresponding shift map on A. Define
ko HxgYa—Y;
by k([h,x]) = %, where %; = ¢(h)(x;), for all x € ¥4, h € H, i € Z. The

map k defines an H-equivariant homeomorphism and k extends uniquely to a
G-equivariant homeomorphism k : A — A which commutes with the shift maps
defined on A, A. Now define f = kfk~!. Then f = x&, where x = xk~* is skew
equivariant. 0]

9.3.1. Stability and the realization of G-subshifts of finite type as
basic sets of equivariant diffeomorphisms. Let M be a compact G-manifold.
We recall (see [163]) that the Q-set Q(f) of f € Diff(M) is the set of points
x € M such that for every neighbourhood U of z, there exists n > 0 such that
fM(U)NU # 0. Tt is easily seen that Q(f) is a compact f-invariant subset of M.
If f is G-equivariant, then Q(f) is a G-invariant subset of M.

DEFINITION 9.3.22. Let f be a smooth G-equivariant diffeomorphism of the
compact G-manifold M. We say that f is equivariantly (2-stable if there exists a
neighbourhood N of f in Diffg(M) such that if F' € N, there exists an equivariant
homeomorphism A : Q(f) — Q(F) and a continuous skew equivariant map x :
Q(f) — G such that

x(@)F(h(z)) = h(f(z)), (x € Q(f)).

REMARKS 9.3.23. (1) If G is finite, we can dispense with the skew equivariant
map x of the definition. If G is not finite, then even a hyperbolic attracting
relative fixed point will generally require a nontrivial x in the definition of -
stability so as to allow for drifts along G-orbits.

(2) The equality x(z)F(h(z)) = h(f(z)) determines a conjugacy at the orbit
space level.

DEFINITION 9.3.24. Let f € Diffg(M) and suppose that A is a compact G-
and f-invariant subset of M. We say that A is transversally hyperbolic (for f) if
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(1) All G-orbits in A have the same dimension.
(2) A is normally hyperbolic for f with centre bundle given by the G-action.
That is, there exists a continuous G- and T f-invariant splitting Thy M =
L & E* & E® of G-vector bundles such that
(a) L, = T,Gx, for all x € A.
(b) Given a G-invariant Riemannian metric on 7'M, there exist C' > 0,
A € (0,1) such that

1T f(v)|| < CX"||v]|, v € E*,m >0,
1T f()] < CA™|]v]|, veE* m>0.

REMARK 9.3.25. More generally we say that a compact G- and f-invariant
subset A is transversally hyperbolic if it can be written as a finite union of mutu-
ally disjoint pieces each of which satisfy the conditions of the definition. Note that
if G is finite (or G-orbits are finite) then transversally hyperbolic is equivalent to
hyperbolicity.

THEOREM 9.3.26 (Isotopy, density and stability theorem). Let M be a com-
pact G-manifold and f € Diffg(M). Then [ is smoothly equivariantly isotopic to

an equivariant diffeomorphism f satisfying

(1) Q(f) is transversally hyperbolic.

(2) Qf) consists of a finite number of relative periodic points and G-subshifts
of finite type.
(3) f is equivariantly Q)-stable.
Furthermore, the subset of Diffg(M) consisting of diffeomorphisms satisfying
(1,2,3) is C°-dense in Diffg(M).

THEOREM 9.3.27 (Realization theorem). Let (X, ¢) be a G-subshift of finite
type. There exists a compact connected G-manifold M and f € Diffg(M) such
that f satisfies (1,2,3) of theorem 9.3.26 and one of the indecomposable pieces of
Q(f) is equivariantly topologically conjugate to (X, ¢).

Proof of theorem 9.3.26 In the case where there is no G-action, (1-3) of
theorem were proved by Smale [164] using isotopies relative to a handlebody
decomposition of M. The density statement is due to Shub [159] and the proof
is given in Shub and Sullivan [160] where it is shown that every diffeomorphism
on a compact manifold can be smoothly isotoped to a C°-close structurally sta-
ble diffeomorphism. The method in this case depends on constructing a ‘fitted’
handlebody decomposition of M. The fitted condition is needed for structural
stability; it is not needed for ()-stability. The arguments in the equivariant case
are completely analogous. We construct a G-handlebody decomposition of M
using an excellent G-Morse function. The diameter of the handles can be made
arbitrarily small using the triangulation technique described in section 9.2.2. The
isotopy argument follows Smale [164]. In order to show that the invariant sets
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constructed are G-subshifts of finite type, we use theorem 9.3.21. We refer to [56]
for more complete details and note that the G-handlebundle decompositions we
constructed using excellent G-Morse functions allow us to perform the required
equivariant isotopies without running into any obstructions caused by the pres-
ence of a G-action. Indeed, we could carry through the arguments at the orbit
space level. 0]

Proof of theorem 9.3.27 The proof is a straightforward equivariant gener-
alization of the argument used by Williams [179]. We refer to [56] for detailed
arguments. U

REMARK 9.3.28. Oliveira proved the C°-density and isotopy theorem for
flows [136] and we would expect that his results (and techniques) extend to
equivariant flows.

9.4. Suspensions

Let X be a G-space. In this section we review the suspension construction
for equivariant dynamical systems. Specifically, we show that every equivariant
homeomorphism f : X — X can be represented as the time one map of an
equivariant flow CID{ on a G-space X/ determined by f. If X is a G-manifold
(possibly with boundary) and f is smooth, then X/ will be a G-manifold and &/
will be smooth.

Let G act on X xR by g(z,t) = (gz,t), g € G, (z,t) € X x R. We define the
trivial G-equivariant flow 7, on X x R by integrating the unit vector field along
R. That is,

Ti(z,s) = (x,s+1t), (z,s) € X xR, teR.
We let X/ be the quotient space of X x R defined by the equivalence relation
(f(x),s) ~ (z,s+1), (z,5) € X xR.

Since f is G-equivariant, X/ has the structure of a G-space. If X is a smooth
G-manifold, then 7} is smooth and X/ inherits the structure of a smooth G-
manifold from that on on X. If we let 7 : X x R — X/ denote the quotient
map, then T, induces a G-equivariant flow ®/ on X/ by &/ (n(z, s)) = 7T}(z, s),
(r,8) € X x R. We call X7 the suspension of X and @{ the suspension flow.

The space X/ can be represented explicitly as the cylinder X x [0, 1] with the
ends identified according to (f(z),0) ~ (z,1). If f is the identity map of X, then
X/ = X xT (where we regard T = R/Z). If f is not homotopic (strictly, isotopic)
to the identity map, then X/ will not be homeomorphic to X x T. For example,
if X =[-1,1] and f(z) = —z, then X7 is the Mobius band (see figure 5).

REMARK 9.4.1. All the constructions we have given above work carry through
if fis only a (smooth) embedding into X. In that case, the flow ®/ will not
generally be defined for all negative values of . However the associated vector
field will be well-defined and can be extended equivariantly to all of X/ (for
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(x,0) = &)
©.0) B ©.1)
e —— e (1)

T(x,0)
7(0,0)
T(-X,0)

FI1GURE 5. Suspension flow on the Mobius band

example, using the weak version of Whitney’s extension theorem applicable to
manifolds with boundary).

Dynamical properties of f lift to properties of the suspension flow. For ex-
ample, every fixed point x of f corresponds to a periodic orbit of period 1 for
CDf through (z,0). Points of period p for f correspond to periodic orbits for (IDZ
of period p. More generally, a relative fixed point of f lifts to a relative equilib-
rium of CIJZ and a relative periodic orbit of f will lift to a relative periodic orbit
of (IDZ with the same relative period. Similarly, hyperbolicity, transversality and
G-transversality all lift (see exercises 9.4.3(8) for mixing properties).

We define an embedding of i : X — X/ by i(z) = n(z,0), + € X. The
embedded image i(X) = X, of X defines a section for the suspension flow. That
is, for every x € Xy, there exists a smallest 7'(x) > 0 such that (b&m (x) € Xp. In

this way we define a map F': Xg — Xy by F(z) = CI%(@ (x). For the suspension
flow constructed above, 7' = 1 and F' = f. However, the construction applies
whenever a flow has a section. The construction is useful if the flow has local
sections — for example in a neighbourhood of periodic orbit. The resulting map
is just the Poincaré map for the periodic orbit.

Since the return times to a section need not be constant, it is useful to gen-
eralize our definition of suspension. Suppose that r : X — R is strictly positive
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(r is called a roof function). For n € Z, n # 0, x € X, we define

r(z) =

r(fi(z)), n >0,

1
0

<

-1
= — r(fi(z)), n <O0.
j=-n
We generate an equivalence relation ~ on X x R by
(f(z),s) ~ (z,5 +7(2)), (x,5) € X xR,

It follows from the definition of 7™ that (x,t) ~ (y, s) if and only either x = y,
s =t or there exists n € Z, n # 0, such that y = f"(z) and t = s+ 7"(x). We let
X/ denote the quotient space of X x R defined by ~. The trivial flow on X x R
induces a flow q);’f on X/. Just as above, we let X, denote the image of X in
X/ by the embedding i(z) = (z,0). The set X, defines a section for the flow @/
and clearly the first return times to the section X, are given by the roof function
r. That is, for all z € X, @:(’;)(x) = f(z) € Xo.

EXAMPLE 9.4.2. Let ¥ be a relative periodic orbit of X € CZ(T'M). Let
(D, D', P,T) be a Poincaré system for ¥. We recall (section 8.4.5) that P :
D' — D and P(x) = ®*(z,7(x)) € D. The flow ® is smoothly equivariantly
conjugate to the suspension flow @Z’P near .

EXERCISE 9.4.3. (1) Let f : X — X be a homeomorphism. Suppose that
2o € X has dense orbit in X. Show that the ®/-orbit of (z,,0) € X/ is dense in
X7 (transitivity lifts).
(2) Regard T = R/Z. Let f : T — T be defined by f(0) = 0 + «a, € [0,1).
Show that X/ is the 2-torus T2. Describe the suspension flow in case (a) a = p/q
(rational), (b) « irrational.
(3) Suppose that f: X — X is minimal (the only closed invariant subsets of X
for f are X and the empty set). Is the suspension flow minimal? What about
the time-7" map (D{r X — XT7?
(4) Describe X/ and the suspension flow in case f : T — T is defined by f(6) = —0
(if we regard T = S* C C, f is complex conjugation: f(z) = Z.
(5) Show that if f : X — X is continuous, but not a homeomorphism, then
the suspension construction defines Q){ as a semiflow. Investigate in the case
f: T — T is the tripling map defined by f(f#) = 30. The tripling map is Zo-
equivariant with respect to the action defined by 6 — 6+ 1/2 (T = R/Z). What
does this imply about CID{ ?
(6) Let f: X — X be a homeomorphism and r : X — R be a roof function.
Suppose that x € X has prime period p for f. Show that q):’f has a periodic
orbit v through (z,0). What is the period of 77
(7) Suppose that f is the map of (2) with a-irrational. Can you find a roof
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function r : S — R such that the time-1 map of the suspension flow q);"’f has
dense trajectories? is minimal?

(8) f: X — X is topologically mizing if for every pair of nonempty open subsets
U,V of X, there exists N = N(U,V) € Nsuch that f*(U)NV # 0, for all n > N.
There is a similar definition of topological mixing for flows with the condition
M (U)YNV #0, for all n > N replaced by ®(U) NV # 0, for all t > T(U, V).
Show that the suspension flow @:’f of a topologically mixing homeomorphism is
not topologically mixing if r is constant.

9.5. The inverse limit: turning maps into a homeomorphisms

We continue to assume X is a G-space or G-manifold, as appropriate (for our
applications, G will always be finite). Suppose that f : X — X is a continuous
equivariant map which is onto but not necessarily a homeomorphism of X. In
this section we review a process that enables us to generate an equivariant home-
omorphism f from which one can reconstruct f. (The construction is a special
case of the inverse limit [45, Appendix II].)

If f is not 1:1 then the inverse image f~!(z) of a point € X will generally
contain more than one point and so x will generally not have a ‘unique’ history.
More formally, if o € X, it may be possible to find many sequences (2y,),>1, such
that f(z1) = xo, f(22) = 21, .... Typically, the number of points in f~"(xg) may
grow exponentially fast, even for quite simple maps f.

EXAMPLE 9.5.1. If we identify T with R/Z, the tripling map f : T — T is
defined by f(f) = 36, mod Z. A straightforward computation shows that for
n>1, 4 €l0,1),

-n p n

Fr) = et (o< p <

Hence for all ©» € T, f~"(¢) contains exactly 3" points. Clearly, f~"(¢) is a
Zs-invariant subset of T, where the Zy-action on T is defined by 6 +— 6 4+ 1/2,

We shall define the space X of all possible histories of points in X and show
that f naturally induces a homeomorphism f of 3. The space X will inherit the
structure of a G-space and the homeomorphism f will be G-equivariant.

It is convenient to assume in what follows that (X, d) is a compact met-
ric G-space. Since X is compact, d is bounded on X and, replacing d by
d/sup, , d(z,y), it is no loss of generality to assume that d < 1. Of course,
we may and shall assume that the metric d is G-invariant.

Let Xo = II2, X denote the infinite product of X. We regard X, as the
space of all sequences x = (x,,),>0 of points of X,

Xoo = {(x0,21,...) | 2; € X, all i > 0}.

We take the product topology on X,. It follows by Tychonoff’s theorem that
X is compact. The topology is metrizable and given by the metric dy, defined
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— ZQ—j‘ld(xj,yj), (x = (), y = (y5))-

Observe that dy, <1 on X. The action of G on X extends to X, by

g(zo,z1,...) = (g0, 921), (9 € G, (v0,21,...) € Xs).

It is straightforward to verify that this action of G' gives X, the structure of
a G-space and that d, is a G-invariant metric on X,,. For n > 0, define the
continuous G-equivariant projection map p, : Xoo — X by

Pa(X) = 2n, X = (25).

The map f induces a continuous equivariant map f : Xoo — X by f (x); =
f(x;), 7 > 0 (the sequence (x,) is mapped to the sequence (f(x,))).
We define S(X, f) =S C X to be the space of all sequences (z,,) such that

f(zpi1) = xn, n>0.

Each sequence (x,) € S represents a possible history of the initial point x.

LEMMA 9.5.2. Let f : X — X be continuous, equivariant and onto. Then

(a) S(X, f) is a compact nonempty G-invariant subspace ofX
(b) The map f restricts to an equivariant homeomorphism f S§—S.
(c) The projections p, : S — X are all onto.

PROOF. We prove (b) and leave the remaining statements to the reader.
First observe that f is injective since f(zq,x1,...) = (f(xo), To, 21, ...) and so if
f(x) = f(y), we have x = y. On the other hand, if x = (20, 21,...) € S, then
f(xl, To,...) = x since f(x1) = zo. Since f is a continuous bijection of compact
metric spaces it follows that f is a homeomorphism. U

REMARKS 9.5.3. (1) S(X, f) is called the inverse limit (space) of f : X — X
and is commonly denoted by lim X or lim f : X — X. We often refer to the

map f as the shift map on lim X.

(2) Statement (a) of lemma 9.5.2 holds without the assumption that f is onto.
However, § may consist of a single point.
(3) For (c) we need the compactness of X (or extra conditions). If X is not
compact, and f not onto then & may be empty. Notice that (c¢) shows that S is
at least as big as X.
(4) We can use (b,c,d) of the lemma to reconstruct f knowing :S — S. Specifi-
cally, given x € X, we may, by (c), choose x € S such that p;(x) = z. We then
define f(x) = po(x). Observe that f(z) is well-defined since f is a homeomor-
phism.
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The inverse of f: S — & is given by (xo,x1,...) — (1, 29,...).
Dynamical properties of f : X — X often lift nicely to the inverse limit. We
recall some standard definitions.

DEFINITION 9.5.4. Let f: X — X be a continuous map.

(1) f is transitive if there exists xy € X such that the forward f-orbit
{f™"(x) | n € N} is dense in X.

(2) f is topologically transitive if for all non-empty open subset U,V of X,
there exists p = p(U, V) € N such that f*(U)NV # 0.

(3) f is topologically mizing if for all non-empty open subset U, V of X, there
exists N = N(U,V) € N such that f*(U)NV # 0, for all n > N.

REMARKS 9.5.5. (1) If f is onto and X is perfect, then f is transitive if
and only if f is topologically transitive. Obviously, topological mixing implies
topologically transitive.

(2) Transitivity, topological transitivity and topological mixing are all invariants
of topological conjugacy.

LEMMA 9.5.6. Let X be a compact perfect metric space. A continuous map
f X — X is transitive if and only if f is topologically transitive. A necessary
condition for (topological) transitivity is that f is surjective.

PROOF. (Sketch.) This is a standard result in topological dynamics — though
there are variations on the statement depending on the exact definition of transi-
tive and the properties of the map f. If f is topologically transitive, then f must
be surjective since X is assumed compact (either the open set X \ f(X) consists
of a single point, violating the assumption that X is perfect, or we can choose
disjoint nonempty open subsets U, V of X \ f(X)). If f is transitive, but not sur-
jective, then the open set X \ f(X) would consist of a single point, contradicting
the assumption that X is perfect. The proof that topological transitivity implies
transitivity uses the Baire category theorem (and does not use X perfect). For
the converse, we use the fact that there are no isolated points to show that if the
forward-orbit of z under f is dense then given any y € X, there is a subsequence
of (f*(z)) converging to y. O

EXERCISE 9.5.7. Show that the condition that X be perfect is necessary in
lemma 9.5.6. Specifically, find an example of a continuous map of a compact
metric space which is transitive but not topologically transitive (according to our
definitions of transitivity and topological transitivity).

Given f: X — X and an integer p > 1, we let Per,(f) denote the subset of
X consisting of points of period p for f. We let Per(f) = U,>1Per,(f) denote the
set of all periodic points of f.

3X is perfect if every point of X is an accumulation point of X. Equivalently, X has no
isolated points.
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PROPOSITION 9.5.8. Let f : X — X be a continuous surjective map of the
perfect compact metric space X.

(a) The inverse limit S = S(X,, f) is perfect.

(b) If Per(f) is dense in X then Per(f) is dense in S.

(c) If f topologically transitive then f 18 topologically transitive.
(d) If f topologically mixing then f topologically mixing.

PROOF. (Sketch) We leave the proofs of (a,c) and (d) to the reader and sketch
the proof of (b). Suppose ¢ € Perg(f). If we set ¢; = f*(¢), 0 <i < @ — 1, then
the periodic sequence w(q) = Go—1Gg—2---qo € S is a point of period () for f. Let
x € S and € > 0. Choose N € N so that 27V < ¢. Since X is compact, f, ...,
[ are uniformly continuous and so we can choose § > 0 such that if d(z,y) < 4,
then d(f™(z), f"(y)) < e, 0 <n < N. Since periodic points are dense in X, we
may choose a periodic point ¢ € X such that d(q,xy) < §. Suppose ¢ has prime
period @ and write N +1 =7Q + s, s € [0,Q — 1]. Define w = 09=%(w(q)). and
note that wy = q. Hence, d(wy,zy) < 0 and so du(W, %) < €, proving (b). O

REMARKS 9.5.9. (1) The assumptions of proposition 9.5.8 are unnecessarily

strong. For example, the density of Per( f ) follows without the assumption that
X is perfect.
(2) Suppose that f: X — X is continuous and for every non-empty open subset
U of X there exists p = p(U) € N such that fP(U) = X. It is immediate that f
is topologically mixing and therefore f : S — § will be topologically mixing and
therefore topologically transitive (and transitive by lemma 9.5.6).

ExXAMPLE 9.5.10. Let f : T — T be the tripling map defined by d(#) = 30,
mod Z. Since f triples arc length, for any non-empty open subset U of S!, there
exists p = p(U) such that fP(U) = T. Hence f is topologically transitive and
therefore transitive since T is perfect. By example 9.5.1, Per(f) is dense in T.
By proposition 9.5.8, Per(f) is dense in S(T, f) and f is topologically mixing.

EXERCISE 9.5.11. (1) Show that the inverse limit of the tripling map defined
in the previous example has the structure of a compact topological group (mul-
tiplication defined coordinate wise). This group — known as the triadic solenoid
— is far from Lie and does not embed in any orthogonal group O(n). (See also
example 1.4.7 for the general case of p-adic solenoids. The triadic solenoid is the
Pontryagin dual of the group Z[3] of triadic rationals.)

(2) Suppose that (X, G) is a compact perfect metric G-space and f : X — X is
a G-equivariant continuous surjection.
(a) Suppose that H is the isotropy subgroup of a point in X and that f|X# :
XH — X*H is onto. Show that S # ().
(b) Show that if S contains a point with isotropy subgroup H, then there
exists a point of X with isotropy group H. (You might prefer to assume
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that G is finite, though the result is true provided that G is a compact
Lie group).

The inverse limit construction gives a satisfactory way of manufacturing an
equivariant homeomorphism from a continuous equivariant surjective map. Of
course, the construction is abstract and gives no hint as to how one might realize
the inverse limit as an invariant — even hyperbolic — set of a smooth equivariant
map. This question was considered by Williams [178, 180] who gave sufficient
conditions for the realization of the inverse limit as a hyperbolic attractor of
a smooth diffeomorphism. Later, parts of Williams’ theory were extended to
equivariant maps by Field, Melbourne and Nicol [64]. In the next section we
describe some of these extensions as well as some more recent work done by
Jacobs [97].

9.6. Solenoidal attractors

In this section we prove a number of results about hyperbolic attractors for
equivariant diffeomorphisms. Most of the results we present are based on the
paper [64] which in turn was inspired by earlier work of Williams on 1-dimensional
expanding maps and attractors [178].

We always assume the group G is finite. We recall some results from sec-
tion 3.7. If M is a connected G-manifold then the principal isotropy group is a
normal subgroup of G which acts trivially on M. Quotienting out by the prin-
cipal isotropy group we may and shall assume that the principal isotropy group
is trivial. Let My denote the set of points with trivial isotropy. If there are no
reflections for the action of G on M, then My is a connected open and dense
G-invariant subset of M. So as to simplify our exposition we usually assume that
there are no reflections for the action of G on M and so My is connected (this
restriction was not made in [64]).

If A is a nonempty closed subset of the G-manifold M, we define the symmetry
group G, of A by

GA:{QEG‘QA:A}.

DEFINITION 9.6.1. Let M be a G-manifold, f € Diff¢(M) and A C M be a

closed f-invariant subset of M. We say that A is an attractor if

(1) For every open neighbourhood U of A, we can choose an open neighbour-
hood V' C U of A such that f*(U) C V, n >0, and N,>of"(V) = A.
(2) f|A is transitive.

We may similarly define attractors for flows (for flows, transitivity implies the
attractor is connected).

REMARK 9.6.2. As an immediate consequence of equivariance, we see that if
A is an attractor for f € Diffg(M), then so is gA, for all g € G.

The next lemma is a slight variant of a result originally proved by Chossat
and Golubitsky in the context of (non-invertible) equivariant maps [33].
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LEMMA 9.6.3. Let A be an attractor for f € Diffg(M). Then if g € G,
gAN A #£ 0D if and only if g € Gp. A similar result holds for flows.

PROOF. Let gA N A # () for some g € G. We are required to prove that
gA = A. Suppose the contrary. We may assume that A is not finite — otherwise
A is a periodic orbit and the result is trivial. Since f is invertible and transitive,
A has no isolated points. Hence A is perfect and so (proof of lemma 9.5.6)
f|A is topologically transitive. Without loss of generality, suppose there exists
x € A\ gA. Since gA is closed, we may choose an open neighbourhood W of z in
M such that WNgA = (). By remark 9.6.2, gA is an attractor and so we may pick
an open neighbourhood V' of gA such that N,>of™(V) = gA and f*(V)NW =0,
for all n > 0. Since f|A is topologically transitive, and V N A # (), there exists
n > 0 such that f*(V)NW =# (. Contradiction. Hence gA = A. O

REMARKS 9.6.4. (1) It follows from lemma 9.6.3 that the G-orbit of an attrac-
tor A consists of |G/G,| distinct attractors each with symmetry group conjugate
to G A-

(2) It is not required in lemma 9.6.3 that A be compact.

We may now state our main results on the existence of attractors with speci-
fied symmetry group.

THEOREM 9.6.5. (Assumptions as above.) Let M be a G-manifold, dim(M) >
4, and H be a subgroup of G. There exists f € Diffg(M) such that f has a
connected compact hyperbolic attractor A C My with symmetry group G = H.

THEOREM 9.6.6. (Assumptions as above.) Let M be a G-manifold, dim(M) >
5, and H be a subgroup of G. There exists smooth G-equivariant flow ®; on

M with connected compact hyperbolic attractor A C My. with symmetry group
Gh=H.

REMARKS 9.6.7. (1) Both theorems give the existence of attractors consisting
entirely of points of trivial isotropy. Later we shall give examples of hyperbolic
attractors which contain points of nontrivial isotropy.

(2) If we allow the action of G on M to have reflections, then the theorems
continue to hold if we assume there exists a connected component M, of My
which is H-invariant. Weaker theorems hold if we drop this assumption [64].

Our construction of hyperbolic symmetric attractors is based on an equi-
variant version of the branched 1-manifolds studied by Williams in his work on
solenoidal attractors [178]. We call these smooth branched one-dimensional G-
manifolds smooth graphs. Following Williams, we consider a class of expanding
smooth G-equivariant maps f : I' — I' of a smooth graph I'. For these maps we
are able to realize the inverse limit S(T', f) = lim f : ' — I as a hyperbolic at-
tractor of an equivariant diffeomorphism of an appropriately chosen G-manifold
or representation.
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9.6.1. Finite graphs. We start by recalling a few elementary definitions
and facts about finite graphs (we refer to [22] for more details).

A finite graph T consists of a finite set of vertices and a finite set of edges
that join pairs of vertices. If an edge lies in I', then the ends of the edge define
vertices which must also lie in I'. A subset J C I' is a subgraph if J is a graph
and the vertices and edges of J are vertices and edges of I'. A path in I" is a
finite sequence of (oriented) edges such that the initial vertex of each edge is the
terminal vertex of the preceding edge. A graph is connected if there is a path
between any two vertices. If each pair of vertices is joined by an edge, the graph
is completely connected.

Each edge E € I' may be given the structure of a metric space isometric
to the unit interval. The length of a path in I' is defined in the obvious way
and we define the distance between two points in I' as the length of the shortest
path joining the points. This construction defines a metric p on each connected
component of I'. If we let D be the maximum diameter of the components of
I' and define the distance between distinct components to be D + 1, then this
metric gives I' the structure of a compact metric space.

It is sometimes useful to regard edges as oriented. That is, each edge will be an
edge from one vertex (the initial vertex) to another vertex (the terminal vertex).
Given a finite set V of vertices, the completely connected oriented graph on V is
the graph which has vertices V and exactly two edges, of opposite orientations,
joining each distinct pair of vertices in V. (If V consists of a single vertex the
completely connected oriented graph is defined to be the graph consisting of one
vertex and one edge.) More generally, we say a graph is a completely connected
oriented graph if it contains the completely connected oriented graph on its vertex
set.

Let v be a vertex and B(v, 1) C I' be the p-ball radius one quarter, centre
v. We define the degree of v to the the number of connected components of
B(v, )\ {v} (note that a loop at v contributes 2 to the degree of v). A connected
graph is Fulerian if it has at least one edge and each vertex has even degree. It
is well-known that Eulerian graphs are characterized by the property that there
exists a Eulerian circuit. That is, there is a (closed) path tracing through each
edge exactly once and with the same initial and terminal point. More generally,
there exists a Fulerian path tracing through each edge of the graph exactly once if
and only if the graph is connected and there are either two vertices or any vertices
of odd degree lie at the end points of the path. In particular, if I' is Eulerian,
then the graph defined by removing an edge E from I' will have a Eulerian path
provided that removing the edge does not disconnect I' (that can only happen if
" has two vertices and one edge).

EXAMPLE 9.6.8. The graph shown in figure 6(a) is the completely connected
oriented graph on 3 vertices. Like all completely connected oriented graphs, it is
Eulerian.
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c c
(a) (b)
F1GURE 6. Eulerian circuits and paths

The graph shown in figure 6(b) has no Eulerian circuits. It has a Eulerian
path joining the vertices B and C' (but no Eulerian path joining any other pair
of vertices).

EXERCISE 9.6.9. Let E € I' be an edge and I'\ E be the graph defined as the
closure of I'\ E. Show that if I" is a completely connected oriented graph, then in
order to disconnect I' it is necessary to remove at least eight edges. In particular,
if I' has fewer than four vertices, I' cannot be disconnected by removing edges.

9.6.2. Branched 1-manifolds. Our definition of smooth graph is an adap-
tation of Williams [178] definition of branched 1-manifold. For our purposes, it
is sufficient to consider compact Hausdorff branched 1-manifolds without bound-
ary. We start by defining coordinate neighbourhoods. Fix a smooth function
¢ : R — R satisfying

o(z) = 0, 2<0,
> 0, z>0.

(For example, take ¢(z) = exp(—1/x), x > 0.) Given integers p,q > 1, we define
the local branched 1-manifold Y, , C R? by

Y,,=1{(z,y) €ER? |y =i¢(x), or y = jo(—x),i=0,...,p—1,7=0,...,¢—1}.

Note that Y;; is the z-axis — and so is non-singular. If p + ¢ > 2, then Y, ,
has a branch point at the origin of R? — see figure 7 for Yz .

A branched 1-manifold 3 will consist of a (compact) Hausdorff topological
space together with a differential atlas of coordinate neighbourhoods each of
which is diffeomorphic to some Y, ,. This definition gives ¥ a smooth structure.
We may define smooth endomorphisms of 3 in terms of the smooth structure.

We say that a point z € ¥ is a point of type (p, q) if there is a chart ¢ : U —
Y, , where U(z) =0 and p > ¢q. If p+ ¢ > 2, we say z is a branch point. We let
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FIGURE 7. Local models for smooth graphs: Y5,

B = B(XY) denote the set of branch points. Since ¥ is assumed compact, B is
finite. A point of type (p,q) with p + ¢ = 2 (equivalently p = ¢ = 1) is a regular
point. The set of regular points of ¥ has the structure of a 1-manifold which is
non-compact (unless B(X) = 0).

Since each point in ¥ has a neighbourhood which smoothly embeds in R?, it is
easy to construct a smooth embedding of ¥ in R™, n > 3 (embed neighbourhoods
of branch points first, then connect the edges). If ¥ is embedded in R", we may
define the tangent bundle 7> C TR™ in the obvious way.

REMARKS 9.6.10. (1) For the situations we are interested in, it will always be
possible to define a smooth immersion f : [0,1] — ¥ C R™ such that f([0,1]) = X
(typically f will be a smooth Eulerian circuit). We could use this as the basis for
an alternative (but equivalent) approach to defining a smooth structure on X.
(2) For our applications, we will always be able to assume that branched 1-
manifolds locally embed in R?. However, if we want to allow for smooth non-free
group actions on branched 1-manifolds, the local models will typically only embed
in representations of degree greater than 2. A simple example may be constructed
by taking the representation (R3Z3) with one-dimensional fixed point space L
and considering a Zg-invariant branched 1-manifold > which is tangent at the
origin to L. There will be no local smooth embedding of a neighbourhood of
0 € ¥ in R2.

For our purposes it is easiest to think of a branched 1-manifold as embedded
in R™ and a smooth map of a branched manifold as being the restriction of a
smooth map defined on a neighbourhood of the embedded branched manifold.
This is the approach we develop and use here.

9.6.3. Neighbourhoods of branched 1-manifolds. Let the branched 1-
manifold 3 be smoothly embedded in R™. For our purposes, we need to be able
to construct neighbourhoods of 3 which have smooth boundary and a smooth
foliation transverse to .

PROPOSITION 9.6.11. Let X be a (compact) connected branched 1-manifold
which is smoothly embedded in R™. Let W be an open neighbourhood of . Then
there exists an open connected neighbourhood U of ¥ such that

(1) UcCW.
(2) OU is smooth.
(3) There exists a smooth foliation F = {F, |y € £} of U such that
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(a) Each leaf F, is an embedded (n — 1)-dimensional disk.

(b) T,F, LT,%, forallz €e ¥NF,, y € X.

(¢) If a leaf L € F meets ¥ at {y1,...,yx}, then F, =L, 1 <i<k.
(d) If W* C W is an open neighbourhood of U, we may choose an open
neighbourhood U* C W* of U and a foliation F* of U* by (n — 1)-
disks such that every leaf L* € F* meets U is a finite union of F
leaves.

In order to prove proposition 9.6.11, we start by looking at the local problem
of constructing foliated neighbourhoods in R? of Y}, ,.

Let d denote the Euclidean distance on R". Take the standard representation
of Y11 in R? as the z-axis. Let r > 0. If we define

Up(Yia) = {X € R* [ d(X,Y11) <7},

then U, is an open neighbourhood of Y7 ; in R? and we have a smooth foliation
F(Y11,r) of U, defined by the family of intervals I, = {(z,y) | ly| <7}, = € Y1,1.
Obviously 9U, is smooth. If p + ¢ > 1, we define

U, = UT<Y;J,q) = {X € R’ | d(X, Yzmq) < 7"}-

In this case, OU, will have exactly p + ¢ — 2 corners — see figure 8(a) for the case
p = q = 2. All other points of U, are smooth.

(b)
F1GUurE 8. The foliation of U, and rounding corners

We take a smooth foliation of U, by embedded open intervals I, y € Y, ,
such that I, is everywhere perpendicular to Y, ,. Note that different y lead to
the same leaf if [, meets Y}, in more than one point. See figure 8(a). (We can
make an explicit construction of the leaves by defining a smooth nonzero vector

field on U, which is everywhere orthogonal to Y, ,.) We smooth the corners so
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that there is precisely one leaf meeting each smoothed corner tangentially (see
figure 8(b)). In this way we obtain a foliated neighbourhood U* C W of Y, ,
with smooth boundary. We may require that U, and U* coincide outside of a
(preassigned) neighbourhood of the corner points. Shrinking U* to U, we easily
satisfy the conditions of the proposition.

We may extend this construction to allow for Y, , C R? x {0} C R". In this
case, the leaves of the neighbourhood U will be n — 1-disks except for the at most
p + q — 2-leaves which are tangential to rounded corner points. These singular
leaves will correspond to closed disks touching at one point. Of course, for the
open neighbourhood, we remove the points where the disks touch and recover a
foliation by open (n — 1)-disks. See figure 9 for the case n =3 and Y5 .

FIGURE 9. The foliation of a neighbourhood of Y55 in dimension 3

It is straightforward to patch together the local foliations described above and
so complete the proof of proposition 9.6.11.

9.6.4. Smooth graphs. Suppose that I' is a finite connected graph with
vertex set V. Provided that the degree of each vertex is at least two, it is easy
to give I the structure of a compact connected branched 1-manifold with branch
set B C V. Of course, there are many ways we can do this depending on how
we arrange the edges at branch points. Conversely, every compact branched 1-
manifold without boundary determines a unique connected graph with vertex set
equal to the set of points of type not equal to (1,1). Every vertex will have degree
at least two.

We define a smooth graph to be a finite graph with designated branched 1-
manifold structure. Implicit in our definition is the assumption that the degree
of each vertex is at least two. Of course, we can remove this restriction if we
allow for branched 1-manifolds with boundary (as was done in [64]).

If I' is a smooth graph then every branch point of I' is a vertex. Conversely,
every vertex of ', except for vertices of type (1, 1), will be a branch point.

9.6.5. Group actions on graphs.
DEFINITION 9.6.12 (cf [7, 64]). Let H be a finite group. A graph I' is an
H-graph if

(1) H maps vertices to vertices, edges to edges.
(2) H acts freely on the set of edges.
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If T is a smooth graph, then I' is a smooth H-graph if T" is an H-graph and H
acts smoothly on T'.

EXAMPLE 9.6.13. An important example of an H-graph is given by the com-
plete H-graph T'(H) introduced in [7]. The graph I'(H) is defined to be the
completely connected oriented graph with vertex set H. The left action of
H on the vertex set H induces (and uniquely determines) an orientation pre-
serving orientation preserving action of H on I'(H). If E, , denotes the edge
joining v to 7, v # 7 € H, then hE, . will be the edge Ej,s-. If we define
J ={E.n|h € Hh # e}, then J will be a (minimal) subgraph of I'(H) with
H-orbit equal to I'(H). In the sequel, we refer to J as a fundamental subgraph of
I'(H).

REMARK 9.6.14. If I" is a smooth H-graph, then every point in the H-orbit
of a vertex has the same degree and type.

DEFINITION 9.6.15. A smooth graph is balanced if the graph is connected and
every vertex is of type (p,p), for some p > 1.

LEMMA 9.6.16. The H-graph I'(H) may be given the structure of a smooth
balanced H-graph.

ProoOF. It suffices to define coordinate neighbourhoods at each vertex of
I'(H). Choose a fundamental subgraph J of I'(H) all of whose edges have the
same initial vertex e. Denote the set of edgesin J by {E; = E.p, | i =1,...,|H|}.
Every edge E € T'(H) may be written £ = hE;, for unique 7 € {1,...,|H|} and
h € H. We require that the edge £ = hE; correspond to the branch (i—1)¢ in the
coordinate neighbourhood at h and to the branch (i—1) in the coordinate neigh-
bourhood at hh;. It is easy to see that this construction gives I'(H) the structure
of a smooth H-graph and that every vertex is of type (|H| — 1,|H| —1). O

REMARKS 9.6.17. (1) The smooth structure on I'(H) is not unique — it de-
pends both on the choice of subgraph J and the ordering of the elements in J.
(2) In the sequel, we always regard T'(H) as having one of the smooth graph
structures given by (the proof of) lemma 9.6.16.

(3) If I'* is an H-graph containing I'(H) with the same vertex set as ['(H), then
we may give I'* the structure of a smooth balanced H-graph. The proof is the
same as that of lemma 9.6.16.

(4) In some situations, it is possible to define smooth balanced structures on
H-graphs when H acts transitively on the vertex set. However, this needs some
care as if H permutes edges at a vertex, it may not be possible to prove that H
is a smooth action (that is, the restriction of a smooth H-action defined on the
space in which the H-graph is embedded).

EXAMPLE 9.6.18. In figure 10(a), we show those edges in a smooth balanced
structure on I'(Ds) which have the identity element as an end point. (The non-
identity elements a, b, c € T'(Ds) satisfy a®> = b* = c? = ¢, ab= ¢, bc = a, ca = b.)
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In figure 10(b), we show a smooth structure on the oriented graph I'(Zs). Note

‘o |

(a) (b)
FiGURE 10. Smooth structures on graphs

that it is not possible to isometrically embed the graph in (R?,Zs3) though we
can find an isometric embedding of I'(Z3) as a Zs-invariant subset of (R3,Z;).

9.6.6. Twisted products and embeddings. Let H be a subgroup of the
finite group G and I' be an H-graph. If we let G act trivially on I' and by left
translation on G, then G x I' has the structure of a G-graph. It follows that the
twisted product G x g I' inherits the structure of a G-graph from that on G x T'.
We omit the proof of the following lemma which summarizes the main properties
of this construction.

LEMMA 9.6.19. (Notation as above.)

(1) The mappingir : T' — G xy T, x> e, x|, H-equivariantly embeds T" as
a subgraph of G x g T.

(2) If T is connected, then G Xy T has |G|/|H| connected components.

(3) If J is a fundamental subgraph for I, then J is a fundamental subgraph
for the G-graph G x g T'.

(4) If T is a smooth H-graph, then G xg I' has the natural structure of a
smooth G-graph such that ir is a smooth embedding.

Next we consider the problem of embedding a smooth H-graph in a G-
manifold or representation. Following [64], we give a general embedding result.
However, as our main interest will be in embedding the completely connected
oriented graph I'(H), we could just as well have given only a direct construction
of T'(H) as a smoothly equivariantly embedded graph.

PROPOSITION 9.6.20. Let H be a subgroup of the finite group G. Let T' be
a smooth H-graph and suppose that H acts freely on I'. Suppose that M is a
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connected G-manifold of dimension at least three and that the principal isotropy
group for the action of G on M is trivial. If there exists a connected H -invariant
component My of My, then we may construct a smooth H -equivariant embedding
&' — My C Mp. Moreover, we may require that & extends to a smooth
G-equivariant embedding of G X g T in My.

Proor. We start by choosing an H-equivariant embedding £ of the vertex
set V of I into M. For this it suffices to choose |V|/|H| points in M, which map
to distinct points of the orbit space Mp/H. Extend £ G-equivariantly to the
vertex set G Xy V of G x g I', Restricting £ to V C I, extend £ H-equivariantly
to an H-invariant open neighbourhood U of V in I'. We assume that U is chosen
sufficiently small so that (a) each vertex in contained in one connected component
of U, (b) distinct components of U are mapped to non-intersecting subsets of M
and (c) £|U extends G-equivariantly to a smooth G-equivariant embedding of
GU = G xg U in My. In particular, {|U will be an H-equivariant smooth
embedding. Extend &|U smoothly to the edges in a fundamental graph for I’
so that &(J\U)NGU = 0 and &(J) C My. Extend by G-equivariance to all
G xg ' We may do this so that the resulting map £ : G xg I' — My is a
smooth G-equivariant immersion and {(G xy \GU) N GU = (. Finally, since
dim(M) > 3, we may perturb £ to a smooth G-equivariant embedding. For this
we consider the composition go & : G xy I' — My /G. Perturb ¢ o £ outside of
a closed neighbourhood V' C ¢(U) so that g o £ is injective and then lift back to
obtain a G-equivariant embedding £’ : G x gy I' — My which will be equal to & on
g (V). O

REMARKS 9.6.21. (1) In general, we cannot embed smooth H-graphs in two

dimensional manifolds. For example, if m > 2, there is no embedding of the
completely connected oriented graph I'(D,,) in the standard representation of
D,, on R%. On the other hand, we can construct smooth graphs on Z,,, m > 2,
which embed in the standard representation of Z,, on R? (for a not completely
trivial example, see figure 10(b) in case m = 3.)
(2) If we are only interested in realizing the completely connected oriented graph
['(H) as a smoothly embedded graph in My, we can give a very simple proof of
proposition 9.6.6. Consider the smoothly embedded graph K C M,/ H which has
one vertex of type (|H|—1,|H|—1) and |H|—1 edges. Lift K to M, as a connected
H-graph. We leave it to the reader to fill in the routine details. Of course, we
may do all this so that I'(H) equivariantly extends to the smoothly embedded
G-graph G x g X. In this case we can even require that the embedding of I'(H)
in M is isometric with respect to the graph metric on I'(H) and an H-invariant
Riemannian structure on M (for this it is essential that dim(M) > 2).

PROPOSITION 9.6.22. Let H be a subgroup of the finite group G. Suppose
that M 1is a connected Riemannian G-manifold of dimension at least three and
that the principal isotropy group for the action of G on M is trivial. Suppose
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& T — My is a smooth H-equivariant embedding of the connected H-graph T’
which extends G-equivariantly to an embedding of G Xy I' in My There exists an
open H -invariant connected neighbourhood U of ¥ = £(T') such that
(1) gUNU # 0 if and only if g € H.
(2) OU is smooth.
(3) There exists a smooth H-invariant foliation F = {F, |y € £} of U such
that
(a) Each leaf F, is an embedded (n — 1)-dimensional disk.
(b) T,F, L T,X, at all points x € XN Fy, ally € X.
(¢) If a leaf L € F meets ¥ at {y1,...,yx}, then F,, = L, 1 <i<k.

PROOF. The proof is an equivariant version of that of proposition 9.6.11. [
9.6.7. Smooth Eulerian paths.

PROPOSITION 9.6.23. Let I' be a smooth connected graph containing at least
one edge.

(1) There exists a smooth Eulerian circuit for I' if and only if T is balanced.
(2) If E € T is an edge with distinct end points vi,vq, then there erists a
smooth Eulerian path joining vy to vy in T\ E if and only if T is balanced.

PROOF. Since (1) is obviously equivalent to (2), it suffices to prove (1). First
of all note that if there is a smooth Eulerian circuit for I', then I must be balanced:
any smooth Fulerian circuit approaching a vertex from one side must exit from
the other side in order to be smooth. Our proof of sufficiency goes by induction
on the number of edges. If there is one edge, then the associated vertex is of
type (1,1), the edge defines a smooth loop and so the Eulerian circuit is given
by the edge. Suppose the result is proved for all smooth balanced graphs with
fewer than n edges. Let I be a graph with n-edges. If ' contains a vertex of
type (1, 1), we may remove the vertex to obtain a smooth balanced graph I'* with
(n — 1) edges. Applying the inductive hypothesis we see that I, and hence T,
has a smooth Eulerian circuit. If I' has just one vertex, then the vertex is of type
(n,n) and it is easy to construct a smooth Eulerian circuit for I'. If I" contains an
edge E such that £ has common initial and terminal vertex v and the vertex v is
of type (1,1) for the graph E U {v}, then we may remove the edge F, construct
a smooth Eulerian circuit for T'\ E and then extend to a smooth Eulerian circuit
of I'. Finally, if none of these special cases hold, we can find edges £ # F in '
which share a common vertex v which is of type (1,1) for EU F. We perturb the
smooth curve FUF off the vertex v, remove the vertex v from FUF, and thereby
obtain a new smooth graph I'" with (n—1) edges. If I'" is connected, we apply the
inductive hypothesis to obtain a smooth Eulerian circuit of I" which determines
a smooth Eulerian circuit of I' in the obvious way. If I is not connected, then
the components of IV are both balanced and have fewer than n edges. Applying
the inductive hypothesis, we obtain smooth Eulerian circuits for each component.
These may be combined to define the required smooth Eulerian circuit of I'. [
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REMARK 9.6.24. Suppose that I' C R" is a smooth balanced connected graph
containing at least one edge. By proposition 9.6.23, there exists a smooth im-

mersion £ : S' — T which is 1:1 outside the finite subset £~*(B(T)).

9.6.8. Condition (W). Suppose that I' C R" is a smooth balanced graph
with vertex set V. Fix a Riemannian metric on 7T C TR" (for example, the
Riemannian metric induced by the Euclidean metric on R"™). We say that a
smooth map f : I' — I satisfies condition (W) if

(W1) f is an expanding immersion* and f(V) C V;
(W2) there exists p € N such that fP(F) =T for every edge E € T
(W3) every point of I" has a neighbourhood N such that f(N) is an arc.

REMARKS 9.6.25. (1) Conditions (W1-3) are modelled on Williams” Axioms
1-3 [178, §3]. While we impose different conditions on vertices, it may be shown
that the objects we construct are all realizable (up to conjugacy) within the
framework developed in [178].

(2) Since f(V) C V, it follows that the f-image of an edge is always a finite union
of edges. If we insist that all vertices are of type (p,p), with p > 1, then an
expanding immersion of [' automatically maps vertices to vertices.

(3) It follows easily from (W1,W2) that if N is any non-empty open subset of I,
then there exists p = p(N) such that fP(N)=T.

PROPOSITION 9.6.26. Let I' C R™ be a smooth balanced graph with vertex set
Voand f: T — T be a smooth map satisfying (W1) and (W2).

(1) Periodic points of f are dense in T.
(2) The map f is topologically mizing (and therefore transitive).

PROOF. Let I C I'\ V be a closed arc. It follows by remarks 9.6.25(3) that
there exists p € N such that fP(I) D I. Hence I contains a point of period p for
f. Tt follows that Per(f) is dense in I". The second statement is immediate by
remarks 9.6.25(3). O

EXAMPLE 9.6.27. Let Zy act on R? as 1. In figure 11, we show a smooth Z-
graph I" which is Zsy-equivariantly embedded in R?. The graph I" has two vertices
+a of type (2,2) and four oriented edges which we have labelled ay, as, by, bs.
Note that the Z, maps a; to as and b; to by preserving the orientations. We
define a smooth Zs-equivariant map f : I' — I satisfying (W1-3) by the rules

a1 — arbaay’,  as — asbiar’,
1 1
b1 — bla2b2 s b2 (s bgalbl .

The edge rules are to be read ‘left to right’. Thus a; — albgagl is to be
interpreted as the map of the edge a; with image having initial point o and
traversing the edges ai, by and ay (with reverse orientation). The terminal point
of f(ay) is therefore —a. We require that the map f is expanding (in this case

4There exists A > 1 such that ||T'f(v)|| > A||v|| for all v € TT.
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FIGURE 11. Smooth map of a Z,-graph

by a factor of approximately three). Clearly f : ' — I satisfies (W1,2). To see
that (W3) holds observe that neighbourhoods of £a map onto the highlighted
arcs shown in figure 11.

LEMMA 9.6.28. Let H be a finite group. There exists a smooth H -equivariant
map f:T(H) — I'(H) satisfying condition (W).

In general, if we assume the conditions of proposition 9.6.22 hold (for a smooth
map f of a smooth H-graph T' satisfying condition (W)), we may require that f
extends H-equivariantly to the foliated neighbourhood U of I and f collapses each
leaf F, of F to f(y) € T

PROOF. We prove in case |H| > 3 (the case |H| = 2, is trivial — but see also
example 9.6.27). Fix a fundamental subgraph J for I'(H) consisting of edges
beginning or ending at e € H so that the edges in J do not all lie on the same
side of e. We choose edges E,, E.1 ¢ J that together define a smooth arc A,
through e. Since |H| > 3, we can require that 7 # n~!. Setting A, = hA., h € H,
we define a distinguished arc through each vertex h of I'(H). Since 7 # 7!, no
pair of distinguished arcs has an edge in common. Suppose that £ € J joins e
to 0. There is a unique choice of edges I C A., F' € A, such that I, FE lie on the
same side of e and F, E lie on the same side of 0. By proposition 9.6.23, there
exists a smooth Eulerian circuit v; which starts at e, traverses I and ends at e
approaching from the side opposite to I. Similarly there is a smooth Eulerian
circuit v which starts at ¢ and ends by traversing the edge F'. It follows that
we may construct a smooth Eulerian path pg : E — I'(H) by combining 7, the
path E and ~r — see figure 12.
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FI1GURE 12. The smooth path pg

In this way we may construct an expanding immersion pg : E — I'(H) for
all E € J. We may also require that the derivative of pr near the end points
of E is independent of E' € J. Equivariantly extending p : J — I'(H) to I'(H),
we obtain the required smooth H-equivariant map f : I'(H) — ['(H) satisfying
condition (W).

The map f maps branch points to branch points. Hence, if we regard I'(H)
as H-equivariantly embedded in My, we can H-equivariantly deform f outside of
a neighbourhood of the set of branch points so that f maps each leaf F, to f(y)
— note that this is only an issue for those leaves that meet more than one edge
of I'(H). The proof in the general case of maps of a smooth H-graph satisfying
condition (W) exactly the same. O

REMARK 9.6.29. This construction of f in the lemma is different from that
used in the proof of lemma 3.18 [64]. Our construction has the advantage that
the initial edge traversed by f|E lies on the same side of the initial vertex as
E. Similarly for the final vertex. Note that this property also holds for exam-
ple 9.6.27.

DEFINITION 9.6.30. Let f : I' — I' be a smooth map of the smooth connected
graph I' and suppose f satisfies condition (W). We define the solenoid S =
S(T, f) to be the inverse limit of f : I' — I', together with the associated shift

mapf:8—>3.

REMARKS 9.6.31. (1) If f : I" — I is a smooth H-equivariant map of the
balanced H-graph I', then the solenoid S inherits the structure of an H-space
with respect to which the shift map is H-equivariant (see lemma 9.5.2).

(2) If f: T — T is a smooth map of the smooth connected graph I" and f satisfies

condition (W), then f : S — S is (a) transitive, (b) topologically mixing and (c)

~

Per(f) is dense in S. These results follow from propositions 9.6.26 and 9.5.8.
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9.6.9. Symmetric hyperbolic attractors — simply connected case. In
this section we give our first results on the construction of connected hyperbolic
attractors with specified symmetry group H C G. The constructions are equi-
variant versions of those originally made by Williams [178]. There are two steps.
In step 1 we construct an H-equivariant embedding f : U — U where U is
a neighbourhood of a smooth balanced H-graph I' C M, M is a G-manifold,
dim(M) > 4, and f is a perturbation of a smooth H-equivariant map ¢ of the
graph satisfying condition (W). All this is done in a way that preserves a folia-
tion of U transverse to the graph. We define the attractor to be A = N, f"(U).
Using standard methods, it is straightforward to verify that A has hyperbolic
structure and f|A is equivariantly conjugate to the shift map on the solenoid
S(T', ¢). Only minor technicalities are introduced by the presence of the group
action.

In the second step, we extend f : U — U to an G-equivariant diffeomorphism
of M. We do this using the equivariant isotopy extension theorem. Here we
must be careful as the orbit stratification of M can impose obstructions when
we attempt to equivariantly isotop f : U — U to the identity map of U. More
specifically, the principal isotropy stratum My is always open and dense in M. If
all the orbit strata M,, 7 # II are of codimension at least two, then My is con-
nected. However, even if M is simply connected (for example, a representation),
My may not be simply connected. As a simple example, if we let Zy act on R?
by (z,vy,2) — (—x,—y, 2), then the principal orbit stratum is R*\z-axis which is
not simply connected. If f : U — U links with codimension 2 strata of M, it
will generally not be possible to equivariantly isotop f to the identity map of U.
However, if we assume that all orbit strata M., 7 # II are of codimension at least
three, then f : U — U cannot form links with U,z M,. This already suffices
for applying the isotopy extension theorem if M is a G-representation. For gen-
eral M, we need to work within a simply connected nonempty open H-invariant
subset M, of M.

THEOREM 9.6.32. Let H be a subgroup of the finite group G and ¢ be a smooth
H -equivariant map of the smooth balanced H-graph I' which satisfies condition
(W). Suppose that M is a G-manifold of dimension at least four and that the
principal isotropy group for the action of G on M is trivial. Assume that there
1s a simply connected H-invariant connected component My of My. Then there
exists F' € Diffg (M) such that

(1) F has a connected H-invariant hyperbolic attractor A C My;

(2) the dynamics of F|A are H-equivariantly conjugate to those of the shift
map on the solenoid S(T', ¢);

(3) if H# G, G xg A will be a disconnected hyperbolic attractor of F with
|G|/|H| components.

PROOF. Fix a G-equivariant smooth embedding of G xy I' in GM, which
maps ' into M. Choose a smooth H-invariant foliation F of an H-invariant
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open connected neighbourhood U of I' C M, with smooth boundary oU. We
may require that if ¢ € G then gU NU # ( if and only if ¢ € H. We may
assume that F and ¢ are chosen so that ¢ extends to a smooth H-equivariant
map ¢ : U — U sending F, to ¢(y) for all y € T'. In particular, if 2,2’ € F, N T,
then ¢(z) = ¢(z'). Let J C I' be a fundamental subgraph consisting of edges
sharing a common vertex. Since dim(My) > 3, we may perturb ¢|J to b:J—U
so that (a) ¢ is a smooth embedding and (b) if z € F, N J, then ¢(2) = é(y).
After a additional perturbation satisfying (a,b), we may further require that the
composite of the orbit map M, — My /G with ¢ is an embedding. Hence o G-
equivariantly extends to a smooth G-equivariant embedding ¢ : GI — GU such
that if z € F,, then ¢(2) = ¢(y). We now extend @|T" to a smooth H-equivariant
embedding ® : U — U which preserves the foliation F (®(F,) C Fa(y), all
y € I'). This is easily done by mapping F, isometrically into fq;(y) and then
linearly contracting fqg(y) within F 3y to &(y) We may assume the contraction
p, 0 < p < 1 is uniform, independent of y € T'. Since gU NU =0 if g € G\ H,
we may G-equivariantly extend ® to GU. Since dim(M;) > 4, we create no knots
or links in the image of ®(I') (or ®(GT)). Further, as M, is simply connected,
O(I") (or ®(GT")) does not have any links with M \ Mp. Hence there exists a
smooth G-equivariant isotopy h; : GU — G M, between ® and Iz Applying
the isotopy extension theorem 3.6.1, we see that there exists F' € Diffg (M) such
that F|GU = ®.

Define A = N,>oF™(U). Clearly A is a compact H- and F-invariant subset
of U. Using standard methods from the theory of hyperbolic sets, it is not
hard to show that A has hyperbolic structure (for the method, see [100, chapter
17, section 1] and note that the foliation F already determines the contracting
direction). We claim that F|A is H-equivariantly topologically conjugate to the
shift on the solenoid S(I', ¢).

Let z = (20, 21,...) € S(I', ¢). Define

hMz) = NpsoF™(F.,),
= ﬂnZOFn(]:zn)'

For n > 0, F*(F,,) is a nonempty compact subset of F.,. Since F"(F, ) D
Fr+y(F,. ), n >0, h(z) # (. Since F' contracts leaves by the factor u < 1, the
diameter of F*(F, ) — 0 as n — oo and so h(z) consists of a single point. This
construction defines a map h : S(I', §) — A. It is straightforward or trivial to
verify that h is continuous, H-equivariant and that hé = Fh. Since A, S (T, 9)
are compact metric spaces, it follows that in order to prove h is a homeomorphism
it is enough to show that h is bijective. Suppose z # z’ € S. There exists j > 0
such that z; # 2. Hence F,, , N ‘7:2§+1 = () and so, since F' is an embedding,

we have F/*H(F,,, ) N /T (F, ) = 0. Hence h(z) # h(z'), proving that h
is injective. Finally, let Z € A. For n > 0, there exists a unique (connected)
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leaf F,, € F such that F7"(Z) € F,. Let F,us NT = {w1,...,yx}. By our

construction of F, F(y;) = ... = F(yg). Define z, = F(y,) € T. In this way
we define H(Z) = (20,21,...) € S§. Since h(H(Z)) = Z for all Z € A, h is
surjective. ]

9.6.10. Symmetric hyperbolic attractors — general case. We extend
theorem 9.6.32 so as to allow for the case when My contains no nonempty open
simply connected H-invariant subsets. The issue will now be one of construct-
ing a graph and graph map that will allow us to apply the equivariant isotopy
extension theorem. A prototype of a suitable graph and graph map is given in
example 9.6.27. Referring to figure 11, observe that f(a;) can be Zy-equivariantly
isotoped back to a; (within R?), keeping the end points +« fixed. Similarly for
the f-images of the remaining edges. This would not have been true if, for ex-
ample, we had taken the Z,-graph consisting of the unit circle S, with vertex
at (1,0). The map f(z) = 360 is then Zs-equivariant and we may construct a
3-adic Zsy-invariant solenoid in the solid torus T = S x D € C x R. An explicit
Zo-equivariant embedding defining the solenoid may be given by

F(6,2) = (30,2/8 + ¢ /4), (6,2) € S" x D,

where D = {z|]|z] < 1}, we embed S' x D in R by (0,2 + wy) — ((1 +
z) cos(0), (1 + z)sin(h),y), and the action of Zy on R? is given by (zy, x2, 23) —
(—w1, —x9,x3). Since F winds the core S' of T three times round the xs-axis,
it is not possible to Zy-equivariantly homotop F : T — R? to the identity map
without the image of T crossing the zz-axis. But then the homotopy cannot be
an equivariant isotopy as the isotropy of points on the zs-axis is different from
the isotropy of points on T.

We start by constructing a ‘doubled’ version I'*(H) of the complete H-graph
I'(H). As usual, we give I'(H) the structure of a smooth balanced H-graph and
recall that I'(H) contains no edges with the same initial and final point. We
define a new smooth balanced H-graph I'*(H) which has the same vertex set as
['(H) by assigning to each edge E € T'(H), a new edge E’ such that EE’ is a
smooth loop. Note that I'(H) is naturally a subgraph of I'*(H). We refer to
['*(H) as the augmented graph on G. If J is a fundamental subgraph of I'(H), all
edges with common initial vertex e, then (with the obvious notation), J* = JU.J’
is a fundamental subgraph of I'*(H).

Suppose that P = EyEs ... Eyisapathin I'(H). Wedefine P’ = Ej ... E,E],
where we adopt the convention that E” = E. We define an equivalence relation
~ on paths in F*(H) by PlEE/P2 ~ P1P2.

LEMMA 9.6.33. (Notation as above.) There exists a smooth H-equivariant
map ¢ : T*(H) — T*(H) such that
(1) ¢ satisfies condition W .
(2) ¢ fizes the vertex set of T*(H).
(3) If E € I'*(H) is an edge then ¢(F) ~ E.
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PrOOF. We assume |H| > 3 (for H = Zs, see example 9.6.27 and the
discussion above). We write ['*(H) = I'(H) UT'(H). Following the proof of
lemma 9.6.28, we choose a fundamental graph J for I'(H) and designated arc
A, C T(H)\ J at the vertex e € H. For each £ = E,, € J, we let P denote
the smooth path given by P = IQ1FEQ-F. Here I is the edge of A., which is
on the same side of e as E, F' is the edge of A, = oA, which is on the same
side of 0 as F and @); and ()2 are the paths 77, vr (see figure 12 and the proof
of lemma 9.6.28). Observe that II'EF'F is a smooth path and [I'EF'F ~ E.
Hence the smooth path P* = IQ,Q\I' EF'Q4Q2F satisfies P* ~ E. This con-
struction defines a smooth map ¢ : J — I'*(H). We extend ¢ to J’ by defining
¢(E") = II'E'F'F, where we have written A, U I, A, = F UF. We again have
¢(E') ~ E'. Extend ¢ H-equivariantly to I'*(H). It is straightforward to verify
that ¢ is a smooth H-equivariant map satisfying condition (W) (¢*(E) = I'*(G)
for every edge £ € T*(H)). The map ¢ fixes the vertex set of I'*(H) and for all
edges E € I'"(H), ¢(E) ~ E. O

THEOREM 9.6.34. Let H be a subgroup of the finite group G. Let M be a
G-manifold of dimension at least four such that

(1) the principal isotropy group for the action of G on M is trivial;
(2) There is an H-invariant connected component My of M.

There exists f € Diffg(M) such that f has a connected hyperbolic attractor A C
My satisfying

(a) G/\ = Hz'

(b) F|A is H-equivariantly topological conjugate to the shift map on the
solenoid S(I'*(H), ¢), where ¢ : I'"(H) — I'*(H) is the map given by
lemma 9.6.33.

PROOF. Choose a smooth G-equivariant embedding of G xy I'*(H) in My
such that (a) I'™*(H) H-equivariantly embeds in My, and (b) each loop EUE', E €
['(H) an edge, is contractible in M. Choose an open H-invariant neighbourhood
W C My of T*(H) such that (a) gWNW =), g € G\ H, and (b) Each loop EUE,
E € T'(H) is contractible to a constant within W. Let ¢ : I'"*(H) — I'*(H) be the
smooth graph map given by lemma 9.6.33. Just as in the proof of theorem 9.6.32,
we may choose a compact H-invariant foliated neighbourhood U C W of ['*(H)
with smooth boundary U C W. Granted these preliminaries, we carry through
the same construction given in the proof of theorem 9.6.32 to obtain a smooth
G-equivariant embedding of ¢ : GU — GU. Tt follows from lemma 9.6.33(2)
that the ¢ image of each edge E € I'*(H) can be H-equivariantly isotoped by
an isotopy supported in W to Ig. Since we are assuming dim(M) > 4, the H-
equivariant embedding of q~5 : U — U is H-equivariantly isotopic to the identity
map on U by an isotopy supported in W. Now extend G-equivariantly to GU
and apply the equivariant isotopy extension theorem. O
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REMARK 9.6.35. Condition (2) of theorem 9.6.34 is always satisfied if there
are no reflections for the action of G on M. That is, if codim(M,) > 1 for all
isotropy types 7 # IL.

9.6.11. Examples in dimension 3.

Z,-actions, p > 2. Take the standard irreducible action of Z, on R? p > 2.
This action extends to R? if we take the trivial action of Z, on the z-axis. Using
the obvious generalization of the smooth Zsy-graph described in example 9.6.27
(see figure 10(b) for the case p = 3), we may construct connected Z,-invariant
hyperbolic attractors for Z,-equivariant diffeomorphisms of R®. This approach
extends to Z,-manifolds of dimension 3 with dim(M%) =1 (see also [64, lemma
4.5]).

Zs-action with fized point set the origin. Take the Zs-action on R? generated
by —Igs. In this case we can embed a smooth Zs-graph I' C R? in R3 so that
F has the single vertex {(0,0,0)} which is also the fixed point of the Z2 action
(see figure 13). We define a smooth graph map ¢ satisfying condition (W) by the

(=)

F1GURE 13. A graph with a non-free action of Z,

edge rules ¢p(A) = ABA™!, ¢(B) = BAB™!. Taking care not create links, the
method of proof of theorems 9.6.32, 9.6.34 yields a smooth Zs-equivariant diffeo-
morphism of R? with connected Zs-invariant attractor A which is topologically
conjugate to the solenoid S(I', ¢). In this case the action of Zy on A is not free:
there is a unique fixed point in A (the origin) for the Zs-action. Note that this
example defines the same solenoid (up to topological conjugacy) as that defined
by the first figure described in [178, Examples, pg 476] (Williams makes no use
or mention of the underlying Z,-symmetry).

D, -actions, p > 3. Take the standard representation of D, on R?. Extend to
a representation on R? so that Z, C D, fixes the z-axis and all reflections in D,
act on the z-axis as multiplication by —1. This action has no reflection planes.
With some care, one can prove that there exist f € Diffp, (R3) which have con-
nected hyperbolic attractors with D,-symmetry. Even more, it has been shown
by Jacobs [97] that one may construct f € Diffp (R?) which have connected
D,-symmetric hyperbolic attractors A C R® such that the action of D, on A
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has Zs-orbits of fixed points. Similar results have been proved by Jacobs for the
tetrahedral, cubical and icosahedral groups (the groups of orientation preserving
symmetries). It is reasonable to expect that every every three-dimensional G-
manifold satisfying the principal isotropy conditions of theorem 9.6.34 admits a
hyperbolic H-symmetric connected solenoidal attractors, where H a finite sub-
group of G fixing a connected component of M. Verification of this conjecture
would probably depend on a detailed study of finite group actions on 3-manifolds.

9.6.12. Non-free finite group actions on attractors. In general, if A
is a G-symmetric attractor but G does not act freely on A, it is reasonable to
expect a breakdown of hyperbolicity at the singular points of the G-action. The
simplest, and best-known, example of this phenomenom occurs for the Lorenz
flow. The Lorenz equations have a Zs-symmetry and this symmetry forces the
existence of a singular point (equilibrium) on the Lorenz attractor. We briefly
sketch an example of a Zs-equivariant diffeomorphism of R? which has a Zo-
invariant non-uniformly hyperbolic attractor (a slight variant of this example has
been previously discussed in Coelho et al [35], see also [69, section 7]).

We take the same Zs-graph I' as is shown in figure 13. This time, however, we
define a smooth Zs-invariant graph map 1 according to the rules )(A) = ABA,
(B) = BAB. Although ¢ satisfies conditions (W1,2), it does not satisfy (W3).
We may construct a smooth ¢-invariant singular foliation F of a neighbourhood
U of T in R? — see figure 14. Observe that there is singular leaf containing
the origin of R%. For our purposes it suffices that the foliation is smooth (in
particular, smoothly locally trivial) at all points of the y-axis except the origin.
The local triviality of the foliation along the x-axis will not concern us. Note that

Singular
leaf

ﬂ\\ -/ / Singular

leaf

F1GURE 14. Foliation near the singular point

we can extend 1 to a diffeomorphism on some neighbourhood of the origin in U
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so that 1 contracts leaves of F. However, the contraction will not be uniform
near the origin of R2. Indeed, while 2£(0,0) = 1 and 2-£(0,0) = 0, for all
n > 2, ¢ will weakly expand I" near the origin and weakly contract the horizontal
component of the singular leaf. We embed the graph in R? and take the Z,-action
on R3 generated by multiplication by —Izs . Extend the neighbourhood and
foliation into R?® and extend and Zs-equivariantly perturb ¢ to a Zs-equivariant
JF-preserving embedding ¢ of U in U. In figure 15, we show part of the ¢-image of
U inside U. The map v extends to F' € Diffz, (R?) and we define A = N,,>o ™ (U).
The set A is a Zs-invariant connected non-uniformly hyperbolic attractor for F'.
Since 1) satisfies conditions (W1,2), it follows that F|A is transitive and Per(F)

- ~
-, -
- -~ ~ - - ~
”;’ ~‘\\\'_’— — \\
[l e -
- =
- - g, P4
\: -~- - S~ -

FIGURE 15. The ¢-images of a neighbourhood of 0 and the edge A.

is dense in A.

REMARK 9.6.36. From the topological point of view, the attractor A will be
transitive, topologically mixing and have periodic points dense (this is shown by
proving that A = S(I',¢) and using propositions 9.6.26 and 9.5.8). When it
comes to the existence of ergodic measures, matters are likely to be quite subtle
and to depend on the differentiability of F'. See the survey of Luzzatto [117, §4].

9.6.13. Symmetric hyperbolic attractors for flows. In this section we
complete our investigation of symmetric attractors by proving a result on the
existence of symmetric attractors for flows.

THEOREM 9.6.37. Let H be a subgroup of the finite group G' and suppose that
M is a G-manifold, dim(M) > 5. Assume that the principal isotropy group for
the action of G on M s trivial and that there exists a connected component My
of My that is H-invariant. Then there exists a smooth G-equivariant flow ®; on
M which has an H-invariant connected hyperbolic attractor A C My. The flow
O, | A will be H-equivariantly conjugate to the (constant) suspension flow of a shift
map on an H-solenoid.

Suspension of a smooth graph. As usual we let I'(H) denote the complete H-
graph and fix a smooth structure on I'(H). Let G(H) denote the product of I'(H)
with S!. Taking the trivial action of H on S, we give G(H) the structure of an
H-space. We may extend the smooth structure on I'(H) to G(H) in the obvious
way. If I is an open arc in S', we view I'(H) x I C G(H) as a ‘ribboned’ graph
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with ribbons touching along a common arc at each vertex v € I'(H). We refer
to {v} x St as a vertex loop (see figure 16). We let G*(H) denote the product
of the augmented graph T*(H) = T'(H) UT'(H) with S' and note that G(H) is
naturally an H-invariant subset of G*(H).

FIGURE 16. Graph suspension near a vertex of type (2,2)

LEMMA 9.6.38. (Notation and assumptions of theorem 9.6.37.)

(1) There exists a smooth H -equivariant embedding & of G(H) in My which
extends to a smooth G-equivariant embedding of G Xy G(H) in GMy C
M.

(2) We can choose the H-equivariant embedding & of (1) so that
(a) & extends to a smooth G-equivariant embedding & of G x g G*(H)

m MH;
(b) If E € T(H) is an edge, then £*(S* x (E' U E")) is contractible in
M.
(3) We may choose the embeddings &,&* so that
(c) &(T(H)) and E(T*(H) are contained in a preassigned connected codi-
mension one H-invariant submanifold Z of M,.
(d) €&(G(H)) and £(G*(H)) are transversal to Z and £&(G(H)) N Z =

§(U(H)), &(G*(H)) N Z = £(G"(H)).

PROOF. Let v € T'(H) be a vertex and V' C G(H) be an open connected
neighbourhood of the vertex loop {v} x S! (see figure 16). Since n > 3, we may
construct a smooth embedding ¢ : V' — M, such that g6(V) NV = () for all
g € G, g # e. Hence £ extends uniquely to a smooth G-equivariant embedding
£ UgecgV C GxpyG(H) — My and that §(HV') C M. Let J be a fundamental
subgraph for I'(H) and suppose E € J is an edge. The embedding ¢ is already
defined on a neighbourhood of the ends of the cylinder £ x S'. Since n > 4, we
may extend & so that £ defines a smooth embedding of £ x S* in M, (if n = 3,
it may not be possible to match the orientations of the S'-fibres). Repeating




324 9. DYNAMICAL SYSTEMS ON G-MANIFOLDS

this construction for all edges in J, we obtain a smooth H-equivariant immersion
¢ : G(H) — M,y which restricts to an embedding on a neighbourhood of the set
of vertex loops as well as on the individual cylinders E x S'. The map & extends
G-equivariantly to a smooth immersion £ : G Xy G(H) — My which restricts
to a smooth embedding on a closed neighbourhood W of the set of vertex loops
and embeds the cylinders E x St for all edges £ € G xy I'(H). Since G acts
freely on My and n > 5, we may G-equivariantly perturb £ outside W so that
¢ : G xyG(H) — My is an embedding. The proof of the second part of the
lemma is similar (see the proof of theorem 9.6.34). Finally, (c) uses our earlier
results for diffeomorphisms and (d) follows by the same arguments given above
(I'*(H)/H is a smooth graph, one vertex, which can be embedded in a 2-disk in
My/H and G*(H)/H can always be embedded in a 3-disk in My/H). O

REMARK 9.6.39. For the final statement of lemma 9.6.38, it is easy to con-
struct connected codimension one H-invariant submanifolds of M,. For example,
choose any connected codimension one H-invariant submanifold Z’ of M,/H
which contains the projection of a fundamental graph for I'(H). Lift Z’' to
Z C M.

9.6.14. A tubular neighbourhood of the embedded suspension. We
continue with the assumptions of theorem 9.6.37. By lemma 9.6.38 we may choose
an H-equivariant embedding of G*(H) in M, which extends to a G-equivariant
embedding & of G xy G*(H) in My. Identify G xy G*(H) with its *-image in
M. Choose a G-invariant tubular neighbourhood ¢ : Q@ — My of G xy G(H) C
G Xy G*(H) and set N = ¢(Q). The natural projection of G x gz G(H) onto S*
induces a smooth G-equivariant fibration 7 : N — S!. Let Ny C N denote the
fibre over § € S* (parameterizing by angle). By lemma 9.6.38 that we may choose
£* so that & (G x5 (T*(H) x {0})) C Ny, for all § € S'. Let N ~ N x S! denote
the H-invariant component of N containing G*(H).

Proof of 9.6.37 Since dim(M) > 5, dim(Ny) > 4. Just as in the proof of
theorem 9.6.34, lemma 9.6.33 implies that there exists a smooth H-equivariant
graph map ¢ : T*(H) x {0} — I'*(H) x {0} which extends to ¢ : Ny — N such
that (a) ¢ is H-equivariantly smoothly isotopic to the identity map of Ny, and (b)
¢ has a unique connected H-invariant hyperbolic solenoidal attractor Ag C Ny.
We may spread the isotopy round N and so construct a smooth H-equivariant
flow ®, on N with solenoidal hyperbolic attractor conjugate to the suspension of

Ao — Ag. Finally, ®; extends smoothly and G-equivariantly to N and then to
all of M. U

REMARKS 9.6.40. (1) We conjecture that provided the action of G on M has
no reflections, theorem 9.6.37 holds for G-manifolds of dimension greater than or
equal to four.

(2) Tt is well-known (see [3, 64]) that if ¢ : ' — I is a smooth graph map
satisfying conditions (W1,2,3), then there exists a unique Lebesgue-equivalent
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¢-invariant ergodic probability measure on I'. In turn, we obtain an ergodic
invariant probability measure on the associated solenoid. This measure will be
mixing. The measure extends to the suspension given by theorem 9.6.37 and will
be ergodic relative to the suspension flow. Although the flow cannot be mixing if
we suspend by a constant roof function, it follows from results of Field et al. [67],
that the suspended flow will be (rapid) mixing for a C'-open and C'*-dense space
of roof functions.

9.6.15. Extensions to skew and twisted products. Suppose that H
is a finite subgroup of the compact Lie group G. Let M be an H-manifold,
f € Diffy(M) and x : M — G be a skew H-equivariant map (x(hz) = hyx(z)h ™,
he H,z e M. The map f extends to f, € Diffo(G xy M) by

g, z]) = [g, x(x) f(z)], (¢9,2) € G x M.

If A C M is an H-invariant hyperbolic attractor of f, then G xy A will be a
G-invariant partially hyperbolic attractor of f,([g,z]). The centre foliation of
G x g A is given by the G-action and all leaves have dimension equal to that of G.
If H acts freely on A — the case for most of the hyperbolic symmetric solenoidal
attractors constructed above — then G will act freely on G x g A. If H does not
act freely on A, then G x g A will contain singular G-orbits.

It is shown in [68] that f, : G xg A — G xg A will generically be stably
ergodic relative to measures on G x g A induced from Haar measure on G and
an equilibrium state on A (we refer to [68] for precise details). It is also the
case that f, |G xg A will generically be stably rapid mixing and satisfy various
other statistical properties related to decay of correlations (see [66, 44, 67, 68]
and note that Dolgopyat proves genericity of rapid mixing and the methods of
[66, 67| yield stability of rapid mixing).

We may carry out similar twisted product constructions for flows. In this
case, it can be shown that generically we have stable rapid decay of correlations
of equivariant observations. We refer to [65] for more details and references.

REMARK 9.6.41. We conclude this section on solenoidal attractors by remark-
ing that it is possible to construct symmetric attractors using the expanding
maps of higher dimensional (branched) manifolds (see [180]). For example, a
non-singular matrix A € GL(m,R) with integer entries and all eigenvalues of
modulus greater than one, determines an expanding map A of T™. Tt is easy
to construct examples where Ais equivariant with respect to a finite group ac-
tion on T™ (typically the group will be a subgroup of S,,). Similar methods to
those described above will enable realization of the inverse limit as a hyperbolic
attractor of a smooth equivariant diffeomorphism.

9.7. Equivariant Anosov diffeomorphisms

Let M be a compact connected Riemannian G-manifold, where G is a compact
Lie group. Suppose that the isotropy groups for the action of G on M are all finite.
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We have an associated smooth foliation £ of M by G-orbits. Let 7 : L — M be
the smooth G-vector subbundle of 7, : TTM — M defined by L, = TGz, x € M.
The bundle 7 : L — M is T f-invariant for all f € Diff;(M).

DEFINITION 9.7.1. A diffeomorphism f € Diff¢(M) is G-Anosov if there
exists a continuous T f-invariant splitting E* @& E®* @& L of TM together with
constants C, A, 0 < A < 1, such that

(1) [T~ f(v")]] < CA"||v*||, for all v* € E* n > 0.
(2) IT™f(v®)]] < CA™|v*]|, for all v* € E*, n > 0.

REMARK 9.7.2. A diffeomorphism f € Diff¢(M) is G-Anosov if f is partially
hyperbolic on all of M with centre foliation given by the G-action. It is straight-
forward to verify that the definition is independent of the choice of Riemannian
metric (the constant C' depends on the metric) and that E*, E° are G-invariant

subbundles of T'M.

DEFINITION 9.7.3. Let f € Diffg(M). We say f is G-structurally stable if
there exists an open neighbourhood U of f in Diff;(M) such that for all f € U,
there exist an equivariant homeomorphism h : M — M and a continuous skew
G-equivariant map y : M — G such that

X(@)h(f(x)) = f(h(z)), (v € M).

THEOREM 9.7.4. (1) The space of G-Anosov diffeomorphisms is open in
Diff¢(M) (C*'-topology).
(2) Every G-Anosov diffeomorphism is G-structurally stable.

PRrROOF. The proof is standard and amounts to an equivariant version of the
original proofs of Mather [118] and Moser [131]. We refer the reader to [55] for
details on the equivariant case. Il

We may give an analogous definition of a G-Anosov flow and may then prove
a corresponding version of theorem 9.7.4 (of course, with a weaker definition of
G-structurally stability, see [55, section 4]).

ExXAMPLES 9.7.5. (1) If G is finite, then every G-Anosov diffeomorphism of a
compact G-manifold M is Anosov. Conversely, it is well-known (see [163, Part
IV]) that the centralizer Z(f) of an Anosov diffeomorphism f is a discrete sub-
group of Diff(M) and so if f is G-Anosov then G-orbits must be finite. Explicit
examples of Zs-Anosov diffeomorphisms on tori are easily constructed by observ-
ing that if A € SL(n,Z) is then A commutes with —Ig» and so the resulting map
A induced on T" is equivariant with respect to the induced Z,-action. If A is a
hyperbolic matrix then A will be a Zy-Anosov. This is already interesting when
n =2 and A(z,y) = (2¢ + y,x + y) is the ‘cat’ map of the 2-torus. The map
induced by A on the orbit space T?/Zy =~ S? is a pseudo-Anosov diffeomorphism
(for an introduction to pseudo-Anosov diffeomorphisms see Boyland [21, section

7).
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(2) If A € SL(n,Z) is hyperbolic and k > 1, then A* € SL(nk,Z) induces an
7% % Sy-equivariant Anosov diffeomorphism of T™. S, acts on (R™)* by permut-
ing R™-factors and Z& acts as multiplication by £1 on each factor.

(3) If H is a finite subgroup of the compact Lie group G, M is an H-manifold,
f € Diffy (M) is H-Anosov and y : M — G is a smooth skew H-equivariant
map then f, € Diff¢(G xy M) is G-Anosov. In combination with (2), this gives
examples of G-Anosov maps where the G-action is not free and G-orbits are not
finite.

(4) Let M be a compact Riemannian G-manifold with unit tangent bundle 77 (M).
Suppose that all isotropy groups for the action of G on M are finite. Let
TEM) = {v € Ty(M) | v L G(ryv)}. The smooth G- vector bundle T'% (M)
is invariant under the geodesic flow on Tj(M) (a geodesic which is normal to
some G-orbit is normal to all G-orbits it meets as it (locally) minimizes distance
between G-orbits). Suppose that the sectional curvatures are strictly negative for
all 2-planes defined by tangent vectors in 77 (M). Just as in the non-equivariant
case, the induced geodesic flow on T'%(M) is G-Anosov. Specific examples may
be constructed using the twisted product constructions described above. How-
ever, it would be interesting to find examples which were not globally twisted
products. In other words, is it possible to give a classification of G-manifolds
which are negatively curved transverse to the G-action?

9.8. Notes on chapter 9

Equivariant handlebundle theory was originally developed by Wassermann in
his work on equivariant differential topology [176]. Previously, a version of Morse
theory that allowed for critical manifolds (as opposed to critical points) had been
developed by Bott [23]. In later work, Atiyah and Bott developed a natural equi-
variant version of Morse theory with connections to equivariant cohomology — a
nice introduction is in the article by Bott [24]. It would be interesting if there
were connections between intersection theory on G-manifolds (G-transversality)
and equivariant cohomology theory (algebraic structure). A few speculations ap-
pear at the end of [56]. The work we describe on G-handlebundle decompositions
appeared in [53] and was motivated by Smale’s work on handlebody decompo-
sitions (hence the requirement that stable and unstable manifolds of critical G-
orbits are transverse). Everything we say breaks down (badly) if intersections
are G-transverse but not transverse. The representability, density and isotopy
theorems on G-subshifts of finite type given in section 9.3 originally appeared
in [56]. The existence results on symmetric hyperbolic attractors for equivari-
ant flows and diffeomorphisms are mainly taken from the paper [64]. The main
theorems in [64] are sharp and, in sufficiently high dimensions, give necessary
and sufficient conditions for the existence of hyperbolic attractors with specified
symmetry. Previously, Melbourne et al. [125, 7] had proved general results on
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the existence and structure of symmetric attractors for non-invertible equivariant
maps. The results on G-Anosov diffeomorphisms are all taken from [55].

In this chapter we emphasized global results where intersections of invariant
manifolds were transverse — as opposed to G-transverse. In chapters 4, 5 we
gave many examples where there were homoclinic and heteroclinic cycles which
are necessarily G-transverse non-transverse intersections. Of course, a striking
feature of general G-transverse intersections is the possibility of stably singular
intersections. However, we know of no example where singular G-transverse inter-
sections occur in a codimension 1 steady state bifurcation. Nor, at this time, are
we aware of any large classes of naturally defined equivariant vector fields which
possess stably singular G-transverse intersections. However, this phenomenom is
more likely to appear in higher dimensional problems and perhaps also if there
is additional structure (such as reversibility or Hamiltonian dynamics).



CHAPTER 10

Applications of G-transversality to bifurcation theory II

In this chapter we extend the bifurcation theory developed in chapter 7 to
include general compact Lie groups, branches of relative equilibria and the equi-
variant Hopf bifurcation. We also consider bifurcation theory for equivariant
maps as well as applications to bifurcations of relative equilibria and relative
periodic orbits.

10.1. Technical preliminaries and basic notations

The emphasis in chapter 7 was on bifurcation theory for absolutely irreducible
representations of finite groups. In this chapter we will allow for compact groups
and irreducible representations over the complex numbers. We start with some
preliminaries on complex representations and complex structures that will enable
us to give a unified treatment of bifurcation on real and complex representations —
including bifurcation to relative equilibria and relative periodic orbits (equivariant
Hopf bifurcation). We conclude with a review of the terminology we need for our
later work on branching, stability and determinacy.

10.1.1. Complex representations and complex structures. Suppose
that (W, G) is a real representation of the compact Lie group G. The action of
G on W extends to a C-linear action on the complexification V =W ®@g C of W.
The representation (V, G) is irreducible as a complex representation if and only
if (W, G) is absolutely irreducible.

We recall the following basic result on complex representations (see [30] or

[2]).
LEMMA 10.1.1. Let (V,G) be an irreducible complex representation. Then one
of the three following mutually exclusive possibilities must occur.
(R) (V, Q) is the complexification of an absolutely irreducible representation.
(C) If we regard (V,G) as a real representation, then (V,G) is of complex
type.
(Q) If we regard (V,G) as a real representation, then (V, G) is of quaternionic
type.

REMARKS 10.1.2. (1) If (V,G) is an irreducible complex representation, we
say (V, Q) is of real, complex or quaternionic type according to whether (R), (C)
or (Q) holds. Note that this is the same terminology that we used earlier for
R-representations. The context will always make the intended meaning clear.

329
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(2) If (V, @) is the complexification of the absolutely irreducible representation
(W, @), then the isotypic decomposition of V as a real representation is 2.

ExAMPLE 10.1.3. The standard complex irreducible representation of D,, on
C? is of real type. Every non-trivial action of SO(2) on C is irreducible of complex
type. The standard action of SU(2) on C? is of quaternionic type.

A complez structure J on a (real) vector space V' is a linear endomorphism of
J of V such that J? = —Iy.. If J is a complex structure on V, then we may give
V' the structure of a complex vector space by defining

(a+w)v =av+bJv, (veV,abeR).

If (V,G) is an R-representation and J is a G-equivariant complex structure on
V', then (V,G) will be a C-representation with respect to the complex structure
on V defined by J.

REMARK 10.1.4. Suppose that (V,G) is a real representation (not necessarily
irreducible), X € C(V,V) and that DX (0) has eigenvalues +ua, a # 0, and
is diagonalizable over C. Then Jy = %DX (0) defines a complex structure on
V (DX (0)*> = —a*Iy). Since Jy is G-equivariant, (V,G) is a complex represen-
tation with respect to this complex structure. Now suppose X, € CF(V,V) is
a family such that DX((0) has nonzero eigenvalues on the the imaginary axis.
Generically, we can expect the eigenvalues to equal +ua, a # 0, and DX(0) to be
diagonalizable (semisimple). The eigenspace W corresponding to +ua will inherit
a complex structure from DX(0)|WW. Generically, (W, G) will be irreducible as a
complex representation. Via a usual centre manifold reduction, we may therefore
reduce to the study of families defined on an irreducible complex representation.

If (V, G) is a complex representation, let Lg(V, V') denote the space of R-linear
equivariant endomorphisms of V.

LEMMA 10.1.5. Suppose that (V,G) is an irreducible complex representation.
Let X € CF(V xR, V) and suppose that DXo(0) € Lg(V, V') has nonzero eigen-
values lying on the imaginary azis. Then there exists Ay > 0, a complex struc-
ture Jo € Lg(V,V) and a smooth family of invertible maps Py € Lg(V,V),
X € (=Xo, Xo), such that if we define X € CZ(V x (=X, \o), V) by

X(z, ) = P X(Py 'z, N), (2,)) €V x (=X, M),
then DX,(0) € La(V, V) is C-linear with respect to Jo, for all X € (—Xo, Xo). If

(V,G) is of complex type, we may take \g = +o00, Py = Iy and Jy equal to the
given complex structure on V.

PROOF. The proof is trivial if (V,G) is irreducible of complex type. We
prove for (V,G) irreducible of real type and leave the quaternionic case to the
reader. If (V,G) is irreducible of real type, then Lg(V,V) = M(2,2;R), where
M(2,2;R) is the space of 2 x 2 real matrices. If V' is the complexification of the
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absolutely irreducible representation (W, G), then we may write V = W @ W.
Relative to this decomposition of V', the matrix [a;;] € M(2,2;R) corresponds to

A€ Lg(V,V) where
A — (aH]W a12fw)
agilw  az by

(The map A is C-linear if and only if a;; = ag and a1 = —agy.) Set Ay =
DX,(0). We are given that Ay has a pair of nonzero eigenvalues, say +ww.
Replacing X by X/w, it is no loss of generality to assume that Ay has eigenvalues
+1. Since Ay is semisimple, A2 = — Iy, and so Ay defines a complex structure Jy €
La(V, V). Using Jy, we define a new complex structure on V' and corresponding
decomposition V- =W & W such that Ay corresponds to [Jo] = (‘l'?w _éW).
Choose A\g > 0, so that A, is semisimple, A € (=g, Ag) (it suffices that the
eigenvalues of Ay have nonzero imaginary part). Applying the real Jordan normal
form theorem to Ay € M(2,2;R), we may find a smooth family P, € Lg(V,V)
of non-singular maps such that Py = Iy and A)\ = P\A\Py ! has matrix form
Ay = (ggi\gﬁg ;/G(&A))[fvw , where the eigenvalues of A, are a(A) +1¢6(\) and
Ay commutes with Jy. If we define X(z,)) = PAX(P;'z,)), then DX,(0)
commutes with Jy and so DX,\(O) € Lg(V,V) is C-linear with respect to Jy, for
all \ € (—)\0, )\0) OJ

The next lemma — the proof of which is immediate — shows that stabilities
are unchanged under the transformations given by lemma 10.1.5.

LEMMA 10.1.6. Let (V, G) be a representation (real or complez), P € Lg(V,V)
be non singular and X € CX(V,V). Set X = PXP~'. Then X(x) = 0 if and
only if X(P(z)) = 0. The stabilities (spectrum) of the linearizations of X at
and X at P(z) are the same.

10.1.2. Normalized families on a complex representation. Let (V,G)
be an irreducible complex representation. It follows from lemmas 10.1.5, 10.1.6
that, as far as the generic codimension 1 local bifurcation theory is concerned,
it is no loss of generality to restrict attention to families X € CF(V x R, V)
satisfying

X(xz,\) =Ny + g(z, N),

where 0 : R — C satisfies 0(0) = 2, (Re(0))'(0) # 0, and g(z,\) = O(||z|*).
Just as in section 5.6, we may rescale time and change parameter so that o(\) =
A + 2 for A near zero. Thus we restrict attention to the space Vo(V,G) =V, of
normalized vector fields defined by

W(V,G) ={X e CZ(V xR, V)| DX,(0) = (A +1)Iv}.

Let S* C C denote the group of complex numbers of unit modulus and let
St act on V' as scalar multiplication. Since (V,G) is a complex representation,
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we have an action of G x S on V and corresponding irreducible complex rep-
resentation (V, G x S'). The representation (V,G x S') is always irreducible of
complex type.

DEFINITION 10.1.7. Let (V,G) be a complex representation which is irre-
ducible of complex type. If G = K x S*, where S! acts on V by scalar multipli-
cation, we say that (V,G) is irreducible of C-normal type.

We recall the strategy outlined in section 5.6 for the analysis of the Hopf
bifurcation on a complex representation. Suppose X € Vy(V, G). Since DX;(0) =
Iy, it follows from the theory of equivariant normal forms (for example, [84,
Chapter XVI, §5]) that we can make a smooth A-dependent G-equivariant change
of coordinates on a neighbourhood of the origin of V' x R so that the Taylor
series of X, at x = 0 is G x S'-equivariant. Next we analyse bifurcations for
generic families X € Vo (V, G x S). After finding branches of limit cycles, relative
equilibria and relative periodic orbits for X € Vy(V,G x S'), there remains the
problem of proving that branches and stabilities persist when we take account of
the G-equivariant, but not G x S'-equivariant, tail. It is shown in [60, 62] that
(generically) branches and their stabilities persist when we allow for the tail. We
say a little more about these “strong determinacy” results in section 10.6.7 when
we study the trickier problem of normal forms and strong determinacy for maps.
We also caution the reader that while this approach shows that branches of limit
cycles persist when we break normal form symmetry it does not, however, prove
that no new branches of limit cycles appear. There is also the often difficult
problem of determining the dynamics for the original problem.

EXERCISE 10.1.8. Investigate what happens if (V, G) is irreducible of quater-
nionic type, X € CZ(V xR, V) and the eigenvalues of DX, (0) have zero real part
and nonzero imaginary part. In particular, show that the normal form reduction
still applies and that (V,G x S') is always irreducible of complex type. Using
invariant sphere theorem techniques, describe what happens if V = C? and G is
the quaternionic group {41, ¢, £, £k} (see also example 10.6.51).

10.1.3. Branches of relative equilibria. In this section, we extend the
formalism of branching patterns and stability developed in chapters 4, 7 to allow
for branches of relative equilibria. Most of what we do is very close to section 7.6
of chapter 7.

Suppose that (V,G) is a representation which is either an absolutely irre-
ducible orthogonal representation or an irreducible unitary complex representa-
tion of complex type. If X € Vo (V, G), then DX, (0) = Ay (if (V, G) is absolutely
irreducible) or DX, (0) = (A +1¢)Iy (if (V,G) is an irreducible complex represen-
tation of complex type).
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DEFINITION 10.1.9. Given X € Vy(V, G), define G-invariant closed subsets of
V xR by

Z2(X) = {(@A) [ Xa(z) =0},
[(X) = {(=.)) ]| X\(z) € T.Gx}.

Note that I(X) is the set of relative equilibria of X and that if G is finite,
I(X) = Z(X). If G is the product of a finite group with S*, then I(X') will consist
of limit cycles.

For every 7 € O(V,G), choose H € 7 and set A, = G/H. Every G-orbit of
isotropy type 7 is G-equivariantly diffeomorphic to A, .

DEFINITION 10.1.10. Let X € Vy(V,G) and 7 € O(V, G). A branch of relative
equilibria of isotropy type 7 for X at zero consists of a C'' G-equivariant map

¢=(x,A):[0,0] x A, = V xR

such that

(1) ¢(0,u) = (0,0), for all u € A,.

(2) For all s € (0,9], as = x(s,A;) is a relative equilibrium of X)) and o
is of isotropy type 7.

(3) For every u € A,, the map ¢, : [0,0] — V xR, s — ¢(s,u), is a
Cl-embedding.

If, in addition, we can choose § > 0 so that
(4) For all s € (0,6], e is a normally hyperbolic relative equilibrium X)y).

¢ is a branch of normally hyperbolic relative equilibria for X at zero.

REMARK 10.1.11. A branch of relative equilibria is a G-invariant subset of
V' x R. This should be contrasted with the definition we gave for a branch of
equilibria in section 4.2 where the branch only defined a G-invariant subset when
the branch was of trivial isotropy. Of course, the G-orbit of a branch of equilibria
will define a branch of relative equilibria in the sense defined above.

Suppose that ¢; = (x;,\;) : [0,d;] x A, — V xR, i = 1,2, are branches of
relative equilibria for f. The branches are equivalent if we can find ¢, € (0, ],
i =1,2, and a C! G-equivariant diffeomorphism H : [0,8]] x A, — [0, ] x A,
such that ¢; = ¢9 0 H on [0,0]] x A;. Note that this definition allows for
translation in A,.

We let [¢] denote the equivalence class of the branch ¢. Typically, we identify
[¢] with the germ of the image of ¢ in V' x R.

EXAMPLE 10.1.12. Define ¢* : [0,00) X Ag) = [0,00) — V X R by ¢*(s) =
(0,4s), s € [0,00). Then c¢* define the two trivial branches of relative equilibria
for any X € Vo(V, G).



334 10. APPLICATIONS OF G-TRANSVERSALITY TO BIFURCATION THEORY II

Let ¢ = (x,A) : [0,d] x A, — V x R be a branch of relative equilibria for X.
Let S(V) denote the unit sphere of V. We define the direction of branching set

D(¢) € S(V) by
D(¢) = {x,(0)/x,(0)[| | w € A }.
It is straightforward to check that D(¢) C S(V) is a G-orbit of isotropy type
> 7 and that D(¢) depends only on the equivalence class of ¢ (see the proof
of lemma 4.2.2).
A branch ¢ = (x,\) of relative equilibria is supercritical (respectively, sub-
critical) if X > 0 (respectively, A < 0) on an interval (0,4). Supercritical and
subcritical depend only on the equivalence class of ¢.

LEMMA 10.1.13. A branch of normally hyperbolic relative equilibria is either
supercritical or subcritical.

PRrROOF. Let X € V,y(V,G) and suppose that ¢ = (x,\) : [0,0] x A, — V xR
is a branch of normally hyperbolic relative equilibria for X. It suffices to prove
that A # 0 on (0,6]. Suppose the contrary. Then there exists § € (0,0] such
that X' (5) = 0. Choose € > 0 so that I = [§ —¢,5] C (0,4]. For each s € I, set
as = p(s,A;). It follows from lemma 8.4.6 that we may choose a smooth family
{f(s e C¥(V,V) | s e I} such that X, is tangent to G orbits and Xs) —XS]aS =
0. Hence oy is a normally hyperbolic equilibrium orbit for Z, = X} —X,,s€el
We have

Z(x(s,u),s) =0, (x,u) € I x A,.
Differentiating with respect to s at s = §, and using X' (5) = 0, we find that

D1 Z(x(8,u), 5)2—;{(5,
Since ¢, is a C'-embedding, %(5, u) & Ti(su)0, for all u € A;. Hence we have
D Z(x(5,u),5)2%(5,u) = 0 and so the multiplicity of 0 € vspec(az, Z;) is at
least g, + 1, contradicting the genericity of as. 0
Suppose that ¢ is a branch of normally hyperbolic relative equilibria for X at
zero. We let ind(¢) denote the index of relative equilibria along the branch. That
is, ind(¢) is the dimension of the stable manifold of ¢(s, A;), s > 0. The index
depends only on the equivalence class of ¢. We define the sign of the branch,
sgn(¢) to be 41 if the branch is supercritical and —1 if the branch is subcritical.
The sign function depends only on the equivalence class of ¢.

The branching pattern and branching conditions.

DEFINITION 10.1.14. Given X € Vy(V, G), let B(X) be the set of equivalence
classes of nontrivial branches of relative equilibria. We call B(X) the branching
pattern of X.

REMARK 10.1.15. If G is finite then ¥(X) and B(X) define the same germs
of subsets of V' x R. However, we do not give B(X) the structure of a G-set. (If
we wished we could give B(X) the structure of a G/Gg-set and then B(X) would

u) S Tx(g7u)0é§, (U c AT>
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be a natural extension of our definition of the branching pattern for finite groups

G)

Following section 4.2, we consider the following branching conditions on X €
VoV, G):

B1* There is a finite set ¢1, . .., ¢, o of branches of relative equilibria for X, with
images (', ..., C,..o, such that
(1) B(X) ={[o1], .-, [} [fra] = [c7], [drso] = [c7].
(2) There is a neighborhood N of (0,0) in V' x R such that if (z, \) € N and
« is a relative equilibrium of X, then

ax {\} C U;ﬁC'j
(3) If i # j, then C; N C; = {(0,0)}.
B2* Every [¢] € B(X) is a branch of normally hyperbolic relative equilibria.

DEFINITION 10.1.16. A family X € Vy(V, G) is weakly regular if X satisfies
the branching condition B1*. If, in addition, X satisfies the branching condition
B2* we say that X is regular.

REMARK 10.1.17. If X is regular then (0,0) € V xR is an isolated bifurcation
point of X.

DEFINITION 10.1.18. Suppose X € Vy(V,G) is regular. The signed indexed
branching pattern B*(X) of X consists of the set B(X), labelled by isotropy types,
together with the maps ind : B(X) — N and sgn : B(X) — {£1}.

If X is regular then X has a well-defined signed indexed branching pattern
B*(X) which describes the stabilities of all the relative equilibria on some neigh-
borhood of zero.

DEFINITION 10.1.19. If XY € Vy(V,G) are weakly regular, then B(X) is
isomorphic to B(Y) if there is a bijection between B(X) and B(Y) preserving
isotropy type.

If X,Y, B*(X) is isomorphic to B*(Y) if B(X) is isomorphic to B(Y') by an
isomorphism preserving the sign and index functions and isotropy type.

10.1.4. Stability.

DEFINITION 10.1.20. Let X € Vo(V, G).

(W) X is weakly stable and X has a stable branching pattern if
(1) X satisfies the branching condition B1*.
(2) There exists an open neighbourhood U of X in Vy such that all
Y € U satisfy the branching condition B1* and the isomorphism
class of B(Y') is constant on U.
(S) X is stable and X has a stable signed indexed branching pattern if
(1) X satisfies the branching conditions B1* and B2*.
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(2) There exists an open neighbourhood U of X in V, such that all Y €
U satisty the branching conditions B1*, B2* and the isomorphism
class of B*(Y') is constant on U.

Let S*(V, G) (respectively, Sk (V, G)) denote the open subset of Vy(V, G) con-
sisting of stable families (respectively, weakly stable families). We show later in
this chapter that S*(V,G) is a dense subset of Vy(V,G). This gives a general-
ization of theorem 7.4.2 to general compact Lie groups and branches of relative
equilibria.

10.1.5. Determinacy.

DEFINITION 10.1.21. G-equivariant bifurcation problems on (V, G) are finite-
ly determined if there exist ¢ € N and an open dense semialgebraic subset R(q)
of PY(V,V) such that if X € Vy(V,G) and j2Xo(0) = 57X (0,0) € R(q), then
X is stable. Similarly, we define weak finite determinacy by requiring that there

exists ¢, € N and an open dense semialgebraic subset R, (q,) of Péqw)(V, V') such
that if X € Vy(V,G) and j% Xy(0) € Ry(qw), then X is weakly stable.

REMARKS 10.1.22. (1) We say that G-equivariant bifurcation problems on V
are g-determined if ¢ is the smallest positive integer for which we can find R(q)
satisfying the conditions of Definition 10.1.21. We say that X is g-determined if
79X0(0) € R(q)-

(2) Let X € V4(V,G) be g-determined and set Q = j9X(0). If we define J? €
Vo(V, G) by

JC(z, ) = Az + Q(x).
then B*(X) = B*(J?). (Note that if (V,G) irreducible of complex type then
7'Q(0) = 1ly.) Conversely, if X € S*(V,G), then there exists @ € R(q) such
that B*(X) is isomorphic to B*(J?) (same proof as that of lemma 4.4.6).

ExaMPLE 10.1.23. Let G be one of the classical simple Lie groups SO(n),
n > 2, SU(n), U(n), Sp(n) or a simple compact Lie group of type Fy or Gs.
The representation space for the adjoint action of G is g, the Lie algebra of
G, and the action of GG on g is absolutely irreducible. Let W denote the Weyl
group of G and T denote a maximal torus for G. Each G-orbit meets t (the
Lie algebra of T) in a W-orbit [70, 11.1]. The invariants and equivariants for
the adjoint action of G on g are obtained by extension of the corresponding
invariants and equivariants for the action of W on t C g (see [70, section 11]).
Consequently, if WW-equivariant bifurcation problems on t are d-determined then
so are G-equivariant bifurcation problems on g. We know from chapter 4 and
(70, 73] that W-equivariant bifurcation problems on t are finitely determined.
Hence, the same is true for G-equivariant bifurcation problems on g. In particular,
there is an open and dense subset S*(g, G) of Vo (g xR, g) such that if X € S*(g,G)
then



10.2. THE UNIVERSAL VARIETY FOR RELATIVE EQUILIBRIA 337

(1) B*(X) is a finite union of germs of branches of normally hyperbolic
relative equilibria.

(2) B*(X) contains a branch of relative equilibria of isotropy type 7, when-
ever 7 is maximal and, if G = SO(2k), k > 4, whenever 7 = (Sj_1).

REMARK 10.1.24. For the adjoint representations considered above, it is
known that if 7 is an isotropy type satisfying the hypotheses of (2), then n, =0
and so the branches given by (1) are all branches of normally hyperbolic equilib-
rium G-orbits (see [84, Theorem 8.2] for the case of SO(3)). If n, > 0 then if fol-
lows by proposition 7.6.15 that we can always perturb X within V,(V, G) so that
the corresponding branches are branches of relative equilibria, but not equilibria.
It was asked in [84, page 136] if n, = 0 for all maximal isotropy types when (V, G)
is absolutely irreducible. Subsequently, Melbourne [124] found examples of abso-
lutely irreducible representations (V, G) and maximal isotropy types 7 € O(V, G)
for which n, = 1 and either N(H)/H = S' or N(H)/H = SU(2), H € 7.

10.2. The universal variety for relative equilibria

We assume that (V) G) is a representation which is either an absolutely irre-
ducible orthogonal representation or an irreducible unitary complex representa-
tion of complex type. In the complex case the real inner product (, ) associated
to the Hermitian structure on V satisfies

(10.1) (v, Jyv) =0, forallveV
(Jv denote the complex structure on V.)
Let F = {F1, ..., Fi} be a minimal set of homogeneous polynomial generators

for the P(V)%module Pg(V,V). As usual, we suppose that F} = Iy and 1 <
dy < ... < dg, where deg(F;) = d;. If (V,G) is absolutely irreducible, dy > 1. If
(V, @) is of complex type, we take I, = J (where J = Jy is the complex structure
on V) and then 1 < ds. If G = K x S! (the representation is of C-normal type),
then d; is odd, for alli > 1. Let P = {p1,...,p¢} be a minimal set of homogeneous
generators for the R-algebra P(V)Y. We set P = (p1,...,p¢) : V — R’ and recall
that P:V — P/G C R’ may be regarded as the orbit map.

10.2.1. The variety ¥*. Recall that 9 : V x R¥ — V is defined by 9(x,t) =
S tiF(z). Let
¥ =A{(z,t) | (x,t) € T,N(G,)x}.
Ifn, =0,all 7 € O(V,G), then ¥* = X. Otherwise, X* 2 X. Given 7 € O(V, G),
let 2% denote the subset of ¥* consisting of points of isotropy type 7. Clearly,
¥ = Urecow,g)2;-

ExXAMPLE 10.2.1. If we take the standard representation of SO(2) on C, then
F =A{z,1z} (k=2), and

’09(2’, (tl,tg)) = tlz —+ ’LtQZ.
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We have ¥ = {(z, (t1,t2) | z = 0 or ty,to = 0} and X* = {(z, (t1,t2) | 2 =
0 or t; = 0}. For example, if we take 7 = (e), we find that

E(5) = {(Z7 (070)) | KAS C*}a
Sty = {(20,8) [t eR,zeC}.

Hence codim (X)) = 2 and codim(X,)) = 1.

LEMMA 10.2.2. ¥* is a G-invariant algebraic subset of V x RF.
PROOF. Define the polynomial map P : V x R¥ — R by
P(z,t) = DP(z)(®(z, 1)), ((z,t) € V x R¥).

Then P(z,t) = 0 if and only if 9(z,t) € T,Gx. Since ¥ is G equivariant,
I(x,t) € T,Gr if and only if 9(x,t) € T,N(G,)x and so P71(0) = ¥*. O

LEMMA 10.2.3. For each 7 € O(V,G), ¥ is a G-invariant semialgebraic
smooth k + g,-dimensional submanifold of V x R,

PROOF. Since X% = ¥*N (V x R¥),, it follows from lemmas 6.8.3, 10.2.2 that
¥* is a G-invariant semialgebraic subset of V' x R¥. It remains to prove that 3*
is a smooth submanifold of V' x R¥ of dimension k + g,. Fix (z,t) € ¥* and
set G, = H. For each y € V7 {F(y),...,Fi(y)} spans V¥. Given y € V7,
set N(y) = T,N(H)y. Note that N(y) C V¥ and dim(N(y)) = n,. Let 7, :
VH — VH denote the projection of V# on the orthogonal complement of N(y)
in V#. Clearly 7, depends smoothly on y € V. (as a map into the space of
linear endomorphisms of V). Let S C V x R* be a differentiable slice for the
action of G on V x R* at (x,t). (For S we may take a sufficiently small Euclidean
ball centered at (z,t) in (z,t) + (T,G(z,t))*.) Let S, C S be the set of points of
isotropy type 7 and note that S, C V# x R* and dim(S;) = dim(V#) — n, + k.
Consider the smooth map K : S; — V# defined by

K(y,s) = m,9(y, s)

A straightforward computation shows at all points (y,s) € XN S;, DK(y,s)
has constant rank equal to dim(V#) — n, and kernel of dimension k. Noting
that X* NS, = K1(0) it follows by the rank theorem that ¥* N S, is smooth of
dimension k and hence that XX NGS; is smooth of dimension equal to k+g¢g,. U

REMARK 10.2.4. It may be shown that ¥* has the structure of a smooth real
affine algebraic subvariety of V x R*¥*! (see [60, Lemma 10.6.1]).

LEMMA 10.2.5. Let v,7 € O(V,G). Then

(1) ZxnX] :_@* ify > .
(2) dim(XrNY) <gr+k, ify <.
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PROOF. Statement (1) follows since (V' x R¥), N (V x RF) = 0 if v > 7.
The proof of (2) is similar to that of lemma 6.9.6. Specifically, let ¢, ..., qs be
a minimal set of homogeneous generators for the R-algebra P(V x R¥)¢ and let
Q : V x R¥ — R® denote the corresponding orbit map. For all v € O, Q maps
(V x R¥), submersively onto the smooth submanifold (V x R¥), /G of R® (see
section 6.6.4). By lemma 10.2.3, Q(¥*) is a k-dimensional smooth submanifold

of R®. Since @ is proper, Q(¥*) = Q(i;) Hence for all 7,y € O, 7 > v, we have

QEINT) = QEHNQE).

—Q(z) N oQ(s?).
Now dim(9Q(%?%)) < dim(Q(X%)) < k and so dim(Q (X} ﬂi:) < k. Therefore,
dim(XrNE)) = dim(Q'Q(ZENE)) < k + g O

LEMMA 10.2.6. For all T € O*(V.G),
Y AR C {t e R | ¢, =0}

PRrOOF. We have already shown this when G is finite and (V, G) is absolutely
irreducible. We give the proof when (V| G) is irreducible of complex type. Let
t € R*¥ and suppose that (0,¢) € ¥, N R*¥. Choose a sequence (z",t") in ©*
converging to (0,t). Since ¥(z",t") is tangent to Gz™, (¥(z",t"),z") = 0 for all
n. Now 9(z",t") is the sum of t72™ + t§ Jyz™ and terms of order at least two in
z". Noting (10.1), we see that 0 = (9(z", "), z") = t}||z"||* + O(||z"||?), for all
n. Dividing by ||z"||? and letting n — oo, it follows that ¢; = 0. O

Suppose that (V, G) is irreducible of C-normal type (and so G = K x S'). Let
L, C R* C V x R* denote the t,-axis and 75 denote the group of translations of
V x R¥ parallel to Ly. That is, if T’ € T, then T'(x,t) = (x,t) +u, where u € Ly.

LEMMA 10.2.7. Suppose (V,G) is irreducible of C-normal type. Then ¥* is
Ty-invariant. In particular, for all T € O*(V,G), i: NRY is Ty-invariant.

PROOF. By definition, (z,t) € ¥* if and only if ¥(z,t) is tangent to Gz.
Hence (z,t) € ¥* if

k
tix +tyJo + thFj(a:) e T,Gx =T, Kx+RJx

Jj=3

But then tz + aJo + Y5, t;F;(z) € T,Kx + RJx = T,Gx foralla e R. O
Let &* denote the canonical semialgebraic stratification of 3*.

THEOREM 10.2.8. (1) The stratification S* induces a semialgebraic Whit-
ney reqular stratification S of X%, for all T € O(V,G). In particular,
each X7 is a union of S*-strata.

(2) If (V,G) is irreducible of C-normal type, then the stratifications S*, S*
are Ty-invariant. In particular, if S € S*, then S = S* x Ly, where
S*=SNLs.
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ProOOF. Part (1) of the proof is exactly the same as that of theorem 6.10.1.
The final statement is immediate from lemma 10.2.7. U

For the remainder of the section we shall assume that if (V,G) is not abso-
lutely irreducible then (V, G) is irreducible of C-normal type. Let Ry denote the
orthogonal complement of Ly in R¥.

Given 7 € O(V,G), define R, = R*N'E.. We also define

R: = R, if (V,G) is absolutely irreducible,
= RoNR,, if (V,G) is of C-normal type.

We remark that if (V, G) is irreducible of C-normal type then R, = R} x Ly and
R:CRFZ2={t e R¥ |t;,t, = 0}. We let r, = dim(R,), 7 # (G).
Recall that d, = dim(V#), H € 7.

LEMMA 10.2.9. If T € O*(V,G), then

(1) R, is a closed semialgebraic subset of R¥1.
2) k—d;+n, <r, <k-—1.

PROOF. (1) Similar to that of lemma 7.1.1 and omitted. (2) By lemma 10.2.6
we have dim(R,;) < k — 1. It remains to prove the first inequality of (2). Let
z € V.. Then T(z) = {t € R* | 9(t,z) € T,Gx} is a linear subspace of R*
of dimension k — d, + n,. Consider T'(z) as a point in the Grassmann variety
Gr,(R*) of p = k — d, + n,-dimensional subspaces of R*. Replacing z by Az and
letting A — 0, we see that each limit point of T'(A\x) is a k — d, + n,-dimensional
subspace of R* contained in R,. Hence 7, > k — d, + n,. (See also lemma 6.15.2
and examples 6.15.3(1).) O

ExaMPLE 10.2.10. Let (V, G) be an absolutely irreducible representation and
7 be a maximal isotropy type. Suppose that d, = 1+ n, and let H € 7. By
lemma 10.2.9, dim(R,) = R¥~! and the proof of lemma 10.2.9 shows that we have
R, = R*! (and so 7 is generically symmetry breaking — see definition 4.3.5).
If n, = 0, this is just a restatement of the equivariant branching lemma and
N(H)/H is either trivial or isomorphic to Z, (see also examples 6.15.3(3)). If
n, # 0 and d; = 1 + n,, then the identity component of N(H)/H is isomorphic
to either S* or SU(2) and the associated action on V¥ is irreducible and free [26,
Chapter III, Theorem 8.5]. Melbourne [124] shows that both these possibilities
can occur (see also remark 10.1.24).

From now on we let A* denote the stratification induced on Xl = R* by
S*. Denote the union of the i-dimensional strata of A* by Ar, ¢ > 0. If (V,G) is

(3
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irreducible of C-normal type, A¥ = Ly x A%, where A% C Ry C R*. We have
Ay = R\ |J R,
m#(G)
A = R\ | B
T#(G)
Ar Cc RFY i<k,
A c RFZ i< k-1, if (V,G) is of C-normal type.
If (V,G) is irreducible of C-normal type, we let A** denote the Whitney stratifi-
cation of Ry with strata given by A, i <k — 1.

REMARK 10.2.11. Af_, is an open semialgebraic subset of R*!. If (V,G) is
absolutely irreducible we follow the convention of remark 7.1.2 and always assume
Az is dense in R¥=1 If (V, G) is irreducible of C-normal type, A", is always
dense in R*¥~2,

Suppose that X € Vy(V,G) and write X (z,t) = S | fi(z,t)Fi(z), where f;
are smooth invariants. Exactly as in chapter 6, we may factorize X as X = ¥ol'y,
where I'y : V x R — V x RF is the graph map

Cx(x, ) = (z, (fi(z,A), ..., fu(z, N)), (x,)) €V xR,
Define (X) € C*(R,R*) by y(X)(A) = (A, 2(0,A), ..., fu(0,A)). If (V.
is irreducible of C-normal type, we define v*(X) € C*(R,Ry) by 7*(X)(A)
(/\7 f3(07 )\)7 s 7fk(07 )\))

LEMMA 10.2.12. Let X € Vo(V,G). Then I'x th X* at (x,\) = (0,0) if and
only if v(X) M A* at A = 0. If (V,G) is irreducible of C-normal type, I'x th X*
at (z, ) = (0,0) if and only if v*(X) mh A™ at A = 0.

PRrooOF. The result follows from theorem 10.2.8. O

@

REMARKS 10.2.13. (1) Lemma 10.2.12 allows us to prove weak stability and

determinacy results for branches of relative equilibria along very similar lines to
what we did in chapter 7 for branches of equilibria when G was finite. We give
the main results in the next section. Note that this approach does not depend
on the detailed structure of the invariants or reduction to the orbit space.
(2) The stratifications A* , A** may be proved to be induced from a stratifica-
tion of U defined independently of the choice of F. It is also possible to prove
invariance results along the lines of section 6.11. Some details and results may
be found in [60, section 4].

10.3. Weak stability and determinacy

We continue to assume (V,G) is a representation which is either absolutely
irreducible or irreducible of C-normal type.
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Define
K&e(V)={X € Vo(V,G) | I'x h X* at (0,0)}.

THEOREM 10.3.1. (1) K&(V) is an open and dense subset of Vo(V, G).

(2) K&(V) € S5V, G).

(3) Let X € K5(V). We may find an open neighborhood U of X in Vy such
that if { Xy | t € [0,1]} is any continuous path in U with Xo = X, there is
an open neighborhood W of (0,0) in V x R and an (equivariant) isotopy
{Ki; W =V xR|tel0,1]} of (continuous) embeddings satisfying
(a) Ky is the inclusion of W in V x R.

(b) Ky(WNI(X)) =1(X;) N K{(W), all t €0, 1].

PRroOOF. Similar to the proof of theorem 7.1.5. 0

10.3.1. Symmetry breaking isotropy types. Let 7 € O*(V,G). We ex-
tend our previous definitions of symmetry breaking isotropy types to allow for
branches of relative equilibria. Specifically, we say that 7 is symmetry breaking
(respectively, generically symmetry breaking) if there exists a nonempty open (re-
spectively, open and dense) subset U of Vo(V, G) such that for every X € U, the
germ of I(X) at zero contains points of isotropy type 7.

LEMMA 10.3.2. For all 7 € O*(V.G), R, inherits a semialgebraic Whitney
stratification A% from A*. (We assume here that A, = RE\R*"! see remark 7.1.2
and below for the case when (V,G) is irreducible of C-normal type.)

ProoOF. Immediate from theorem 6.10.1 and the definition of A*. O

PROPOSITION 10.3.3. (Notation as above.) Let X € K5 (V) and T € O*(V,G).
Then

(1) The map v(X) : R — R* is transverse to A~.
(2) If rr < k=1, then B(X) contains no branches of relative equilibria of

1sotropy type T.
(3) If - = k—1 and v(X)(0) € R,, then there is a branch of relative
equilibria of isotropy type T in B(X).

PrROOF. The proof, using lemma 10.3.2, is the same as that of proposi-
tion 7.1.7. O

COROLLARY 10.3.4. (Notation as above.) Let 7 € O*(V,G).
(1) 7 is a symmetry breaking isotropy type if and only if r. =k — 1.
(2) 7 is generically symmetry breaking if and only if R, = RF1,

ExamMpLE 10.3.5. Let (V,G) be irreducible of C-normal type. If H € 7 €
O(V, @), then VH is a C-linear subspace of V. If dimc(V#) = 1, then R* = R*2
(trivially) and so 7 is generically symmetry breaking. This is the complex version
of the equivariant branching lemma (see [84, Chapter XVI]).
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10.3.2. Weak determinacy. Set d = dj and define Péd)(V, V) = {P €
POV, V)| DP(0) = 0}. Let Iy : PX(V,V)y — R¥ be the restriction of the
projection IT : Po(V, V) — Pa(V,V)/MP(V,V) = R¥ to P (V,V)o. Note that
ITy maps P((;d)(V, V)o onto R*=1 if (V, G) is absolutely irreducible and maps onto
R*2 otherwise. If (V, G) is absolutely irreducible, we define

Ri(d) = {P € P (V,V)o | Iy(P) € A;_,}.
If (V,G) is irreducible of C-normal type, we define

Riy(d) = (P € P& (V,V)o | TIo(P) € A"}
Since A}, is an open and dense semialgebraic subset of R¥"1 R* (d) is an open
and dense semialgebraic subset of P((;d)(V, V)o. f X € CF(V xR, V), let J§(X) €

Péd)(V, V)o be the d-jet in V-variables of X, omitting the linear and constant
terms. That is, J{(X)(z) = 327, DX (0)(27)/5!.

LEMMA 10.3.6. We have
KE(V) ={X €V, | JHX) € RE(d)}.

In particular, G-equivariant bifurcation problems on (V, G) are weakly d,,-determined,
where dy, < dg, and X € S5(V,G) if J{X) € R:(d).

PRroOOF. Immediate from the definitions and lemma 10.2.12. O

THEOREM 10.3.7. Let (V,G) be irreducible of C-normal type. Every mazimal
1sotropy type is generically symmetry breaking and the corresponding branch is a

branch of limit cycles. In particular, if X € S85(V,G), then B(X) # 0.

PRrOOF. Let X € 85 (V,G). Without changing B(X), we may perturb X so
that X € K& (V). By weak determinacy we have X® = X +a|z||*z € K5(V), for
all a € C. In particular, we may choose a € R so that X satisfies the conditions
of the invariant sphere theorem (theorem 5.6.24). Consequently, there exists
Ao > 0 and a branch S(\) of G-invariant, attracting and flow-invariant spheres
S(A) for X§, A € (0,X). Let H € 7 € O*(V,G) be a maximal isotropy type.
Then S(A\) NV will be flow-invariant and so, quotienting by the S'-action, we
obtain a flow on P*(C), where s = dimc(V#) — 1. Since the Euler characteristic
X(P*(C)) = s+1 > 0, there is a least one zero for the induced flow on P*(C) and
so X* has at least one branch of limit cycles of isotropy type 7. U

REMARKS 10.3.8. (1) Theorem 10.3.7 was originally proved by Fiedler [47]
and is referred to in [84] (Theorem 4.5, Chapter XVI). Theorem 10.3.7 can be
strengthened to take account of stabilities and also allow for breaking the normal
form symmetries [60, 62]. We show shortly how this gives a nice lower bound on
the number of branches of limit cycles.

(2) A consequence of theorem 10.3.7 is that A} | is always dense in RF™1 (cf
remark 7.1.2).
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(3) Suppose that (V,G) is irreducible of C-normal type. Let X € CF(V xR, V)
and suppose that DXy(0) = 0. If v(X) m R*! and 7 is a symmetry breaking
isotropy type with n, = 1, then branches of isotropy type 7 will generically be
branches of limit cycles. The period of the limits cycles — oo as A — 0.

ExXAMPLES 10.3.9. (1) Take a nontrivial representation of O(2) on R?* = C.
Then (R?, O(2)) is absolutely irreducible. It is easy to verify that O(2)-equivariant
bifurcation problems are weakly 2-determined (if X € Vy(R?, O(2)), X is already
weakly stable). In this case, the single branch is a branch of equilibrium O(2)-
orbits.

(2) Let M = O(2) xz, R, where Z, is generated by k(z,y) = (z,—y) and acts
on R as multiplication by —1. Let v = O(2)0, where 0 = [¢,0] € O(2) xz, R.
In this case generic bifurcation off the equilibrium orbit v leads to a pair of
contra-rotating periodic orbits 7)% with equal periods py — oo, as A — 0. All of
this follows easily by writing O(2)-equivariant vector fields X on M in tangent
and normal form, X = X+ Xy, and noting that X and X7 are Zy-equivariant.

10.4. Weak stability and determinacy for reversible systems

We indicate how the results of the previous section generalize to equivariant
reversible systems. (The results presented in this section are not used elsewhere
in the chapter and the reader may pass safely to the next section where we start
our investigation of stabilities of branches of relative equilibria.)

Throughout this section we assume that V' is a finite dimensional real inner
product space and G is a compact Lie group.

Suppose we are given a pair of orthogonal representations p,o : G — O(V).
Let ,V denote V' with the action on V' determined by p. We similarly define ,V'.
We always assume that

(10.2) T.p(G)xr =T,o(G)x, forallzeV.

We remark that this is no restriction if G is finite and that (10.2) also holds if
the two actions have the same G-orbits (cf lemma 8.3.42).

We consider G-equivariant vector fields f : ,V — ,V. An important class
where p # o and (10.2) holds is given by the reversible equivariant vector fields.
For this class, we fix an index two subgroup K of G and consider representations
p, o which restrict to the same representation of K but differ by a sign on G \ K.
That is, p(g) = —0(g), g € G\ K.

More formally, we shall assume that there is a homomorphism r : G — Zy C
O(V), where Z, is generated by —I,. We set K = ker(r). If r is trivial, K = G
(and so p = o). If r is non-trivial, then K is an index 2 subgroup of G (the
group of spatial symmetries).. Set G = G'\ K. Elements of G are called time
reversing symmetries. We may define the representation ¢ in terms of p and r by

(10.3) a(g)=r(g)plg), 9€G.
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Usually, we just write gz instead of p(g)z, and r(g)gz instead of o(g)z, z € V.
It follows from this description of ¢ that the representations p, o satisfy (10.2).

Henceforth, assume the representations p, o satisfy (10.3) where p(g) = —o(g),
g € G\ K, and that r is non-trivial. We refer to G-equivariant vector fields
X,V =,V as reversible G-equivariant vector fields.

EXERCISE 10.4.1. (1) Show that the composition of two elements of G lies
in K.
(2) Show that dim(K) = dim(G) and that K is a union of connected components
of G. In particular, K/Gy is an index two subgroup of G/Gj.

LEMMA 10.4.2. Let (,V,G), (,V,G) be representations of G satisfying (10.3).
If X : ,V — ,V is a smooth reversible G-equivariant vector field, then the flow ¢
of X satisfies

Gga(t) = gda(r(g)t),
where the G-action on domain and range is defined by p, and ¢, denotes the
integral curve of X through x € V.

ProOOF. We have X (gz) = r(g)gX(x), g € G. We claim that if ¢,(¢) is the
integral curve of X through « € V, then ¢ (t) = g¢.(r(g)t) is the integral curve
through gz. Differentiating 1) with respect to ¢ we have

V() = r(9)gd.(r(g)t),
= 1(9)9X(¢.(r(g)t)), since ¢, is an integral curve,
= X(9¢.(r(9)t)), by equivariance,
X (1))
Hence, by uniqueness of integral curves, 1(t) is the integral curve of X through

¥(0) = gz. O

LEMMA 10.4.3. Let X : ,V — ,V be a smooth reversible G-equivariant vector
field. If X(z) € T,Gx at some point x €V, then X (z) € .,V NT,Gx and

X(z) € T,N(K,)z N VO,

PROOF. Let z € ,V and X(z) € T,Gz. For all g € G,, we have X(z) =
X (gx) = 0(g)X (z) and so, by (10.2) X (z) € ,V NT,Gz. The final statement
uses the K-equivariance of X. O

DEFINITION 10.4.4. Let X : ,V — ,V be a smooth G-equivariant vector field.
If the G-orbit Gz is invariant by the flow of X (equivalently, if X is tangent to
Gz), then Gz is called a relative equilibrium of X.

REMARK 10.4.5. An orbit Gz is a relative equilibrium for X : ,V — ,V if
and only if there exists at least one point y € Gz such that X (y) € T,Gx.
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ExAMPLE 10.4.6. Let ,C denote the standard representation of O(2) on C.
Define the representation ,C by o(g) = det(p(g))p(g). Let z # 0. If O(2)z is
a relative equilibrium of X : ,C — ,C, then the only restriction on X(z) is
that X (z) is tangent to O(2)z. In particular, relative equilibria will typically be
periodic orbits.

10.4.1. The universal variety. In what follows we assume that ,V¢ = {0}
(it need not be the case that ,V¢ = {0}). Let F = {F\,..., F} denote a
minimal set of homogeneous generators for the P(,V)“-module Pg(,V,,V). Let

P1, .- -, pe be a minimal set of homogeneous generators for the R-algebra P(,V)¢
and qi,...,q, be a minimal set of homogeneous generators for the R-algebra
P(,V)“.

As usual we define 9 : ,V x R* — [V by 9d(z,t) = Zle tiFj(x). We let
¥ ={(x,t) | ¥(x,t) € T,Gzx}.
For each 7 € O(,V,G), let X7 denote the subset of X* consisting of points of
isotropy type 7. Clearly 3* is the disjoint union over O(,V, G) of the sets X7.
LEMMA 10.4.7. ¥* is a G-invariant algebraic subset of V x R¥.

PROOF. Let @ : V — R™ be the orbit map determined by ¢y, ..., ¢y,. If we
define the polynomial map T : V x R*¥ — Rf by
T(x,t) = DQ(x)(I(x,1)), ((x,t) €V x RY),
then X* is the zero set of T'. O

REMARK 10.4.8. Noting (10.2), we might just as well have defined the map
T of lemma 10.4.7 using the orbit map P : V — R’

Before stating the next lemma, we need to review some notation. Let H €
7 € O(,V,G) and suppose x € ,V,. We define g, = dim(Gz). We set n,(p) =
dim(N(H)/H) = dim(N(H)z) and n.(0) = dim(T,Gz N V). We define
Ny =n.(0) — n-(p).
Finally, we recall from section 6.9.1 that d, = d.(,V) = dim(,V;"), e, =
er(,V) = dim(, V"), and i, = i,(,V,,V) = d.—e,. (If p= o, then n.(0) = n,(p)
and i, = 0.)

LEMMA 10.4.9. For each 7 € O(,V,G), X7 is a I'-invariant smooth semi-
algebraic submanifold of V- x R¥. We have

dim(XY) =k + g + Ny + .

PROOF. Since X = X*N (V x R¥),, it follows from lemma 10.4.7 that X% is
a G-invariant semialgebraic subset of V' x R¥. It remains to prove that ¥* is a
smooth submanifold of V' x R of the specified dimension. Fix (x,t) € 3* and set
G, = H. For each y € V. {F(y),..., Fi(y)} spans ,V. Set N(y) = T,Gy N
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-V, Note that N(y) is a linear subspace of ,V and that dim(N(y)) = n.(0).
Let m, : VH — VH denote the projection of »V* on the orthogonal complement of
N(y) in ,V¥. Clearly 7, depends smoothly on y € ,V;” (as a map into the space
of linear endomorphisms of , V7). Let S C ,VV xRF be a differentiable slice for the
action of G on ,V xRF at (z,t). (For S we may take a sufficiently small Euclidean
ball centered at (x,t) in (z,t) + (T,G(z,t))*.) Let S, C S be the set of points
of isotropy type 7 and note that S, C pVTH x R¥ and dim(S;) = d, — n.(p) + k.
Consider the smooth map K : S, — LV defined by

K(y,s) = m,9(y, s)

At all points (y,s) € £XNS,, DK(y,s) is surjective of rank dim(,V¥) — n (o)
and kernel of dimension k + N, +4,. Since ¥* NS, = K~(0), we may use the
rank theorem to deduce that ¥* NS, is smooth of dimension k + N, + i, and
hence that > N GS; is smooth of dimension equal to k + g, + Ny + i,. O

Take the canonical stratification S* of ¥* and let SF denote the stratifications
induced on ¥*. Note that it will not generally be the case that Sf is a union
of S*-strata. Set A* = S(*G). We denote the i-dimensional stratum of A* by A,
0<i<k.

Set V = CF(,V xR,,V). If X € V, DX,(0) € Lg(,V,,V). Unless ,V
and ,V are isomorphic G-representations, DX, (0) will be singular. Roughly
speaking, a bifurcation point of the family X will be a value of A for which the
topological type of the germ of I(X),) at zero changes. In the usual way, every
X € V factorizes as X = 9 o'y, where I'x(xz,\) = (z, (fi(x,\), ..., fu(z,N)).
We define v(X) € C®(R, R¥) by v(X)(\) = (f1(0, ), ..., fx(0,\)).

DEFINITION 10.4.10. We say Ay € R is a reqular point for the family X, € V
if v(X)(No) & UiZg Az, If v(X)(\o) € Ui  Ar, we refer to A as a bifurcation
point.

Let Vy be the subset of V for which there is a bifurcation point at A = 0.
Define
K&, V,oV)={X €V | v(X) h A" at (0,0)}.

The proofs of the remaining lemmas are by now routine and are omitted.

LEMMA 10.4.11. (1) X € K&(,V,,V) if and only if v(X)(0) € A;_, and
YX) M AL at A=0. (We allow A;_, =10.)
(2) If X € KE(,V,,V), then A =0 is an isolated bifurcation point of X.
(3) K&(,V,5V) is an open and dense subset of V.

LEMMA 10.4.12. If X € K&(,V, V), we may choose an open neighborhood U
of X in K&(,V,,V) such that if {X; | t € [0, 1]} is any continuous path in U with
Xo = X, there is an open neighborhood W of (0,0) in ,V xR and a G-equivariant
isotopy {Ky - W — ,V xR |t €0,1]} of (continuous) embeddings satisfying

(a) Ky is the inclusion of W in ,V x R.
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(b) K;(WNI(X)) =I(X;) N K, (W), all t € [0,1].
For 7 € O(,V,Q), 7 # (GQ), define R = R* N X and r} = dim(RY).
LeEMMA 10.4.13. Let 7 € O(,V,G), 7 # (G). Then
k—e,+n. (o) <r:<min{k, k+ N, +i, — 1}.

COROLLARY 10.4.14. Let X € K&(,V,,V). If k — e +n,(0) = k, then the
germ at zero of I( X)) will always contain points of isotropy type 7. If k+N,+i, <
k, the germ at zero of I(X)) contains no points of isotropy type .

Let d = dj and Il : Péd)(pV,UV) — R denote the restriction of II :
Po(,V, V) = Pa(,V, V) /MPs(,V,,V) to P (,V,,V). We define

Ri(d) = {P e PY(,V.,V) | y(P) € A;_,}

PROPOSITION 10.4.15 (Finite determinacy). Let X € Vy.Then X € K&(,V,,V)
if and only iof
(1) v(X)(0) th A, (a condition on j3X(0)).
(2) JYX) € RE(d) (a condition on j¢X(0)).

10.5. Stability and determinacy

In this section we generalize the stability and determinacy theorems of chap-
ter 7 to non-finite compact groups and branches of relative equilibria.

Throughout this section (V,G) will denote a representation of the compact
Lie group G which is either absolutely irreducible or irreducible of C-normal type.

Let TV = V x V denote the tangent bundle of V. Define the bundle of
tangent vectors to G-orbits by

ToV = {(z,X) € TV | X € T,Gz}.

Although T¢V is a G-invariant subset of TV, it is neither closed nor a smooth
subbundle of TV except in the case when G acts trivially on V. We may write
TV as the disjoint union over O(V, Q) of the sets TV, = TV N (V, x V).

EXERCISE 10.5.1. Take the standard irreducible representation (C,SO(2)).

What are (a) Tso(2)C, (b) Tso2)C?
LEMMA 10.5.2. For all T € O(V,G), TV, is a semialgebraic subset of TV .
In particular, TV is a semialgebraic subset of TV .

PRrROOF. Let 7 € O(V,T"). Pick a minimal set of homogeneous generators for
P(V)% and let P : V — R’ denote the corresponding orbit map. If we let P, =
P|V., then P, maps V, submersively onto V,/G C R¢, V. /G is a semialgebraic
smooth submanifold of R’ and the fibers of the map P, are G-orbits. We have
TP, : TV, — T(V;/G) C TR Since the fibers of P, are G-orbits, TP, (z, X) =
(P(x),0) if and only if X € T,Gz. We have T¢V, = (TP,) ' (T,(V,/G)), where
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To(V;/Q) is the zero-section of T(V, /G). Since Ty(V,/G) C TR is semialgebraic
and TP, is a polynomial map, T¢V; is a semialgebraic subset of T'V. U
For 7 € O(V, G), define

Zo(t) = {(x,X) eV xV]xzeV, XeT,NG,)zx},
Zy = closure(U Zo(T))

T€O

LEMMA 10.5.3. For every 7 € O(V,G), Zy(7) is a semialgebraic G-invariant
submanifold of V- x V. In particular, Zy is semialgebraic.

ProoOF. Obviously, Zy(7) is G-invariant and it is easy to show that Zy(7) is
a smooth submanifold of V' x V. Since Zy(7) = TV, N (TV),, it follows from
lemma 10.5.2 that Zy(7) is semialgebraic. O
We need the following extension of lemma 8.4.2.

LEMMA 10.5.4. Let 7 € O(V,G). There exists a continuous map = : Zy(T) —
Cx(V,V) satisfying
(1) For all (z,X) € Zy(1), Z(x, X) is everywhere tangent to G-orbits.
(2) E(x, X)(z) = X, for all (x,X) € Zy(7).
(3) Z(z,0) =0, all(x 0) € Zy(7).
(4) The map J : Zy(t) — L(V, V') defined by

J(z,X) = DE(z, X)(x)
is smooth and semialgebraic'.

Before we prove lemma 10.5.4 we need some preliminaries. Let (V,G) be
an orthogonal representation. Given x € V;, let L(z) = z + (T,Gz)* C T,V.
For r > 0, let S,(r) = {v € L(x) | |[v — z|| < r}. For sufficiently small r > 0
(depending on Gzx), S,(r) is a differentiable slice for the action of G on V at
x. Using an equivariant partition of unity, we may construct a smooth strictly
positive function n € C*(V;,)¢ such that S, (n(x)) is a slice for all z € V; (n(z) —
0asz— JIV,).

Quotienting out by the kernel of the representation G — O(V'), it is no loss
of generality to assume that G C O(V). Fix H € 7 and define

Zo(H) = {(z,X) € Zo(1) | G, = H} = Zy(7)".

Let oy denote the lie algebra of O(V') and identify oy with the subspace of L(V, V)
consisting of skew-symmetric maps. Let ¢ C oy C L(V, V) denote the Lie algebra
of Cz(H). Choose cq, ..., ¢, € ¢ which project to a vector space basis of ¢/(hN«c)
— the Lie algebra of Cq(H)/(H N Cg(H)). We have

© explte) (1)) o = o), 1< i <p,

IThat is, the graph is semialgebraic.
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and so {c1(z),...,c,(x)} defines a vector space basis of T, N(H)x for all z €
VH_ Consequently, for every (z,X) € Zy(H), there exists a unique ¢(z, X) =
(p1(z, X), ..., ¢p(z, X)) € RP such that

X = Z oi(x, X)ci(x).

LEMMA 10.5.5. The map ¢ : Zy(H) — RP is smooth and semialgebraic.

PROOF. Since
graph(¢) = {((z, X),a) € Zy(H) x R | Zaici(l“) = X},

is semialgebraic, by definition ¢ is semialgebraic. The proof that ¢ is smooth is
routine. 0

Proof of lemma 10.5.4. Fix H € 7 and choose ci,...,¢, € ¢ as described
above. Set s = dim(V') — g, and note that dim(L(z)) = s, all z € V.. The map
VH — Gry(V), x — L(z) — x, is smooth and so

I ={((z,X),y) | (z,X) € Zy(H), y € L(x)}
is a smooth submanifold of Zy(H) x V. Define ) : II — V' by

= Z@'(%X)Ci(y)

The map € is smooth by lemma 10.5.5. By definition of ¢, we have Q((z, X), z) =
X, for all (z,X) € Zy(H). For (z,X) € Zy(H), define the smooth map €2, x :
L( ) — V by Q. x(y) = Q((z, X),y), y € L(z). Since hexp(c)h~ = exp(c), for
all h € H, ¢ € ¢, Q, x is H-equivariant. Obviously, for all y € L(z), (z,X) €
Zy(H), we have
+x(y) € T,Gy

Choose a smooth function w R — [0, 1] satisfying: (1) ¥(t) =1, |t| < 1, and
(2) ¥(t) =0, |t] > 3/2. Let n € C°(V;)% be as defined above.

For every (z, X) € Zy(H), define Q, x : L(z) — V by

Qx(y) =50 x(y), y € Su(n(x))
=0,if y € L(2) \ Sa(n(z))

Extend Qx x by G-equivariance to a smooth G-equivariant vector field =Z(z, X)
on V. Note that Z(z, X) is everywhere tangent to G-orbits and is identically zero
outside of a neighborhood of Gz in V. Restricted to Gz, Z(x, X) is equal to the
G-equivariant extension of X to Gx.

Our constructions define a continuous map = : Zy(H) — CZ(V, V). The map
E clearly extends to all of Zy(7) to give a map satisfying (1,2,3) of lemma 10.5.4.
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It remains to show that the derivative map J satisfies (4). For this it suffices
to compute the derivative of Z(x, X) restricted to L(z) and to T,Gx and verify
that both maps are semialgebraic. Computing, we find that for all (z,X) €
Zo(H), we have

DE(z, X) ()| L(z) = Z i, X)e;

DE(w, X)(@)(c;(@)) = ¢;(X), 1<j<p.

Hence J is semialgebraic. O

For 7 € O(V,G), let L.(V, V) denote the subset of L(V, V') consisting of maps
that have at least g, + 1 eigenvalues on the imaginary axis (counting multiplici-
ties). We define the subset Z;(7) of JY(V,V) =V x V x L(V,V) by

Zu(r) = {((z, X), A) € Zo(7) x L(V,V) | A= T (2, X) € L-(V,V)}
LEMMA 10.5.6. (1) Let x € V., A€ L(V,V). Then ((x,0),A) € Z1(7) if
and only if A€ L.(V,V).
(2) Suppose X € CF(TV) has relative equilibrium o of isotropy type T.
Then « is generic if and only if ((z, X (x)), DX (x)) ¢ Z1(1), x € a.
PROOF. (1) is trivial since J(z,0) = 0. (2) follows from lemma 8.4.4 and the
definition of genericity. O

REMARK 10.5.7. In general the set Z;(7) depends on J. However, this does
not affect our intended applications to generic relative equilibria on account of
(2) of lemma 10.5.6. Alternatively, we may give an invariant definition of the
equivariant singular 1-jets by defining

21(7-) = {(va)vA) S Zl(T) | A€ LGz(Vv V)}
If we take the G-action on Z;(7) defined by g((z, X), A) = ((gz,9X),gAg™"),

then Z,(7) = Zi(7), and Zy(1) = Zy(7)". Lemma 10.5.6 continues to hold
with Z;(7) replaced by Z; (7).

LEMMA 10.5.8. For all 7 € O(V,G), Zi(1) is a G-invariant semialgebraic
subset of JL(V, V). (G acts on JY(V,V) as ((z,X), A) — (gz,9X),gAg7").)

PRrOOF. Using the method of [1, §30], L.(V,V) is a closed semialgebraic
subset of L(V,V). Since A € L.(V,V) if and only if gAg~" € L, (V,V), L.(V,V)

a G-invariant subset of L(V, V). Now apply lemma 10.5.4(4). O
If we define
7, = closure <U Zl(T)) ,
T€O0

then, by lemma 10.5.8, Z; is a closed G-invariant semialgebraic subset of J*(V, V).

LEMMA 10.5.9. Let f € CZ(V,V) and suppose that o C V is a relative
equilibriuvm of f. Then « is generic if and only if 7' f(a) N Z; = 0.



352 10. APPLICATIONS OF G-TRANSVERSALITY TO BIFURCATION THEORY II

PROOF. Let a C V; and suppose that j!f(a) N Z; = 0. Necessarily, j!f(a) N
Zy(7) = () and so by lemma 10.5.6(2) « is generic. Conversely, if & C V; is generic,
then j' f(a)NZi (1) = 0. If j' f(a)NZ; # B, then by G-invariance j' f(a) C Z; and
there exists 1 < 7 such that j'f(a) C Z;(u). Since p < 7, g, > g-. Choosing
a sequence in Z;(u) converging to j'f(a), we see that vspec(a, f) > g, + 1,
contradicting the genericity of . Hence j' f(a) N Z; = 0. OJ

In order to prove stability and determinacy theorems for families we follow
the strategy of chapter 7. We briefly review the setup for equivariant jet transver-
sality.

Fix minimal homogeneous sets of generators P = {py,...,p;} for P(V)¢ and
F = {Fl, ce ,Fk} for Pg(‘/, V)

Recall that for s > 1, there is a natural projection map m; : J'/(V xR V) —
JY(V,V) defined by restriction (if A € L(V x R*, V), then m(A) € L(V,V)
is the map defined by m(A)(v) = A(v,0)). Given f € CF(V x R* V), let
Jif: VxR — JY(V,V) be defined by

if@eX) =5 a@), (2,X) eV xR
For all f € CZ(V x R*, V), we have
UV jlf = j11f~
We may factorize j1f : V x R® — JY(V, V) as jl f = Uy o (I, Hy), where
['VXR — V, (z,\) — z,
H :V xR — P{(RR"),
Uy :V xP(RERY) — JY(V, V).

The definitions of of H; and U, are given in section 7.3. Let Q be a closed
semialgebraic subset of JY(V, V) and A be a closed subset of V' x R*. Recall that
if feCx(V xR V), then jif Mg Q if (I, Hy) is transverse to the canonical

stratification of U;1(Q) along A.
We define

K (V) = {feks(V)|jif e Zy at (0,0) € V x R}
= {feVV,G)|°f Me X%, 41 f ha Zy at (0,0) € V x R},

LEMMA 10.5.10. (1) Kg* (V) is an open and dense subset of Vo(V, G).
(2) If f € Kg*(V), then f satisfies the branching conditions (B1*, B2*).

PROOF. Similar to that of lemma 7.4.1. O

THEOREM 10.5.11. We have K5*(V) € S*(V,G) (stable families). In partic-
ular, S*(V, G) is an open and dense subset of Vo(V,G).

PROOF. Similar to that of theorem 7.4.2. O
Let Dy denote the sum of the maximum degrees of polynomials in F and P.



10.5. STABILITY AND DETERMINACY 353

THEOREM 10.5.12. Equivariant bifurcation problems on (V, G) are d-determined,
where d < Dy.

PROOF. Similar to that of theorem 7.4.3. O

ExaMPLE 10.5.13. Let (V,G) be irreducible of C-normal type. Denote the
maximal isotropy types for the action of G on V by 7,...,7,. Choose H; € 7
and define m; = dim(V%), 1 < j < ¢ If X € Kg*(V), then B*(X) contains
at least ) 7_, m; branches of (G-orbits) limit cycles. This is just the proof of
theorem 10.3.7 together with the fact that y(P™~1(C)) = m;. The branches of
G-orbits will be normally hyperbolic. In particular, if Gy = S*, each branch will
be a branch of hyperbolic limit cycles.

10.5.1. Bifurcation from relative equilibria. Using the tangent and nor-
mal form for vector fields in a neighbourhood of a relative equilibrium, our gener-
icity results apply straightforwardly to bifurcation from relative equilibria. We
indicate the general approach, one or two of the main results and refer the reader
to Krupa’s paper [105] for more details, examples and applications.

Reduction. Let M be a smooth G-manifold and let X, A € R, be a smooth
family of G-equivariant vector fields on M. We assume that there is a smooth
curve a of relative equilibria for X, (the relative equilibria will be of constant
isotropy type). We further assume that « is generic for A # 0 and that o is
not generic. Equivariantly isotoping the family X, we may require that « is a
fixed G-orbit «, for all A € R, and that « is generic for X, if and only if A = 0.
Working on a tubular neighbourhood of «, applying a centre manifold reduction
and making the usual genericity and normalization assumptions, we reduce to a
smooth family X, of vector fields defined on the twisted product G x gz V', where

(a) a =2 G/H.

(b) (V, H) is either absolutely irreducible or complex irreducible.

(c) If we write X, in tangent and normal form as X, = X! + X}V, then
XN e V()(Vv, H )

Steady state bifurcation. In the steady state case, we have X (x) = Az +
F(x,\) on V, where F(x,\) = O(]|z||*). We can apply generic bifurcation theory
for the representation (V, H). By theorem 10.5.11, there will be an open dense
subset of Vy(V, H) consisting of stable families and bifurcation problems on (V, H)
will be finitely determined.

ExaMPLES 10.5.14. (1) Let G = Dy x SO(2) and H = Dy x (e'") C G. Take
the representation of H on V' = C obtained by mapping H into O(2) as (Dy, e'™)
and set M = G xg V. Necessarily, « = G/H C M is a relative equilibrium of
every X € CZ(TM). Suppose we are given a family X, € CZ(T'M) and that (c)
is satisfied. For generic families X € V,(V, H), the signed indexed branching
pattern X*(X V) will consist of two branches of hyperbolic equilibria with isotropy
types (k) and (pk), where kz = Z and p(z) = 12. We may translate these results
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back to the original family X,. Generically, o will be a periodic orbit for X,.
Denote the period of a for X, by p, and assume py # 0 (this is equivalent to
XTla # 0). Each non-trivial equilibrium of XV will generate a (hyperbolic)
periodic orbit of X of period approximately 2p,. The factor 2 appears because
points v € V are identified with —v € V' when we form the twisted product.
In particular, the SO(2)-action on M is free off & = G x g (V' \ {0}). For this
example, bifurcation gives rise to period doubling. If instead we had chosen
H = Dy x {eso(2)}, there would have been no period doubling. In either case,
the only condition we impose on the family X7 is that X! is non-zero on a.

(2) Let G = O(2) and H = (k) = Z,. Take the representation of H on R defined
by k(z) = —x and define M = G xy R. In this case, « = G xy {0} is an
equilibrium G-orbit for every X € C®°(T'M). Suppose X, € C&F (T M) satisfies
(c). We have XT|a = 0. For generic families XV € Vy(R, H), the signed indexed
branching pattern ¥*(X®) will a branch of hyperbolic equilibria with isotropy
type (e). The corresponding branches of X, will consist of a pair of (contra-
rotating) hyperbolic periodic orbits. Perturbing X7, we can assume that (for A
sufficiently small) none of these periodic orbits are equilibrium orbits. As A — 0,
the period of the orbits — oo.

Hopf bifurcation. In the Hopf case, (V, H) will be a complex irreducible rep-
resentation. In the standard way, we do a normal form analysis and start by
assuming that the family X{ is H x S'-equivariant and (V, H x S1) is irreducible
of complex type. We illustrate the method with two examples.

ExamMPLES 10.5.15. (1) Let G = Dy x SO(2) and H = D, C G. Take
the standard complex representation of H on V = C? (see example 5.6.5). Set
M = G xg V. Necessarily, « = G/H C M is a relative equilibrium of every
X € CX(TM). Suppose we are given a family X, € CZ(TM) and that (c) is
satisfied. We start by assuming X is in normal form, that is X € Vo(V, Hx S').
For generic families, there will be branches of hyperbolic limit cycles of isotropy
type (Z4), ({k)), ({pr)) (see the table for example 5.6.16). There may also exist
(stably) submaximal branches of limit cycles and branches of normally hyperbolic
2-tori supporting quasi-periodic flow (see example 5.6.27).

When we add back in the tangential vector field, the branches of limit cycles
become normally hyperbolic branches of invariant 2-tori which are orbits of the
T2-action defined by the product of SO(2) with the normal form symmetries S*.
When we break normal form symmetries, these normally hyperbolic branches
persist as SO(2)-invariant branches. These branches will be branches of relative
periodic orbits for the Dy x SO(2)-equivariant family. The SO(2)-invariance im-
plies that the 2-tori are foliated either by limit cycles or are quasi-periodic for the
flow (no phase-locking occurs). With a little more work, it is not hard to show
that X7 can be chosen so that for almost all A in some neighbourhood of 0, we
have quasi-periodic flow.
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On the other hand, the branches of normally hyperbolic 2-tori for X will be-

come normally hyperbolic branches of invariant 3-tori for the original flow. When
we break normal form symmetry, then the determination of possible dynamics
on the invariant 3-tori (or the 2-tori for X*V) is much more delicate.
(2) (Krupa [105, Example 5.3]) Regard O(2) = (SO(2), k) and suppose (k) = Zs
acts on R? as multiplication by £1. Let M = O(2) xz, R%. The zero section of
M will be diffeomorphic to S' and will be an equilibrium O(2)-orbit for every
X € Cgy)(T'M). Suppose we are given a family Xy € C&,) (T'M), such that
DXJ}(0) has non-zero imaginary eigenvalues and (c) is satisfied. By the Hopf
bifurcation theorem, we obtain for generic XV a branch 3, of hyperbolic limit
cycles. Denote the flow of XY on R? by ®}. If 8y has period T then, on account
of the Zy-equivariance, we have the relation ®*(z,t + Ty/2) = k®*(x,t), for all
x € (. Add back in the tangential field and let ¥ denote the corresponding flow.
By lemma 8.4.6, we may write U*(x,t) = v(z,t)®*(z,t), where v(z,t) € SO(2),
t € R. Given x € (3, we have

\I}A("Eka) = \P%A/2(\Ij)\(x>T>\/2))v
= U3, p(y(w, Tn/2)k2)),
= (7(1‘17 T)\/z)ﬂ)\ll%)\/Z(x)?

= (’7(1'7 T)\/Q)I{)QJE,

since (grk)? = e, for all ¢ € SO(2). Hence the trajectory of X, through any
x € [\ has period T). This is a simple example of a relative periodic orbit for
which the corresponding Cartan subgroup of 0(2) is zero dimensional (that is
s =0 in lemma 8.4.12).

Additional results on drift dynamics. We review some genericity theorems
proved by Krupa.

Steady state bifurcation. Assume (V, H) is absolutely irreducible. Suppose
that X, = X{ + X7 and that X~ € §*(V, H). Let C3?(V, H)r denote the space
of tangential vector fields (restricted to V). Each XT € C%(V, H)p will determine
a flow along group orbits which satisfies the conditions of lemma 8.4.6. Suppose
that (3 is a relative equilibrium for X, = X7 + X2'. Then, by proposition 8.4.1,
there is a foliation of ( by tori with quasi-periodic flow. Let d(3) denote the
dimension of one of these tori and recall that d(3) < rk(N(J)/J) where (J) is
the isotropy type of 5. Krupa [105, Theorems 4.1, Proposition 4.10] proves that
there exists a residual subset B = B(X™) of C%(V, H)r such that if X € B,
then for each branch 3 of non-trivial relative periodic orbits of X = X7 + XV

(1) d(Bx) = 1k(N(J)/J) except for at most countably many values of .
(2) d(Br) = rk(N(J)/J) = 1.
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(If rk(N(J)/J) = 1, then generically we have d(5,) = 1 — this is i either propo-
sition 7.6.15 (G/H is zero-dimensional) or the obvious argument on X7 (if H is
finite and N(H)/H is zero-dimensional.)

Hopf bifurcation. The results are similar to those for relative equilibria except
that the dimensions of maximal tori are now framed in terms of Cartan subgroups.
We refer to [105, Theorem 5.2] for a precise statement.

Finally, we remark that we can also approach these problems using the skew
product formulation described in remarks 8.4.7(3). See also [112] for more recent
developments as well as background and references.

10.6. Stability and determinacy for maps

It is straightforward to extend our genericity results from vector fields to
smooth equivariant diffeomorphisms and maps. We indicate the basic ideas
and results in this section. For the most part we omit proofs as they are
very similar to those we gave earlier for vector fields (more details and proofs
may be found in [62]). Of special interest are applications to equivariant bi-
furcation from relative equilibria and relative periodic orbits.  This topic has
been intensively studied by Lamb, Melbourne, Wulff and others (see for exam-
ple [111, 115, 113, 183, 112]). Their theory applies to quite general bifurcations
of equivariant and reversible equivariant vector fields and allows for proper non-
compact group actions and the detailed study of drift along group orbits. In the
final section of the chapter we give a partial introduction to some aspects of this
theory and indicate applications of our genericity theorems for maps.

Let (V, G) be a real representation. We shall assume that (V, G) is irreducible
of real, complex or quaternionic type. If (V,G) is irreducible of complex type,
we assume that V' is given a complex structure J with respect to which (V,G)
is irreducible as a complex representation (J is unique up to multiplication by
+1). We will not give any details for the quaternionic case as, in our applications,
we typically enlarge the group G and thereby obtain a representation which is
irreducible of complex type.

Let F = {Fi,...,Fr} be a minimal set of homogeneous generators for the
P(V)%module Pg(V,V). As usual, we set deg(F;) = d; and label the F} so that
1 <dy <...<dg Obviously the set of generators F is linearly independent
(over R). Let Vr denote the R-vector subspace of Pg(V, V) with basis F.

LEMMA 10.6.1. Suppose that (V, Q) is a irreducible of complex type. We may
choose F so that Vg has the structure of a complex vector subspace of Po(V, V).

ProOF. Choose a minimal set ‘H of homogeneous polynomial generators for
Pg(V, V) regarded as a module over the complex valued G-invariants. Then
H U2H is a minimal set of homogeneous polynomial generators for Pg(V, V') over
P(V)¢ (use the complex version of lemma 6.6.4). O
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REMARK 10.6.2. When (V,G) is a irreducible of complex type, we always
choose F} = Iy and F, = J (J a choice of complex structure for V).

10.6.1. Branches of relative fixed points. Let f € C(V xR, V). Clearly
x = 0 is a fixed point of f(x,\) = z. We refer to x = 0 as the trivial branch of
fixed points of f.

LEMMA 10.6.3. Let (V,G) be absolutely irreducible or irreducible of complex
type. Suppose that f € CF(V x R, V), Ay € R and D f,,(0) has no eigenvalues
of unit modulus. We may choose a neighborhood U of (0, ) in V X R, such that
if (x,\) € U and f\(z) € Gz then x = 0.

Proor. If Df,,(0) has no eigenvalues of unit modulus, then 0 is a hyperbolic
fixed point of f) for A close to Ag. It follows that for x sufficiently close to 0 € V/,
either f"(x) — 0 or || f¥(z)|| — oo, as n — +o00. Either circumstance excludes
fa(x) € Gz as then || fr(x)]| = ||=]. O

Lemma 10.6.3 implies that bifurcations of the trivial branch of fixed points
only occur when D f,(0) has an eigenvalue on the unit circle. Our interest will be
in finding branches of relative fixed points rather than just fixed points. Later,
we describe techniques that also identify branches of relative periodic points.

As usual we restrict attention to families f that have a non-degenerate change
of stability of the trivial branch of fixed points at A = 0. That is, if we write
Df\(0) = of(\) Iy, where oy : R — C, then

(10.4) 04 (0)] =1, |o%(0)] #0
If (V, G) is irreducible of complex type, we reparameterize the bifurcation variable
A, and restrict attention to the space

MV, G) ={f € C&(V xR, V) | o¢(A) = exp(uws(A))(1 + N},

where wy : R — R is a smooth map. If (V, G) is absolutely irreducible, we replace
the term exp(ww(A))(1+X) by £(14+ ). (These conditions force loss of stability of
the trivial branch at A = 0.) Note that M(V, G) allows for any choice of smooth
map wy, or choice of sign when (V,G) is absolutely irreducible.

We refer to elements of the spaces M(V,G) as normalized families. If § €
[0,27), we define M?(V,G) = {f € M(V,G)|w(0) = 0}. If (V,G) is abso-
lutely irreducible, we let M™(V,G), M~ (V,G) denote the subspaces of M(V,G)
corresponding to 07(0) =1, 07(0) = —1 respectively.

For f € M(V,G), let F(f) denote the set of relative fixed points of f:

E(f) = {(z, ) [ fa(x) € G},
Clearly F(f) is a closed G-invariant subset of V' x R.
Just as for vector fields, we may define symmetry breaking isotropy types.

DEFINITION 10.6.4. Let 7 € O(V,G). If 0 € {+, -} and (V, G) is absolutely
irreducible, 7 is o-symmetry breaking (respectively, generically o-symmetry break-
ing) if there exists a non-empty openl (respectively, open and dense) subset U
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of M?(V,G) such that for all f € U, the germ of F(f) at zero contains points of
isotropy type 7. If (V,G) is irreducible of complex type, 7 is symmetry breaking
(respectively, generically symmetry breaking) if there is a non-empty open (re-
spectively, open and dense) subset U of M(V,G) such that for all f € U, the
germ of F(f) at zero contains points of isotropy type 7.

We briefly describe the straightforward definition and properties of branches
of relative fixed points for maps. (All of this is very close to the definitions we

gave earlier for branches of relative equilibria.)
For 7 € O(V,G), choose H € 7 and set A, = G/H.

DEFINITION 10.6.5. Let f € M(V,G) and 7 € O(V,G). A branch of relative
fixed points of isotropy type 7 for f consists of a C' G-equivariant map

&= (x,\):[0,0] x A, = V xR

such that M is independent of u € A, and

(1) ¢(0,u) = (0,0), all u € A,.

(2) For all s € (0,9], as = x(s,A;) is a relative fixed set of fy() and oy is of
isotropy type 7.

(3) For every u € A,, the map ¢, : [0,0] — V xR, s — ¢(s,u), is a
Cl-embedding.

If, in addition, we can choose § > 0 so that
(4) For all s € (0,6], frs) is normally hyperbolic at a,

we refer to ¢ as a branch of normally hyperbolic relative fized sets for f at zero.

In the usual way, we define equivalence of branches.

DEFINITION 10.6.6. Let f € M(V,G). The branching pattern B(f) of f is
the set of all equivalence classes of non-trivial branches of relative fixed sets for
f. Each point in B(f) is labelled with the isotropy type of the associated branch.

Associated to every branch ¢ of relative fixed points of f, we may define the
direction of branching set D(¢) C S(V'). The set D(¢) will be a G-orbit. The
isotropy type of D(¢) is greater than or equal to that of the branch ¢.

We may also refine the definition of branching pattern to take account of sta-
bilities and direction of branching. Every branch of normally hyperbolic relative
fixed sets is either a supercritical or subcritical branch. For maps all of whose
branches are normally hyperbolic, we may define the signed indexed branching
pattern B*(f). We may also define the class S,,(V, G) of weakly stable families,
the class S(V, G) of stable families and define the associated concepts of deter-
minacy. In the case when (V,G) is absolutely irreducible, we may refine our
definitions in the obvious way to allow for+/—-determinacy etc.
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10.6.2. The varieties =, =*. Let P = {p1,...,p¢} be a minimal set of ho-
mogeneous generators for the R-algebra P(V)¢ and let P : V — R’ denote the
corresponding orbit map.

Define V: V x R¥ — V by V(z,t) = Y5 t;F(z) and let

= {(z,t) eV xR* | V(z,t) = 2},
= {(z,t) e V xR* | P(2) = P(V(z,1))}

ExAMPLES 10.6.7. (1) Suppose that G = Z, acts non-trivially on V' = R.
Then P(z) = 2* and V(z,t) = tz. We see that =* is the zero variety of z?(¢? — 1)
while = is the zero variety of z(¢t — 1). In particular, =Z* 2 =.

(2) Let G = SO(2) act in the standard way on V' = C. Then Pso2)(C,C) is
generated by {I,2/} and P(z) = |z|?. Hence = is the union of z = 0 and ¢; = 1

and =* is the union of z = 0 and ¢ + {3 = 1.

LEMMA 10.6.8. (1) =2cz=~
(2) = and =% are G-invariant algebraic subsets of V x RF.

3) If (z,t) € E*, then V(x,t) € V% N Gu.
(3)

(1]

*

[1]

—_ —
= =

10.6.3. Geometric properties of = =*.

LEMMA 10.6.9. If 7 € O(V,G), then =.,Z% are semialgebraic smooth sub-
manifolds of V x R¥ and
(1) dlm(ET) =k+ gr — Nr.
(2) dim(Z¥) =k + g,.

ExAMPLE 10.6.10. Take the standard representation of SO(2) on C. If 7 =
(e), then g, =n, =1, k = 2 and dim(Z;) = 2, dim(=%) = 3 which is consistent

—%

with our explicit computations of =, =Z* given in the previous example.

LEMMA 10.6.11. Let 7, € O(V,G). Then
1) Z,NE., ZNE =0 if 7> p.
(2) dim(Z, NE;) <k+ g, —n, and dm(Z5NE)) < k+g,, if 7 < .

As usual we regard R* as embedded in V x R¥ as {0} x R¥. We let R*~! and
R¥=2 be the subspaces of R* defined by ¢; = 0 and ¢; = t, = 0 respectively.

Suppose that (V,G) is absolutely irreducible. Let C,,C_ C R* denote the
affine hyperplanes defined by t; = +1 and ¢t; = —1 respectively. Set C = C,UC_.

If (V,G) is irreducible of complex type, let C C R* denote the cylinder
t2 +2=1. For § € [0,27), let Cy = {(cos@,sinf)} x R*2 —so C = UyC,.

LEMMA 10.6.12. Let (V,G) be either absolutely irreducible or irreducible of
complex type. Then for all T € O*(V,G), 0= NRF c C.

PROOF. We prove when (V, G) is irreducible of complex type. We may assume
that (V, G) is unitary. Let || || denote the G-invariant Euclidean norm associated
to the Hermitian structure on V. Set (hq,...,he)(x,t) = P(V(x,t)) — P(x).



360 10. APPLICATIONS OF G-TRANSVERSALITY TO BIFURCATION THEORY II

Since we may take Fy = uly, V(z,t) = (t1 + wt2)Iy(z) + O(||z|*). Since the
lowest degree invariant p; may be taken to be the square of the Euclidean norm
on V we have

(10.5) hi(x,t) = (2 + 2 = 1)|z||> + O(||z|®), (z,t) €V x R¥).

Suppose that (z™,t") is a sequence of points of =* converging to the point (0,t) €
V x R¥. Substituting in (10.5), dividing by ||2"|?, and letting n — oo, we see
that 2 +¢2 = 1. O

EXAMPLE 10.6.13. Let G = D3 act in the standard way on C = R2. As
basis for Pg(C,C) take {|z|?, Re(z?)}. The action of G on C has three isotropy
types: 19 = (G), 1 = (Zs) and 7o = (e). It is easy to verify directly that
= meets R? along the line ¢; = 1. On the other hand =, N R? consists of
the line t; = —1 together with the isolated point (1,0). To see this, suppose
to # 0, and define z(p) = 1pexp(1p)R(p), where R(p) = sin(2p)/(pt2 cos(3p)),
p € (—n/6,7/6). By direct computation, we find that V(t(p), 22, 2(p)) = z(p)
if t1(p) = — cos(2p) + tan(3p) sin(2p), p € (—7/6,7/6). Hence (—1,t) € E,, for
all t, € R. Note that z(p) defines a curve of points of period two for the map
f2(2) = t1(p)z + t22* and that z(p) is tangent at p = 0 to the line in C on which

z +— Z acts as minus the identity.

Given 7 € O, define C; = R¥NZE, and CF = R* NE.. Here we emphasize
the sets C7; similar results hold for Cr. Clearly ) = RF. If 7 # (G), it
follows from lemma 10.6.12 that C* C C. If (V,G) is absolutely irreducible, we
define C* = C* N C, and C7* = C* N C_. (Note that C~* may be empty —
example 10.6.13 — but C;* always contains (1,0,...,0)). If (V,G) is irreducible
of complex type, then for each point 6§ of 2 + t2 = 1, we define C%* = Cy N C*.

LEMMA 10.6.14. Let (V,G) be absolutely irreducible. Let H € 7 € O.
(1) If dim(VH) = 1, then C* is the hyperplane t; = 1.
(2) If there existy € N(H) andu € V2 such that the fized point space of the
map — : VI — VH js the line Ru, then C is the hyperplane t; = —1.

PRrOOF. (1) is well-known and follows from the equivariant branching lemma
(see examples 6.15.3(3)). For (2), observe that if yu = —u then y?u = u. Since
u € V¥ and N(H)/H acts freely on V1 ~% = T on VH. TIf we let W de-
note the orthogonal complement of Ru in V#  then «|W = I. Using the im-
plicit function theorem, it is now straightforward to construct a smooth solution
(z(s),t(s)) to V(x,t) = yx such that z(s) = (sq(s)u,sw(s)) € Ru® W, and
t(0) = (=1,ta,...,t), where (tz,...,t) is a general point in R¥"1. We refer
to [62, section 4] for complete details. O

REMARKS 10.6.15. (1) Lemma 10.6.14(2) is easy if H is maximal since we
then have V# = Ru and —1 € N(H)/H. In this case, the branch we obtain
lies in Ru. When H is not maximal, the branch given by lemma 10.6.14(2) will
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generally not lie in Ru — it will be tangent to Ru at the origin.
(2) Results similar to lemma 10.6.14(2) have been obtained previously by Van-
derbauwhede [174] and Peckham & Kevrekidis [141]. See also [80, Lecture 2.

LEMMA 10.6.16. Let H € 7 € O(V, Q).

(1) Suppose (V,G) is absolutely irreducible and —1 € N(H)/H c O(VH),
then C-* = —=C**. In particular, if =1 € G C O(V), then C;* = —CI™*,
for all T € O(V,G).

(2) Suppose (V, Q) is irreducible of complex type. If exp(:0)] € N(H)/H C
OV, then exp(10)C®™ = C%. In particular, if S* C N(H)/H, then
St acts freely on CF and exp(10)C?* = C+9* all §,¢ € [0,27). If St
(respectively Z, C S') is a subgroup of G C O(V'), then C is S*-invariant
(respectively, Z,-invariant).

ProOOF. We prove (1); (2) is similar. If £ = (1,t,...,t;) € CF*, then by
the curve selection lemma there exists a Cl-curve ¢ = (s,t) : [0,8] — VI x R*
such that V(x(s),t(s)) = x(s), s € [0,4], and x(0) = 0, t(0) = . Obviously,
V(z(s),—t(s)) = —x(s). If =1 € N(H)/H, then —z(s) € Gz(s) and so —t(0) €
Cc 1, O

LEMMA 10.6.17. Suppose that ¢ is a branch of relative fixed points of isotropy
type T for f € M(V,G). Then

Dfo(0)(D(¢)) = D(¢).
PROOF. The result follows easily from the definition of D(¢). O

REMARK 10.6.18. Lemma 10.6.17 can impose strong restrictions on possible
branches of relative fixed points. For example, let ¢ be a branch of relative
fixed points of isotropy type 7. Fix H € 7 and let A” = N(H)/H. If we define
o [0,0] x Al — VH xR by ¢ = ¢|[0, ] x AZ then ¢ defines the intersection
of the original branch ¢ with V# x R. The group N(H)/H acts on V¥ and
restricts to a free action on V. Let u € D(¢) N S(VH). Then D fy(0)(u) € Gu.
If (V,G) is absolutely irreducible, Dfy(0) = +1Iy. If Dfy(0) = Iy, there are no
restrictions. However, if D fy(0) = —Iy, then Dfy(0)(u) = —u € Gu and this
can only occur if 3y € N(H)/H such that yu = —u. Similar observations can be
made when (V, G) is irreducible of complex type.

10.6.4. Stratification of =*. Let S* denote the canonical (minimal) semi-
algebraic stratification of =*.

THEOREM 10.6.19. Let 7 € O(V, Q). The stratification S* induces a semial-
gebraic Whitney stratification St of Z%. In particular, Sf is a union of S*-strata.

As a corollary of theorem 10.6.19 and the definition of C7, we have

PROPOSITION 10.6.20. For each 7 € O(V,G), Cr inherits a Whitney regular
stratification C from S*.
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We denote the stratification Cf, of Zf;) = R* by B*. Let B} denote the union
of the i-dimensional strata of B*. We have

(10.6) By = R\ (] ¢f
T#(G)
(10.7) Bf ¢ C,i<k

There is a close relationship between the stratification B* of E?G) and the
stratification A* of Efa) constructed earlier in the chapter. The following propo-
sition details this relationship in the most interesting cases.

PROPOSITION 10.6.21. Let H € 7 € O*(V,G).
(1) If (V,QG) is absolutely irreducible, then C* = R* + 1. In particular,
k—d;,+n, <dim(C!*) <k—-1. If-1 € N(H)/H, then C-* = Rf — 1.
(2) If (V,G) is irreducible of complex type and exp(10) € G, then C%* =
exp(10)R:. In particular, if S' C G then C* = S'RE.
PROOF. We refer to [62, Proposition 4.4.11] for details which depend on

approximating maps by time-one maps of a vector field. (Note that (1,2) are
elementary if G is finite). O

10.6.5. Stability theorems. Suppose that f € M(V,G) and write f(z,t) =
Zle fi(z,t)Fi(z), where f; are smooth invariants. Exactly as in chapter 6, we
may factorize f as f = Vol';, where ['y : V x R — V x R* is the graph map

Lr(z,N) = (z, (filz,A), ..., fu(z, N)), (2,0) € VxR,

We define 7(f) € C*(R,RF) by v(f)(\) = (fi(0,A), f2(0,A),..., fi(0, ). If
(V,G) is absolutely irreducible, we have f;(0,\) = £(1 + \), where we take the
positive or negative sign according to whether f € MT(V,G) or f € M~ (V,G).
If (V,G) is irreducible of complex type, we have
S1(0,2) +2£2(0,A) = exp(uw(A)) (1 + A).
LEMMA 10.6.22. Let f € M(V,G). Then I'y h =% at (x,A) = (0,0) if and
only if v(f) h B* at A = 0.
Define
Lo(V) = {f€MY,G)|TyhE" at (0,0},
LEV) = {feLs(V)|feM=(V,G)}, (V,G) absolutely irreducible,
LLV)y = {feLg(V)|feM(V,G)}, (V,G) irreducible of complex type
THEOREM 10.6.23. (1) Le(V) is an open and dense subset of M(V, Q).
(2) La(V) C S,(V.G).
(3) Let f € L&(V). We may find an open neighborhood U of f in M(V,G)
such that if {g; | t € [0,1]} is any continuous path inU with go = f, there

is an open neighborhood W of (0,0) in V xR and an (equivariant) isotopy
{Ki W =V xR|tel0,1]} of (continuous) embeddings satisfying
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(a) Ko is the inclusion of W in V' x R.
(b) Kx(WNEF(f)) =F(g)NK(W), all t €]0,1].
(4) Weakly stable mappings are weakly d,,-determined where d,, < dj..

THEOREM 10.6.24. Let f € Lo(V). Then
(1) If codim(C?) > 2, the germ of F(f) at zero contains no points of isotropy
type T.
(2) If codim(C}) =1 and v¢(0) € C%, there is a branch of invariant group
orbits of isotropy type T for f at zero.

(3) The map vy(f) : R — R¥ is transverse to the canonical stratification of
Cx for all T € O*.

Similar results hold if we replace C* by CF*. If (V,G) is irreducible of complex
type and C% # O for only finitely many values of 0, then codim(C*) > 2 and the
germ of F(f) at zero contains no points of isotropy type .

REMARK 10.6.25. If (V,G) is absolutely irreducible then theorems 10.6.23,
10.6.24 have little to say about maps in M~ (V,G) (or L5(V)) unless —I € G
(or, more generally, —1 € N(H)/H, H € 7). Similarly, if (V, G) is irreducible of
complex type and G is finite or G 2 S!, then the theorems give no information
at all as codim(C¥) > 2, 7 # (G). Similar remarks apply to stable mappings (see
below). We resolve this difficulty in exactly the same way we handled the Hopf
bifurcation. We use the theory of normal forms in combination with a stability
theorem allows us to break normal form symmetry but not destroy branches that
we have found using normal form symmetry.

THEOREM 10.6.26. (1) The space S(V,G) of stable mappings is an open
and dense subset of M(V,G).
(2) Stable mappings are d-determined where d < dj, + dy.

PROOF. The proof is similar to that of theorems 7.4.2, 10.5.11. Details may
be found in [62, section 4.6]. O

10.6.6. Examples with G finite. In this section we look at a number of
examples for which G is finite and (V, G) is absolutely irreducible. None of these
examples depends on methods using normal forms.

As we did in chapter 4 we consider for n > 2 the class W, of representations
(R™, G) where G is a subgroup of the hyperoctahedral groups Hj, and

(IR) (R*,G) is absolutely irreducible.

(C) PA(R",RF) = {0}.

Following chapter 4, let £ denote the set of non-zero vectors ¢ € R™ such
that ¢; € {0,+1,—-1}, 1 < i < n. If (R",G) € W,, let Os = {i(e) | e € £}.
By theorem 4.5.11, the isotropy type 7 is symmetry breaking for 1-parameter
families of vector fields if and only if 7 € Og. Combining this result with propo-
sition 10.6.21(1) (or directly), we have a simple characterization of +-symmetry
breaking isotropy types for representations in the class W,,.
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ProproOSITION 10.6.27. Let (R™,G) € W,,. Then 7 € O(V,G) is +-symmetry
breaking if and only if T € Og.

As a simple and direct consequence of the determinacy results of chapter 4,
we have a determinacy result for representations in the class W,,.

LEMMA 10.6.28. There is an open dense semialgebraic subset R of PS(R", R")
such that
(1) if f € MT(R",G) and D3 fy(0) € R, then f is stable.
(2) UR =R, for all p € R, pn # 0.

Next we turn our attention to branches of relative fixed points which consist
of period two points.

LEMMA 10.6.29. Let (R™,G) € W,.
(1) Let H € 7 € Og. Then T is —-symmetry breaking if —1 € N(H)/H.
(2) If =1 € G, then 7 € O(R",G) is —-symmelry breaking if and only if
T E Os.

PROOF. Lemma 10.6.16. O

LEMMA 10.6.30. Let (R™, G) € W, and suppose —I € G. Let R C P3(R",R")
be the subset given by lemma 10.6.28. If f € M(V,G) and D3f,(0) € R, then f

1s stable.

PROOF. It suffices to show that if f € M~ (R",G) and D3f,(0) € R, then
f is stable. Suppose that F;, ..., F, are the cubic equivariants in F and set
F.i1(x) = |z|?z. Then Fy,...,F,;; define a basis for P2(R",R™). Suppose
f e M~ (R",G). Then
r+1

0O = 3 ab@),

where ag,...,a,41 € R. A simple computation verifies that

r+1
1

D 0)@) = ) —2a:Fi(x).

Hence, by lemma 10.6.28(2), D?f2(0) € R if and only if D?f,(0) € R. O

ExAaMPLE 10.6.31. Let (R",G) € W, and suppose —I € G. If 7 € Og then,
by lemma 10.6.30, there exists a nonempty open subset of M~ (R", ) consisting
of stable families which have a hyperbolic branch of period two points of isotropy
type 7. For example, if G = Az x Z3 C Hj, then generic families f € M~ (R3, G)
will have branches of period two points of isotropy type G(1,0,0) and G1,1,1). The
isotropy type G(1,1,0) will be symmetry breaking but not generically symmetry
breaking.
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We may extend our results to include the case where —1 ¢ G, (R", G) € W,,.
Let Zy C O(n) be the subgroup generated by —1 and set G = GXZs. (If -1 € G,
then (—1,—I) € G fixes every point of R™.) Identifying G’ with its image in O(n),
we have (R",G) € W,. Since (R",G) € W,, P4([R",R") = P3(R",R") and so
the determinacy set R is the same for both representations.

Let Og be the set of +- symmetry breaking 1sotropy types for G IftHere
Og, then (HNG) € Og. Since gHg 'NG = g(HNG)g ™!, g€ G, this construction
defines a natural surjective map II : Og — Og. If 7 € Og then either 3H € 7
such that H C G or for all H € 7, H ¢ G. In the first case, H C G for all H € 7
and we write 7 € Og. Otherwise, we write 7 ¢ Og. If x has G-isotropy 7, then
II(7) is the G-isotropy of .

LEMMA 10.6.32. Let T € Og. Either 7 € Og or 7 ¢ Og. If T ¢ Og, Her
and we set H = H NG, then there exists g € G\ H such that g> € H and

H = (H,—g).
Proor. We leave this to the reader. O

PROPOSITION 10.6.33. Let 7 € Og. We have the following possibilities.
(a) 7 € Og and then T is —-symmetry breaking if and only if —I € G.
(b) 7 ¢ Og and then 11(7) is —-symmetry breaking for (R™, G) if and only if
T is —-symmetry breaking for (R, G).

PrOOF. If —I € G, only (a) occurs and the result is just lemma 10.6.29.
Henceforth we assume —I ¢ G. Suppose 7 ¢ Og. Set R" = V and write
VH = VH @ W, where W is the orthogonal complement of VH in VH. By
lemma 10.6.32, there exists g € H such that H = (H, —g). Hence g|V# = —I,
g|W = I. Suppose that f € M~(V,G), D*£,(0) € R and f has a curve ¢ = (x ,)\)
of G-invariant points of prime period two and isotropy group H. Denote the initial
direction x'(0) of the curve by u € S(V). Since f is 3-determined, the initial
direction u depends only on D3 f,(0). Consequently, if we take any G-equivariant
perturbation f of f by terms of order at least four, the resulting perturbed curve
gb of period two points will have the same initial direction u. The V-component
of gb will be contained in V#, By G-equivariance, g¢ must also be a branch
of points of period two. Since g¢ has, up to sign, the same initial direction u
as ¢, it follows that g = ¢ (W1th reverse parameterization). But this implies
that the period-two points on gb are related by symmetry. In more detail, if we
write ¢(s) = (x(s), A(s)), then x(s), y(s) = f,\(s)(x(s)) are the unique period
two points for f,\(s) on the branch. By equivariance, gx(s) is also a period 2
point on the branch. Hence gx(s) = y(s). There remains the case 7 € Og and
—I ¢ G. We now have V# = V¥ and there does not exist g € G\ H, z € V¥
such that gr = —x. Using this, it is now relatively straightforward to perturb
a family f € M~(V,G) with stable branch ¢ in V¥ to a family f € M~ (V,G)



366 10. APPLICATIONS OF G-TRANSVERSALITY TO BIFURCATION THEORY II

such that the perturbed curve qg of hyperbolic period two points is asymmetric —
there exists no g € G\ H such that g¢ = ¢ (we perturb f so that ¢ changes but
—¢ is unchanged). Consequently, 7 cannot be a —-symmetry breaking isotropy
type. U

ExXAMPLE 10.6.34. Let (R°, G) € Wj, where G = AL x Zs. Example 4.5.19
and proposition 10.6.27 imply that all isotropy types in O*(R®, G) are +-symmetry
breaking. By proposition 10.6.33 (or direct computation) the maximal isotropy
types ¢(1,...,1,4£1) are not —symmetry breaking. On the other hand, the triv-
ial isotropy type ¢(1,1,1,1,0) is —-symmetry breaking. In this case, branches of
invariant orbits will be tangent to the G-orbit of the plane x5 = 0. All of the
remaining isotropy types satisfy the conditions of proposition 10.6.33 and so are
—-symmetry breaking.

REMARK 10.6.35. Even though an isotropy type 7 € Og may not be —-
symmetry breaking it will be the case that there exist nonempty open subsets
of M~ (R"™,G) consisting of families which have branches of hyperbolic period
2 points of isotropy 7. However, these points are not symmetry related. It
follows from our results that this happens whenever 7 is +-symmetry breaking,
that is 7 € Og. Thus, in the the previous example, even though there are
no symmetric branches of period 2 points with isotropy type (Zs), there are
nonetheless generically always branches of period two points of isotropy type Zs.
The periodic points are just not on the same group orbit.

EXERCISE 10.6.36. Using the results of sections 4.10, 4.11, investigate the
bifurcation theory of maps f : R" — R" with S,;1 and S, 11 X Zs symmetry (see
also [5]).

10.6.7. Strong determinacy. In this section we shall give some more re-
fined definitions of stability and determinacy that allow for perturbations by
maps which are only equivariant to some finite order. Most of what we say here
is based on [62] and applies to families of (sufficiently) smooth equivariant maps.
Similar results hold for families of equivariant vector fields and we refer to [60]
for more details and proofs.

Suppose that (V,G) is a G-representation (real or complex). Let H be a

closed subgroup of G and H act on V' x R and V' by restriction of the action of
G.

DEFINITION 10.6.37. Let A be a smooth compact H-manifold and f €
Cx(V xR, V), where D fy(0) has eigenvalues of modulus 1. Suppose 1 < r < oo.
A branch of normally hyperbolic C"-submanifolds of type A for f consists of a
C!' H-equivariant map ¢ = (x,\) : [0,0] x A — V x R satisfying the following
conditions:

(1) ¢(0,z) = (0,0), all z € A.
(2) The map A :[0,6] x A — R depends only on s € [0, §].
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(3) Foreach s € (0,0],x(A, s) = Ay is anormally hyperbolic C”-submanifold
of V for fi).

(4) ¢](0,d] x A'is a C" H-equivariant embedding and for all x € A, ¢, :
0,8] — V is a C'-embedding.

REMARKS 10.6.38. (1) We emphasize that the submanifolds A; in Defini-
tion 10.6.37 are only required to be C": in general, A, will not be a group orbit.
(2) Branches as equivalent if they differ by a local C" reparameterization.

(3) For possibly smaller 6 > 0, ¢ is either sub- or supercritical.

Given f € C®(V x R, V) and d > 1, let fl¥ = j2£(0,0) € P9V x R, V).
For d > 1, define

MIAG-H|(V)={feCF(V xR, V)| fd e M(V,G)}

We set MG : {e}](V) = MAG)(V). If f € MG : H|(V), then f{ is a
normalized family in CZ(V x R, V).

Suppose that (V, G) is either absolutely irreducible or irreducible of complex
type. Let f € S(V,G). Choose a G-invariant neighborhood U of the origin in
V' x R such that

UNF(f) = U E;
i€l
where each E; is a (the image of) branch of normally hyperbolic relative fixed
points. Set & = {E; |i € I} — we refer to € as a local representation of F(f) at
zero. Let 7(E) denote the isotropy of E € &.

DEFINITION 10.6.39. Let f € S(V, G) and & be a local representation of F(f)
at zero. Let H be a closed subgroup of G and d € N. We say f is (d, H)-stable if
there exists an open neighborhood U of f in M [G: H](V) such that for every
continuous path {f; |t € [0,1]} in U with fy = f, there exists an H-invariant
compact neighborhood A of zero in V' xR and a continuous H-equivariant isotopy
K :Ax[0,1] =V x R of embeddings such that

(1) KO == IA.
(2) For every E € £,t € [0, 1], K;(ANE) is a branch of normally hyperbolic
submanifolds of type A, (g for f;.

REMARKS 10.6.40. (1) If H = {e} in definition 10.6.39, we say f is strongly
d-stable.
(2) In (2) of Definition 10.6.39, we implicitly assume that the branch is C" for
some r > 1. The differentiability class does not play a major role in our results
and the strong determinacy theorem we discuss holds for » > 1.

DEFINITION 10.6.41. We say G-equivariant bifurcation problems on V' are
(generically) strongly determined if there exist d € N and an open dense semian-

alytic subset R(d) ¢ P (V,V) such that if f € M(V,G) and jef,(0) € R(d)
then f is strongly d-stable.
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REMARKS 10.6.42. (1) We say that G-equivariant bifurcation problems on
V' are (generically) strongly d-determined if d is the smallest positive integer
for which we can find R(d) satisfying the conditions of definition 10.6.41. For
this value of d, we let N (d) denote the maximal semianalytic open subset of

Péd) (V, V) satisfying the conditions of definition 10.6.41. We say that f is strongly
d-determined if j¢f5(0) € N(d).

(2) Let H a closed subgroup of G. We say that G-equivariant bifurcation problems
on V are (generically) strongly H-determined if there exist d € N and an open

and dense semianalytic subset R(d) C Péd)(V, V')o such that if f € M(V,G) and
7%f5(0) € R(d) then f is (d, H)-stable. Modulo statements about H-equivariance
of isotopies (see definition 10.6.39), it is clear that strong determinacy implies
strong H-determinacy for all closed subgroups H of G.

(3) It is simplest to explain strong H-determinacy when G is a finite group.
Suppose that f € S(V,G) is (d, H)-stable and that ¢ is a branch of relative fixed
points of f. If we perturb f to an H-equivariant family f’ so that j¢(f—f')(0,0) €
P((;d)(V xR, V'), then the branch ¢ will typically break into a finite set of branches
of H-orbits. Some of these branches may be branches of relative fixed points of
f'. Other branches may be permuted by f’ and correspond, for example, to
branches of hyperbolic points of prime period 2 (this would be expected if (V, &)
is absolutely irreducible).

ExaMPLE 10.6.43. If (R",G) € W,, n > 2, then G-equivariant bifurcation
problems on R" are strongly 3-determined.

THEOREM 10.6.44 ([62, Theorem 6.6.1]). Let (V,G) be either absolutely irre-
ducible or irreducible of complex type. Then G-equivariant bifurcation problems
on V' are strongly determined. In particular, there exists d € N and an open
and dense semianalytic subset N'(d) of P((;d)(V7 V') such that if f € M(V,G) and
7%f0(0) € N(d) then

(1) f is strongly determined.
(2) If H is a closed subgroup of G then f is (d, H)-stable.

PROOF. As the proof of theorem 10.6.44 is similar to that of the corre-
sponding result for vector fields which is given in [60], we shall only outline
the main ideas (see also [62, section 6.2]). We start by restricting to the set
M, (V,G) € M(V,G) of real analytic families. Using methods based on resolu-
tion of singularities, it can be shown that we can find d, N € N, and an open and
dense semialgebraic subset R! of Péd)(V, V') such that if we define

MLV, G) = {f € Mu(V,G) | j%fo(0) € R}

then, for all p € N, the p-jet at zero of solution branches of f € M*(V, G) depends
analytically on 7™ f(0,0). (Full details of this construction are given in [60,
§10].) If G is finite (and therefore (V,G) may be assumed absolutely irreducible
by remark 10.6.25), we may use this parameterization theorem, in combination
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with methods based on Newton-Puiseux series, to obtain estimates on eigenvalues
of the linearization along branches of invariant group orbits. A routine application
of Tougeron’s implicit function theorem [170, Chapter 3, theorem 3.2] then yields
strong determinacy for smooth maps. If GG is not finite, we have to work a little
harder. First of all we blow-up along orbit strata using results of Schwarz on
the coherence of the orbit stratification (see [156] and [60, §9]). In this way, we
desingularize the branch. Next we use the tangential and normal form for the
family and apply the same arguments used for the G-finite case to the normal
component to obtain eigenvalue estimates along the branch. 0

REMARKS 10.6.45. (1) We emphasize that if (V,G) is irreducible of com-

plex type and G is finite or, more generally, if the centre of G does not contain
S1, then there may be no nontrivial branches of relative fixed points for generic
f € M(V,G). Unlike what happens in the Hopf bifurcation for vector fields,
arithmetic properties of the spectrum of the derivative D f,(0) play a crucial role
in the analysis of bifurcations of elements of f € M(V,G) when (V,G) is irre-
ducible of complex type. Practically, we start by assuming f is in normal form
— which will depend on D fy(0) — and then apply theorem 10.6.44. We illustrate
with some simple examples in the next section.
(2) The strong determinacy theorem continues to hold provided that families are
sufficiently differentiable. The same proof works except that a C” (and easy to
prove) version of Tougeron’s implicit function theorem is used when making the
transition from real analytic to C"-maps. This remark has a number of impor-
tant consequences: (a) We do not have to develop a C"-version of equivariant
transversality in order to prove genericity theorems theorems in equivariant bi-
furcation theory, (b) Centre manifold arguments which typically do not allow the
assumption of smoothness apply, and (c) at least for codimension 1 equivariant
bifurcation theory, we do not need to develop C" versions of invariant theory.

10.6.8. Normal form theorems.

Absolutely irreducible representations. Suppose that (V,G) is an absolutely
irreducible orthogonal representation. We allow G to be a general compact
Lie group. Our interest lies in examples where —Iy ¢ G € O(V). Let G =
<G, —]V> =G x Zg.

It follows by strong determinacy (theorem 10.6.44) that there exists d > 3 such
that G-equivariant bifurcation problems on V are strongly (d, G)-determined.
Suppose that f € M~(V,G) and f is (d, G)-stable. Let f/ € M~(V,G) satisfy
74£(0,0) = j9£(0,0). We regard f’ as a perturbation of f breaking symmetry
from G to G. Applying theorem 10.6.44, each branch of normally hyperbolic
invariant G-orbits in F(f) will persist as a branch of G-invariant normally hy-
perbolic submanifolds for f’. Typically, some of these branches will be branches
of relative fixed points (and so will appear in F(f’)), others will not be branches
of G-orbits. If G is finite, each branch for f” which is not in F(f’) will consist of
hyperbolic points which are of prime period two (but not symmetry related).
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EXAMPLE 10.6.46. Let G = AL x1 Zs (example 10.6.34). Then G-equivariant
bifurcation problems are strongly (3, G)-determined. It is easy to verify directly
that if f € L;(R®), then f has branches of points of prime period two contained
in the axes R(1,1,1, 1, £1). However, the period two points are not related by G-
symmetries (that is, by multiplication by £1). In this example, (R%,G), (R, G)
have the same cubic equivariants and quartic equivariants are required to break
symmetry from G to G.

Let P (V x R, V)y denote the subset of P (d) (V x R, V) Consisting of poly-
nomial maps with linear term —(1 + \)Iy,. We similarly define P "V xR, V),.

The next result uses the theory of equivariant normal forms [84, Chapter XVI,
§5] (see also the proof of [60, Lemma 9.18.3]).

LEMMA 10.6.47. Let d € N. There is a polynomial submersion
Ny: POV xR, V)g — POV xR, V),

such that if f € M~(V,G) then N4(j¢f(0,0)) is the G-equivariant normal form
of f to order d. Moreover, if p > d, Ny(N, ( pf(O 0)) = Nd( 'df(O 0)). In

particular, Ng restricts to the identity map on P (V xR, V) C P (V xR, V).

Suppose that G-equivariant bifurcation problems on V' are p-determined, G-
equivariant bifurcation problems on V' are g-determined and G-equivariant bifur-
cation problems on V' are strongly (d, G)-determined. We have d > p, q.

THEOREM 10.6.48. There exists an open and dense semianalytic subset N of
Péd)(V x R, V) such that if f € M~(V,G) and j2f(0,0) € N then
(1) feS(V.G). i
(2) f = Nd(]df(0,0)) € S(V7 G) N
(3) Ewvery branch of normally hyperbolic relative fized points for f persists
as one or two branches of normally hyperbolic invariant G-orbits for f,

each of which is a branch of relative fized points for f2. Conversely, every
branch of relative fized points for f? arises via such a perturbation.

PROOF. Let R, R be the open and dense semialgebraic subsets of Pc(,d)(V X

R, V), Péd)(v x R, V) that respectively determine stable maps for G- and G-
equivariant bifurcation problems on V. Let D be the semianalytic subset of
Péd)(V xR, V') that determines the strongly (d, G)-stable mappings in M~ (V, G).
Define

N =RNN;Y(RND).

Since Ny is a polynomial submersion, N is an open and dense semianalytic subset
of Péd)(V x R, V). The theorem follows. O
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Irreducible unitary representations. Suppose that (V) G) is an irreducible uni-
tary representation.

Let 6 € [0,27) and d € N. We let P(Gd)(V x R, V), denote the subset of
MO (V,G) consisting of families f which can be written in the form

d
F(a,A) = exp(w(N)(1+ Nz + > a;(A) Pi(),
i=1
where a; € C°(R), P, € PL(V,V), 1 <i <d, and w(0) = 6. Let K = (exp(:0)).
Either K = Z,, (exp(:0) is an mth root of unity) or K = S'. Suppose that K =
L. If (V,G) is irreducible of complex representation there are no restrictions on
m. If (V,G) is the complexification of an absolutely irreducible representation
then we can assume m > 3 since the cases m = 1,2 would not be generic in our
setup and we could reduce to the case of bifurcation on an absolutely irreducible
representation. Similar comments hold in the quaternionic case: generically we
can assume there are no real eigenvalues.
Let G = (G,K) C O(V). Since K NG C Z(G), we must just as well have
defined G = G x K as both groups define the same subgroup of O(V). Because
of our assumption son 6, the representation (V, C?) is irreducible of complex type.

Let Péd)(V x R, V), the corresponding subspace of M?(V, Q).
PROPOSITION 10.6.49. Let d € N. There is a polynomial submersion
Ny : PV xR, V) — PV xR, V)g

such that if f € M°(V,G) then Nq(j%£(0,0)) is the G-equivariant normal form
of f to order d. Moreover, if p > d, Na(N,(57f(0,0))) = Ny(3%£(0,0)). In
particular, Ny restricts to the identity map on P(Gd)(V xR, V)y C Péd)(V XR, V).

Proor. This follows by the standard iterated coordinate change proof and
we refer to [84, Chapter XVI, §5] for details. O

ExAMPLE 10.6.50. Let (C?,D3) be the standard complex irreducible repre-
sentation of D3. We investigate the bifurcation theory of maps f € M%(C?, Dj)
for various values of # — more precisely, for various choices of K = (exp6).

We start by taking K = S'. In this case one can show (see example 5.6.33)

that (C?,D3 x S') is 5-determined, strongly (5, D3)-determined and there ex-
ists an open and dense semialgebraic subset R of P](D53)>< 51(C* x R,C?)y which
determines stability and strong (5, D3)-stability. If £ € M?(C? D3 x S!) and
J°F(0,0) € R, then F will have three normally hyperbolic branches of relative

fixed points with isotropy types

(Zs), ({K)), ((=r)).

(See table 1, chapter 5.) Each branch will consist of F-invariant circles. In
all, there will be eight branches of normally hyperbolic invariant circles — two
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of type (Zs3) and three each of types ((k)) and ((—k)). If f € M?(C? Ds) is
such that the 5th order normal form N;5(j°f(0,0)) € R, then f will have eight
branches of normally hyperbolic invariant circles. The five branches that come
from branches of type (Zs3) and type ((—x)) will have no D3-symmetry. On the
other hand, the three branches that are associated to the branches of isotropy
type ((k)) will continue to be k-invariant. Notwithstanding these results, the
reader is cautioned that in breaking symmetry from D3 x S! to D3 we have not
excluded the possibility of new branches of relative fixed sets appearing.
Suppose next that (exp0) = Z,, ¢ > 3. If ¢ > 7, then

Plg3><51 (C2’C2) = P]?)gXZq((’Q?CQ)a ] < 57

and (C?, D3 x Z,) is 5-determined and strongly (5, D3)-determined. The results
for (C?,D3 x S') continue to apply (this situation is one of ‘weak’ resonance).
On the other hand if 3 < ¢ < 6, then P}, (C?,C?) # P < (C? C?). This is
the regime of strong resonance and each case requires separate investigation.

We conclude with an example where (V, G) is quaternionic.

EXAMPLE 10.6.51. Let Q = (i,5,k) € Hy C O(4) be the group of unit
quaternions. We have |Q| = 8 and the representation (R* Q) is irreducible of
quaternionic type. Suppose that f € CgF(R* x R,R*). We may write D f,(0) =
o(A) Ay, where o : R — R is smooth and A is @-equivariant and orthogonal (that
is, A\ € Lsy(2)(C? C?*) NSO(4)). Relative to the standard basis of R* ~ C?, we

have
_(E F (o = (v 0
A,\—<_F E),WhereE—<ﬁ a)’F_<(5 _7>,

and «a, 3,7,0 : R — R. Note that A, is not C-linear with respect to the standard
C-structure on C? ~ R?. The orthogonality of Ay is equivalent to o + 32 +~2 +
02 = 1. The eigenvalues of A, are

ot/ B2+ 2+ 62,

Bifurcations will occur when o(A) = £1. Suppose there is a bifurcation at A = 0.
Since —1, it is no loss of generality to assume o(0) = 1. Generically, we may
suppose that ¢’(0) # 0. After a change of parameter, we may write f in the
normal form

reen =aen (59 50)) 0+ ol
where X € RY Set a(0) = ag, ..., 6(0) = §y and define exp(:0) = ag +

W82 + 7% + 02)2. Generically, we may assume that (exp(:0)) = S'. Let d €
N. Using the standard normal form argument, we may make a local smooth
Q-equivariant change of coordinates at the origin so that j¢f(0,0) is Q x S'-
equivariant. In particular, this defines a complex structure on R* with respect to
which Q acts C-linearly. The representation (R* @Q x S!) is easily shown to be
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irreducible of complex type (it is not quaternionic). Applying our determinacy
results, (R*, @ x S') will be strongly (d, Q)-determined for some d € N. In this
way by analysing bifurcations on the complex representation (R*, Q x S1) we may
deduce results for the original representation (R*, Q). Even if (exp(:0)) = Z,,
q > 3, it will still be the case that (R* @Q x Z,) is a complex (non-quaternionic)
representation. We remark that this approach applies to vector fields and, using
the methods of section 5.6, we may show that generic f € V(R* x R, R*, Q) will
have at least six branches of limit cycles (the induced Q-action on P'(C) has six
points of maximal isotropy which lie on three distinct Q-orbits).

10.7. Relative periodic orbits

In this section we develop methods for the study of generic bifurcations from
relative periodic orbits (for flows). Much of what we say is closely based on the
article by Lamb and Melbourne on bifurcation from discrete rotating waves [111]
and we refer the reader to that paper for background as well as an extensive set
of examples. More refined and generally applicable theories are developed by
Lamb, Melbourne and Wulff in [183, 112, 113|. In particular, these works give
results on proper actions by non-compact Lie groups as well as a careful analysis
of drift dynamics along group orbits and the effects of resonances when breaking
normal form symmetry. See also the notes at the end of the chapter.

We start with a rough description of our approach. Suppose that ¥ is a
relative periodic orbit (not a relative equilibrium) of the smooth G-equivariant
vector field X. Let the prime period of the limit cycle of the vector field X*
induced on ¥/G ~ S' by X be T' > 0. Choose a smooth isotopy of equivariant
vector fields X; on ¥ such that Xy = X, X, induces the vector field X* on ¥/G,
all t € [0,1], and ¥ is foliated by periodic orbits of X; =Y of period ¢T', where
g > 1 is minimal. We may think of Y as a normal form for X (no information
is lost as we can recover X from Y by reversing the original isotopy?. Each
periodic orbit of Y will be a discrete rotating wave. All this works perfectly well
for families of vector fields. The next step is to study the bifurcation theory of
the Poincaré map of a periodic orbit for Y in A. For this we use the theory we
have developed for families of equivariant maps. Finally, we translate back to the
original vector field X by substituting back the original drifts. In practice it is
useful to take advantage of normal form symmetries. This can be done either by
looking at normal forms for the Poincaré map or by viewing the Poincaré map as
the time-one map of a vector field (modulo high order terms). Both approaches
are successful in determining branches of solutions but also lose information about
the detailed structure of the dynamics (and possibly also miss branches of relative
periodic orbits).

2The isotopy can be used to define a moving coordinate frame on the relative periodic orbit
— this is the approach used in [183].
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Our first step in the analysis of a relative periodic orbit X is to reduce to an
analysis of the Poincaré map of 3. More specifically, suppose that ¥ is a relative
periodic orbit of the G-equivariant flow ¥, : M — M. Let « = G/H C ¥ and
choose a Poincaré system P : D' C D — D for the flow near ¥ (see section 8.4.5
and note that we assume D’ th ¥, D'NY = «). Let T' > 0 denote the time of first
return to « (so « is a relative fixed set for W7). Working locally, we may suppose
that P is a G-equivariant diffeomorphism of a G-vector bundle p : E — « and
that P(«a) = «, where we have identified the zero section Ey of F with «. Tt
follows from lemmas 8.3.26, 8.3.28 that — up to composition with a isotopically
trivial skew-equivariant map — we may assume that (a) P : £ — E is fibre
preserving, and (b) there exists a smallest integer m > 1 such that if f = P|a,
then f™ = I,. In fact P can be viewed as the Poincaré map of the (same) relative
periodic orbit ¥ but with respect to a new flow ®; on M related to the original
flow ¥, by

Di(7) = xe(w) Wy(2),
where x; : M — G is skew-equivariant and satisfies x;1s(2) = xe(2)xs(¥¢(z)) for
all t,s € R, z € M. We may assume Y; is constant, equal to the identity, outside
some preassigned G-invariant neighbourhood of ¥ in M.

The Poincaré maps for ¥, and &, differ only in dynamics along group orbits.
Both maps induce the same map on orbit space and relative fixed points and
periodic orbits of the maps have the same stabilities. Note that since f™ = I,
the ®.-orbit through any point of € o will be a periodic orbit v of ®; of prime
period mT'. In particular, P™ : Ejy) — Ejg) will be a Poincaré map for .

We simplify matters a little by noting that E(H) = E|a” is an N(H)-vector
bundle over af and P restricts to an N (H)-equivariant bundle map P : E(H) —
E(H). Results we obtain for P|E(H) extend immediately to £ and so to the
original Poincaré map P. Thus it will be no loss of generality to assume G =
N(H) or, equivalently, H < G.

Overall then we look at families Py € Diffg(E) which cover a fixed f and
preserve the zero section. If 1 € spec(Fy, ), then we can expect branches of
relative fixed points to appear as A passes through zero. These correspond to
bifurcations of the periodic orbit v and may be shown to define branches of
relative periodic orbits. Just as in the previous section, we get far stronger
results by using methods based on normal forms and most of what we do will
be angled towards providing a framework where we can apply a normal form
theorem — in this case, the normal form theorem of Lamb for twisted equivariant
maps [110]. All of this requires some serious preliminaries starting with an
investigation of the class of G-vector bundle maps which cover a finite order
equivariant diffeomorphism of a group orbit. The results we obtain will apply to
the linearization of the Poincaré map along «.

10.7.1. G-vector bundles and maps over a group orbit. Let H be a
closed normal subgroup of the compact Lie group G and set « = G/H. Let



10.7. RELATIVE PERIODIC ORBITS 375

(V. H) be a finite dimensional H-representation. We form the twisted product
FE = G xg V and recall that £ has the natural structure of a G-vector bundle
p: E — «. Since H << G, each fibre F, has the structure of an H-representation.
Let f € Diffg(a), F € Diff¢(F) be such that the diagram

E=GxyV X GxyV=FE

P

(0% — (0%

commutes and F is a vector bundle map (F' : E, — FEj(, is an H-linear isomor-
phism for all z € ).

Fix a G-invariant Riemannian structure on p : £ — «. For each = € a, we
have an orthogonal representation p, : H — O(FE,). Since the Riemannian struc-
ture on F is G-invariant, g : B, — E,, is an isometry for all g € G,z € a. Fix the
base point [H] € « and denote the corresponding orthogonal representation of H
by p: H — O(Ejy)). The representation p equals the given representation (V, H)
since Eig ~ V. In what follows we usually identify Ejg) with V. In general, if
r,y € «, the H-representations p,, p, may not be isomorphic. However, since
F|E, intertwines the representations (Ey, pz), (Ef), Pf()), the representations
Py Pf(z) are isomorphic for all z € a.

LEMMA 10.7.1. (Assumptions as above). Let f correspond to n € G/H =
Diffo(G/H). If we define K = {y € G/H | p, = p} then K is an open and
closed subgroup of G/H and

K S ((G/H)o, 1)

PROOF. Clearly K is a closed subgroup of G/H. Tt follows from corol-
lary 3.10.3 that (G/H)y ~ Cg(H)o/Z(H)o and so K D (G/H)y and is there-
fore open. Finally, as noted before the statement of the lemma, p and p; are

isomorphic and consequently n € K. O
We shall assume that there exists a smallest m > 1 such that f™ = I. Set
Vo=V, V = Ef([H}); iy Vi1 = Efm—l([H]), Vi = Vo, Let Aj = F’VJ : VJ —

Vit1, (where j + 1 is computed modulo m). We often write Ay = A.

Choose n € G such that f([H]) = n[H]|. Since f™ = I, n™[H] = [H] and so
n™ € H. Let C be a Cartan subgroup of H = U;”:’()lnjH C G which contains
n. Since C' = T® x Z,, there exists 6 € nH of finite order. Consequently, we
may find the minimal & > 1 and a corresponding § € nH such that 6* € Cq(H).
Define L = 67'A € L(V,V) and note that L is non-singular.

From now on m, k, will remain fixed. We remark that if G is Abelian then
k =1 < m. On the other hand if G is not Abelian we may have k > m (see
exercise 8.3.16 and later in this section).

Define the representation o : H — O(V') by

a(h)(v) = 6~ pyqm(R)d(v), (v €V h € H).
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As we did earlier, we use the notation ,V (respectively, ,V') to denote V' together
with the action on V' given by p (respectively o). With these conventions, we
have

LeLy(,V,,V).

LEMMA 10.7.2. (al) (,V,H) and (,V, H) are isomorphic representations.

(a2) p(H) =0o(H) C O(V). In particular, p and o have the same H-orbits.

(a3) kernel(p) = kernel(o).

(ad) If k> 1, then =1 ¢ Ly(,V,,V).

(ab) Cy(,V,,V) = Cx(,V,sV) (we denote either space by Ci(V,V)). In
particular, Ly (,V,,V) ~ Ly (,V,,V) (we denote either space by Ly (V,V)).

(a6) L* € Ly (V,V).

(a7) If r € O(,V, H), then ,V, = ,V, V..

PROOF. We prove (al,3,4) and leave the remaining statements to the reader.
(al) is immediate since L intertwines the representations (,V, H) and (,V, H).
Since (,V, H) and (,V, H) are isomorphic, we have kernel(p) = kernel(c), proving
(a3). Finally, if I € Ly(,V,,V), then h = Th = 6"*hél = §7'hé for all h € H.
Hence 6 € Ce(H), contradicting our assumption that k£ > 1. O

EXERCISE 10.7.3. (1) Suppose that p is irreducible. Show that if £ > 1 then
Ly(,V,,V)NLy(,V,,V)={0}. 3
(2) Let K be as defined in lemma 10.7.1 and let G be the subgroup of G such
that G/H = K. Show that kernel(p,) <G for all z € K and hence deduce that if
p, o are not faithful then it is no loss of generality to replace H by H /kernel(p),
G by G/kernel(p) and assume p and o are faithful.

Noting lemma 10.7.2(a3) and exercise 10.7.3(2), we assume for the remainder
of the section that p: H — O(V) is a faithful representation of H.

REMARK 10.7.4. Lemma 10.7.2(a2) implies that p, o have the same invariants
and so we may write P(V)# for the algebra of invariants of either ,V or ,V. By
lemma 10.7.2(a7), we have O(,V, H) = O(,V, H) and so we may unambiguously
write O(V, H) for the set of isotropy types for either action of H on V.

ExAaMPLE 10.7.5. For p € Z, p # 0, define the irreducible action of SO(2) on
C by R,(0) = e*2, 0 € [0,27]/(0 = 27). Set p=R,, 0 = R, ¢ # 0. Then p,0o
satisfy (a2). If p = £q, p, o satisfy (al-8).

LEMMA 10.7.6. (1) There exists an orthogonal map J € Lg(,V,,V)
(IJzl| = [lz]|, all z € V).
(2) If L € Ly(,V,,V) is orthogonal and k > 1, then L ¢ H.

PROOF. (1) Suppose first that p, o are real absolutely irreducible (or quater-
nionic) orthogonal H-representations. Denote the H-invariant inner product on
V by (, ). Since (V, H) is absolutely irreducible, every H-invariant inner product
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on V' is a non-zero positive multiple of (, ). In particular, if J € Ly(,V,,V)
and we define the H-invariant inner product ( , )* on V by (z,y)* = (Jz, Jy), we
have (x,y)* = a*(z,y), for some a > 0. Consequently +.J : V' — V' is orthogonal.
The same proof works if p, o are irreducible unitary representations. The general
case follows straightforwardly using the isotypic decomposition. (2) If h € H,
then Lh = §~'hdL. Hence (6L)h = h(dL), for all h € H and so 6L € Con)(H).
If L € H, then §L € Cg(H), contradicting the assumption that k > 1 (replace §
by 6L to get k =1). O

EXAMPLE 10.7.7. Suppose that p,o are irreducible and L € Ly(,V,,V) is
orthogonal. If p is absolutely irreducible, then 4+L are the unique orthogonal
maps intertwining p, 0. If p is irreducible of complex type, then {¢“L | e¥ € S'}
are the unique orthogonal maps intertwining p,o. It turns out that the key
invariant of L is (L) C O(V). We show some of the possibilities in the following
examples.

(1) Let p : O(2) — O(C) denote the standard representation of O(2) and
define the representation o by o(g) = Lp(g)L™', g € O(2). Define
L:C — Chby L(z) = ¢?z. Obviously, L € Lo (,V,,V) is orthogonal.
The group (L) C O(2) is isomorphic to Z,. If instead we had defined
Lz = ¥z, then (L) 2 Z, if /2 = p/q, (p,q) = 1, and is otherwise
isomorphic to ST = SO(2) C O(2).

(2) Let p : Dy — O(C) be the standard representation of Dy and define
the representation o by o(g) = —p(g)t, g € Dy. If we let Lz = 1z,
then L € Lp,(C,C) and (L) = Z,. It is also possible to choose L so
that (L) = Z,Zs. For this representation of Dy, Z1, Zs, Z4 are the only
possibilities for (L).

LEMMA 10.7.8. Suppose that p, o are irreducible as orthogonal R-representations.

Then there exists J € Ly(,V,,V), ||J|| = 1, such that

(1) If (,V, H) is absolutely irreducible, then Ly (,V,,V) = {aJ | a € R} and
llaJ|| = |a|, a € R.
(2) If (,V, H) is irreducible of complex type, then

Luy(,V,oV)={(a+1w)J | a,beR}

and ||(a + b)J|| = |a + 1b|, a+ b € C.
(3) If (,V, H) is irreducible of quaternionic type, then

Lu(,V,oV)={(a+w+jc+kd)J|ab,cdecR},

where 1, ), k are the unit quaternions and ||(a + b + jc + kd)J|| = |a +
1b+ gc + kd|, a + b+ jc+ kd € H.

Proor. It follows from the previous lemma that there exists an isometry J €
Ly(,V,,V). Since J 'Ly(,V,,V) = Lu(,V,,V) is a real associative division
algebra, the result follows from theorem 2.7.14. O
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REMARK 10.7.9. The map J € Ly(,V,,V) given by lemma 3.5.1 is only
determined up to multiplication by unit scalars. For example, J is determined
up to multiplication by £y if ,V is absolutely irreducible.

Let GL(,V,,V) denote the open and dense subset of Ly (,V,,V) consisting
of invertible maps. Define

sing(,V,,V) ={L € GL(,V,,V) | 1 € spec(L)}

and note that sing(,V', ,V') is a closed subset of GL(,V, ,V). If L € sing(,V,,V),
let E(L) denote the generalized eigenspace of L : V' — V corresponding to
1 € spec(L). Obviously E(L) is L-invariant. Since p, o are orthogonal repre-
sentations, ||[L"hv| = || L™v]|| for all v € E(L), h € H, n > 1, and so E(L)
is H-invariant. Hence we have isomorphic H-representations ,E(L) and ,E(L).
We say that E(L) is irreducible if there are no proper real L- and H-invariant
subspaces of E(L).

LEMMA 10.7.10 ([111, Theorem 3.2]). The set sing,(,V,,V) of L such that
E(L) is irreducible is an open and dense subset of sing(,V,,V).

PROOF. Let L € sing,(,V,,V), and suppose E(L) is not irreducible. Choose
a minimal proper L- and H-invariant space U of E(L). Since E(L) is an H-
representation, we may write E(L) = U®W, where W is an H-invariant subspace
of E(L). Since L({U) =U, L:U®W — U @& W has block matrix form

A B
t=(03),
where D : ,W — ,W is H-equivariant. If we perturb D to D. = (14 ¢)D then,

for the corresponding map L. : U® W — U @& W, we have E(L.) = U and
obviously L.|U is irreducible. U

PROPOSITION 10.7.11 ([111, Theorem 3.4]). Suppose that L € sing,(,V,,V)
and that E(L) = V. Then

(1) L* = aly, where |a| = 1.

(2) (H, L) is a compact subgroup of GL(V').

(3) We may choose an H-invariant inner product on V' such that (H, L) C
O(V). (Equivalently, there is a G-invariant Riemannian structure on
p: E — a relative to which (H,L) C O(V).)

(4) H<(H,L).

(5) Generically, (V,(H, L)) is absolutely irreducible or irreducible of complex
type.

PROOF. By lemma 10.7.2(a6), L* € Ly(V,V) and so eigenspaces of L* are
H- and L-invariant. Since V is assumed (L)-irreducible, it follows that L¥ must
be a real or complex multiple « of the identity. Since spec(L) = {1}, |o| = 1,
proving (1). As a consequence of (1), (L*) is a compact subgroup of GL(V') and
so since (H, L¥) is compact. Since (H, L)/(H, L*) is finite, (H,L) C GL(V) is
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compact, proving (2). Average the given H-invariant inner product on V' over
(L) to obtain a (H, L)-invariant inner product on V' such that (H, L) C O(V).
Since L € Ly(,V,,V), LhL™' =6hé~' € H, h € H, and so H < (H, L). Finally,
suppose that (V, (H, L)) is irreducible of quaternionic type and so Ly 1y(V,V) =~
H. Now L* € Ly 1y(V,V) and so L* = hI, some h € H. Since L*F € (H, L), it
follows by equivariance that L¥ must commute with all quaternions. The only way
this can happen is if h is real. But we can always perturb L within sing,(,V,,V")
so that L* has complex eigenvalues and so force h € H \ R. O

For the remainder of this subsection we assume that L € singy(,V,,V),
E(L) = V and we have taken a Riemannian structure on E for which (H,L) C
O(V).

PROPOSITION 10.7.12. Let p > 1 be the minimal positive integer such that
IP e H. If 7 ¢ H forall j > 1, set p=0.

(1) If (V,(H, L)) is absolutely irreducible, then
(a) (L*Y 2 Z,, where q=1 or2. Ifq=1, L¥ = Iy and (L) = Zy, and
if =2, L* = —Iy and (L) = Zyy,. In either case, p|qk.
(b) (H,L)/H = Z, and we have the short exact sequence of groups

1 — Zgpyp — H 3 (L) = (H,L) — 1,

If p=qk, then (H,L) 2 H x (L).
(2) If (V,(H, L)) is irreducible of complex type, then

(a) (Lk> C St C O(V), where S* acts on V' as scalar multiplication by
complex numbers of unit modulus.

(b) If p=10 (L7 ¢ H, for all j > 1), then there exists ¢ > 1 such that
(Ly = 8* x Z,. We have (H,L) = H x (S* x Z,).

(¢) If p > 1 and (L) = S' x Z,, then p|q, (LF) = S, H > S,
(H,L)/H = 7Z, and we have the short exact sequence of groups

1—Zyp— Hx (L) — (H, L) — 1,

q/p

(d) If (L*)y = Z, then plkq, (H, L)/H = 7Z,, and we have the short exact

sequence of groups
1 — Zpgp — Hx (L) — (H,L) — 1,

PROOF. Suppose that (V,(H, L)) is absolutely irreducible. It follows from
proposition 10.7.11 that L* € Ly 1y(V, V)N O(V) and so LF = 1y, If L* = Iy,
then LF € H and so p|lk. If L* = —Iy, then L?* € H and so p|2k. Since
H<(H,L), (H,L)/H = 7Z,. The short exact sequence statement holds since the
natural map H x (L) — (H, L) is onto and has kernel H N (L) = Zg/,. The
proofs of the corresponding statements when (V, (H, L)) is irreducible of complex
type are similar. ([l
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10.7.2. Normal form theory. We continue with the assumptions and no-
tational conventions of the previous section. In particular, let £ = G xyg V be
a G-vector bundle over G/H = « associated to the H-representation (V, H) and
let Fy ~ a denote the zero section of E. The positive integers m, k, p, ¢ will be
as previously defined (always minimal with respect to their defining property).

Let P, € Diff¢(E) be a smooth family of maps covering f € Diff¢(«), where
f™ = 1,. We assume that Py(a) = « for all A € R. Let F) : E — E denote the
G-vector bundle map covering f defined by F\|E, = T,P\|E, (here x € o = E
and we have used the natural identification between T, E and E, ® T,a, z € Ey).

Identifying Epy with V, we set FA\|[V = Ay and Ly = § 'A,, where 5 e
Cy(G). When A = 0, we often drop the subscript “0”. Assume 1 € spec(A),
E(L) = V is irreducible and (V, (H, L)) is either absolutely irreducible or irre-
ducible of complex type (see proposition 10.7.11). Define v(A) = spec(A,). We
make the generic assumption that v/(0) # 0. Reparameterizing, it is no loss of
generality to assume that v(A) = 1+ X, [A] < 1/2. Set 67 'P\|[V = @Qy. Then
Qx:,V — ,V is H-equivariant and we may write

Q)\ = Lk}w

where k) € Diffy(V), Dko(0) = Iy, DQy(0) = L and spec(Dky(0)) =1+ A. Let
Vi(V,H) C C¥(,V xR, ,V) denote the space of smooth families ¢ : VxR — V
such that for |A\] < 1/2 we can write

q(z, \) = Lh(z, \),
where
(a) Dho(0) = Iy (and 50 Dgo(0) = L)
(b) spec(Dhy (0)) = spec(Dga(0)) = 1+ A
(c) E((1+X)"'Dg\(0)) =V and is irreducible.
(d) his H-equivariant.

Clearly, @\ € V. (V,H). For d > 1, let 731(;”(,,1/ x R, ,V) denote the space
of smooth families of H-equivariant polynomial maps ¢ : ,V — ,V such that

Dq,(0) satisfies (a,b,c) above. We let P&?M LV xR,,V), C P}?) LV xR, V)
denote the subspace consisting of (H, L)-equivariant families. Finally, we Let
Pg?’ L>(V x R,V)o denote the space of (H, L)-equivariant polynomial families
px: V — V such that Lp, € 7)((?1),L> (,V xR, ,V).. We have j9Q,(0) € P}?) (,V x
R,,V), and j%,(0) € PIP(V x R, V).

THEOREM 10.7.13 (Lamb [110]). Let d > 2. There is a polynomial submer-
ston

Ni: PV xR, V) = Pl (VX R,V

such that if f € Vi(V,H) then Ng(j2f(0,0)) is the (H,L)-equivariant normal
form of f to order d. Moreover, if p > d, Ny(N,(57f(0,0))) = Na(5%£(0,0)).
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PROOF. This result is proved in Lamb [110]. We remark that the normal
form is achieved by making a succession of polynomial H-equivariant coordinate
changes on V. This procedure is consistent and natural since H-equivariant maps
on source and target spaces are the same — see lemma 10.7.2(ab). U

We now follow the strategy described in [111]. If (V,(H, L)) is absolutely
irreducible, set S = L. If (V,(H, L)) is irreducible of complex type, set S =
aVk[,, where L* = aly. In either case we may write 6 ' Py = Qo = Sh, where
h € Diff(V) and Dh(0) = I in the real case and o'/*Iy in the complex case
(and so (Dh(0)) C S' which would not have been true had we written Q = Lk).
If @) commutes with L up to terms of order N then, since S commutes with L, it
follows that h is (H, L)-equivariant to order N.

Matters now proceed much as in section 10.6. We assume that Py : GxgzgV —
G x gV is a smooth G-equivariant family covering f € Diffg(«), where f™ = I,,.
Choose 6 € G such that 67'Py = @, : ,V — ,V where 6* € Cs(H). Let
L € O(,V,,V) denote the derivative of @,V at zero. Write Q5 = Lk, where
ky : V. — V is (H, L)-equivariant. We consider the cases where (V,(H, L))
is either absolutely irreducible or irreducible of complex type. If (V,(H, L)) is
irreducible of complex type, we assume for the present that (L) = S* x Z,. That
is, if L*¥ = oI, « is not a complex root of unity.

It follows by G-equivariance that for all j € Z we have

Pl =81k,
Since 1 € spec(FP", «), and Dky(0) = Iy, we have

L™ = 1, (if (V,(H, L)) is absolutely irreducible),
= pI1, (otherwise, where § € C)

10.7.3. (V,(H, L)) absolutely irreducible. In the absolutely irreducible
case, L™ = +6~™ and so P{" = %kY'. Hence, every branch of relative fixed
points of k) determines a branch of relative periodic orbits of P{". In particular,
every branch of fixed points of k) determines a branch of fixed points or a branch
of period two points of P{". Applying the general theory given in the previous
section, we see that branches of (relative) fixed points of ky will generically be
normally hyperbolic. We also have stability, finiteness, determinacy and strong
determinacy results.

The conditions ™L™ = 4+ and L* = 4+ impose additional constraints on
the type of bifurcations that can occur. For a period doubling bifurcation, we
have the linearization of Pj*|V to be —I and so d™L™ = —I. If k = 1 (for
example, if G is Abelian), we have L = +I. Consequently if m is even then a
necessary condition for a period doubling bifurcation is that ¢™ is of even order.
Thus there can be no period doubling bifurcation if 4 is of odd order. A simple
example is given by G = H X Z,,. In this case 0™ = 1 so if m|k is even there is
no period doubling bifurcation. If L = —I (k=1), 6™ = —I and m is odd, then



382 10. APPLICATIONS OF G-TRANSVERSALITY TO BIFURCATION THEORY II

d™L™ = I and so there can be no period doubling. We refer the reader to [111]
for more general results and examples (see also later in this section).

10.7.4. (V,(H, L)) irreducible of complex type. In this case, we have by
Sl-equivariance:

ka(x) = (14 A) exp(w(A))z + O(||2[1°)

If H is finite, we expect to see branches of normally hyperbolic invariant circles
appear at the bifurcation. These will correspond flow-invariant two-tori for the
original flow. Just as in the absolutely irreducible case, branches of (relative)
fixed points of k) will be generically normally hyperbolic and we have stability,
finiteness, determinacy and strong determinacy results.

10.7.5. Breaking normal form symmetry. We start with the easiest case
when (V) (H, L)) is absolutely irreducible and H is finite. It follows — just as in
the previous section — that when we break normal form symmetry at sufficiently
high order, all hyperbolic branches persist. However, some of the branches will
now only be approximately symmetric. If H is not finite, then branches persist as
branches of normally hyperbolic invariant sets. Determination of the dynamics
on each branch may require further — possibly delicate — analysis.

Suppose (V, (H, L)) is irreducible of complex type and that L* = al. Fix
d > 2. Providing we exclude finitely many values of o, we can require that the
(H, L)-equivariants to order d coincide with the equivariants in the case when
« is not a complex root of unity (see [111, Theorem 6.4]). Consequently, the
normal form analysis and determinacy statements continue to hold provided we
avoid finitely many values of «, all complex roots of unity. Breaking the normal
form symmetry at sufficiently high order will then typically lead to quasi-periodic,
phase-locked periodic or chaotic solutions on normally hyperbolic invariant tori.
Since we allow H to be a general compact Lie group, the flow invariant tori that
appear can be of dimension strictly greater than two. We refer to [183, 113] for
more details and examples (including for the case of proper group actions). We
give a simple example at the end of the section.

10.7.6. Representation theory. We now sketch some of the representation
theory of (V, (H, L)). Our results our based on those given in [111] and the reader
is referred to [111] for a discussion of cases we omit.

Suppose that (V, (H, L)) is irreducible of complex type. Let L* = oL and set
S = a~V*L (there are k choices for S). Clearly (S) = Z;.

PRroOPOSITION 10.7.14 ([111, Proposition 6.2]). Suppose that (V,(H, L)) is
irreducible of complex type, Then (V,(H,S)) is either the sum of two isomor-
phic absolutely irreducible representations, neither of which is L-invariant, or is
wrreducible but not absolutely irreducible.
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ProoOF. The map S (and therefore (V, (H,S))) is unchanged if we multiply
L by a complex number of unit modulus. Consequently, we may assume that
L*¥ = aly, where « is not a complex root of unity. We then have (L*) = Si.
The action of S' commutes with action of (H,S) on V (since this is true for the
generator L¥). It follows that if (V, (H, S)) has isotypic decomposition &/_,W;,
then each factor W, is S'-invariant and so (H, L)-invariant. Hence there is just
one term in the isotypic decomposition, say W?*, s > 1, and W* has a complex
structure inherited from the action of S'. We have L%:H, W we) = C. It
(W, (H, S)) is absolutely irreducible, then s = 2, otherwise s = 1. O

If (V,(H, L)) is absolutely irreducible, ¢ > 1 will always denote the order of L
(thus ¢ = k or 2k). If (V, (H, L)) is irreducible of complex type, we let £ = k (the
order of S = a~'/*L). We have the following corollary of proposition 10.7.14.

COROLLARY 10.7.15. Suppose that (V,(H, L)) is irreducible of complex type
and that L* = aly where « is not a complex root of unity.

(1) (H,5) C (H,L).
(2) FEither (V,(H, L)) is isomorphic to the complexification of an absolutely
irreducible representation (W, (H,S)), W C V, or (V,(H,S)) is irre-

ducible of either complex or quaternionic type.

Using the methods of [111], we give the structure of (H, S)-irreducible repre-
sentations of V. In the complex case, we assume « is not a complex root of unity.
Using normal form and strong determinacy theory (see the previous subsection)
we may describe the generic (open and dense) (H, L)-bifurcations of 1-parameter
families.

Throughout we assume that S € O(V) and (S) = Z,. When (V, (H, L)) is
absolutely irreducible, ¢ > 1 will always denote the order of L and we take S = L.
If (V,(H, L)) is irreducible of complex type, we let £ = k, take S = a~"/*L and
note that S € Ly(,V,,V).

Suppose that V' C V is irreducible as an (H, S)-representation. Let W be an
H-isotypic component of V. For s > 1, define W* = @j;(l)W, s > 1. For j € 7Z,
define the H-representation x; : H — O(W) by

kj(h)(w) = 8'hd 7 (w), (h € H,we W).

Let s > 1 be the smallest value of j for which x; = ko. We say that (W, H) has
order s.

Since Kk = kg = p|W, s divides k and therefore ¢. We define the H-
representation p : H — O(W?) by

h(wo, Ce ,wS,l) = (:‘io(h)(ﬂ)o), ey /ﬁ?sfl(h>(w571)), ((U)o, e ,U)S,1> € Ws, h e H)
Let o : H — O(W?) be the representation defined by
o (h) = p(s+(h)).
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Let ,W* denote W* with the action p and ,W?* denote W* with the action o. If
we define S : ,W*® — ,W?* by

S(wo, ..., ws—1) = (S*ws_1,wo, ..., Ws—_2),

then S is an H-equivariant orthogonal map and (S) = Z, (since (S°)/* =
(S%,..., 5% = Iys).
Define the linear map £ : W* — V by

s—1
S(wo, cee ,U)s_l) = Z Sjwj.
j=0

LEMMA 10.7.16.
(1) €: ,W* — V is an H-equivariant linear isomorphism.
(2) EoS=S50¢.
(3) (V,(H,S)) ~ (W?* (H,8S)), where we take the p-action of H on W?*.

PROOF. Since S € Ly(,V,,V), we have S7(6’hd7w;) = hS7w;, j > 0.
Hence £ is H-equivariant. Moreover, &£ restricted to each factor of W*¢ is an
embedding and, since the factors are non-isomorphic H-representations, it follows
that &£ is an H-equivariant embedding onto the corresponding isomorphic factors
in V. Obviously, £(W?#) is S- and H-invariant and so £(W?*) = V by the (H, S)-
irreducibility of V. The remaining statements are routine computations which
we leave to the reader. OJ

Granted lemma 10.7.16, it is not difficult to figure out the irreducible repre-
sentations of (V, (H,S)) ~ (W?*, (H,S)) that can arise in our situation (a general
classification is given in [111, section 7] but the approach there is more general
and not directly tied to the operators S).

Elementary irreducible representations of (H,S). We say that the represen-
tation (W*, (H,S)) (or (V,(H,S)) is elementary if the representation s : H —
O(W) is irreducible. In this case, each x; is irreducible. Since (H, S®) preserves
the factors of W*, each factor will be an irreducible (H, S®)-representation (since
it is already irreducible as an H-representation). If (W, H) is absolutely irre-
ducible then it is not hard to see that (W*, (H,S)) is also absolutely irreducible.
If (W, H) is irreducible of complex type then (W*, (H, S)) may be absolutely irre-
ducible or irreducible of complex type. Finally, if (W, H) is irreducible of quater-
nionic type, then (W?*, (H,S)) may be irreducible of complex type or quaternionic
type. (We indicate how to establish the results for (W, H) irreducible of complex
or quaternionic type in example 10.7.22 below.)

It is possible to obtain results on the number of different representations of
each type. This can be done by making appropriate changes to L (the general
theory is sketched in the next section, see also [111]). Here we give some partial
results for the easiest case when (W, H) is absolutely irreducible and S = L.
Suppose first that ¢/s is odd. Since L = §~'A, if we change A to —A then L
changes to —L. If s is even then a case by case check shows that if { = k or
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¢ = 2k and k is even, then the representation (W?, (H,S)) is unchanged. In all
other cases, the order of (L) changes when we switch L to —L. This is generally
true: if ¢/s is odd there is exactly one elementary representation (W?# (H,S)).
The case ¢/s even is a little trickier. If s is odd, then we can find two non-
isomorphic representations just by changing L to —L (or A to —A). Generally, it
can be shown that if //s is even there are either two elementary representations
(W*,(H,S)) or none.

EXERCISE 10.7.17. Show that if (W (H,S)) is irreducible, (W, H) is irre-
ducible of complex type and L is C-linear, then by varying A (equivalently,
F : E — FE) we can find {/s distinct representations of (H,S) on W#* which
are irreducible of complex type. In all cases we will have (S) = Z,, ¢ = k.

Non-elementary representations of (H,S). We continue with the notational
conventions of the previous subsection. Given the irreducible representation rg :
H — O(W), we let ;W denote the space W together with the (orthogonal) action
defined by x;, 7 € Z. In particular, (W will denote the space W together with
the action defined by k. We remark that for all 7 € Z we have

(10.8) Luy(GW, ;W) = LW, W),
(109) LH(()W,SW) == LH<]'W,]'+SW>.

In view of (10.8), we may let Ly(W, W) unambiguously denote Ly(;WV, ;W)
for all j € Z. If K € Ly((W,,W), then BK, KB € Ly((W,;W) for all
B € Ly(W,W). Let O(,W, W) denote the subset of Ly(oW, W) consist-
ing of orthogonal maps (O(oW, W) is non-empty by lemma 10.7.6). Suppose
K € O((W,W). We define K* : Ly(W,W) — Lyg(W,W) by

K*(B) = KBK™', B€ Ly(W,W).

Since (W, H) is irreducible, Ly (W, W) = D is a real division algebra isomorphic
to one of R, C, H (theorem 2.7.14). The morphism K* is an automorphism of
D. Since K*(1) = 1, it follows that if (W, H) is absolutely irreducible (D = R)
then K™ is the identity. If (W, H) is irreducible of complex type, then K*|R is
the identity. Hence K*(1) = =42 since K*(«*) = —1. It follows there are two
possibilities: either K™ is the identity or K™ is complex conjugation. Finally, if
(W, H) is irreducible of quaternionic type then K* is conjugation by a quaternion.
In this case, we can always compose K with an element A of Ly (W, W) = H so
that (KA)* = 1. We sum up these arguments in the following lemma.

LEMMA 10.7.18.
(1) If (W, H) is absolutely irreducible and K € O((W, W), then BK = KB
for all B € Ly(W,W).
(2) If (W, H) is irreducible of complex type and K € O( W, W) then either
(a) BK = KB for all B € Ly(W,W) (W, H) is of inner complex
type”), or
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(b) BK = KB for all B € Ly(W,W) (YW, H) is of outer complex
type”).
(3) If (W, H) is irreducible of quaternionic type, then there exists K €
O W, sW) such that BK = KB for all B € Ly(W,W).

If K € O((W, W) satisfies the commutativity conditions of lemma 10.7.18,
we call K a central element (of O(,W, W)).

LEMMA 10.7.19. Suppose that K € O((W, ;W) is a central element. Then K
is a central element of OGW, j 1 W) for all j € Z.

PrOOF. Immediate from (10.8,10.9). O

Let (U, H) be the sum of p-copies of (W, H), p > 1. We say that K €
O(U*,U®) C Ly(oU?, sU?) is a central element if KB = BK (respectively, KB =
BK) when (W, H) is not of outer complex type (respectively, is of outer complex
type) for all B € Ly(U®,U®). An an immediate consequence of our definitions
we have

LEmMMA 10.7.20. If K € O((W, W) is a central element, U = WP, and we
define K = EB;;%KP € O(U?*,U?®), then K is a central element.

If K € O((W,,W) then K¥* € O((W,,W) C Ly(W,W) ~ D. We may use
the equivariance of K*/* to show that we may require central elements to be of
order either k/s or 2k/s.

LEMMA 10.7.21. Let K € O((W, W) be a central element.
(1) If (W, H) is absolutely irreducible, then K*/* = &Iy, If k/s is odd, we
can choose K so that K*/* = Iy .
(2) If (W, H) is irreducible of complex type, then
(a) If (W, H) is of inner complex type, we can choose K so that K*/* =
Iy .
(b) If (W, H) is of outer complex type, then k/s is even and K*/* =
iy
(3) If (W, H) is quaternionic, then K** = +1Iy.

PROOF. The first part of (1) is obvious since K*/* € Ly (W, W) is orthogonal.
If k/s is odd and K** = —Iy,, then (—K)¥* = Iy. (2) If (W, H) is of inner
complex type then K*/* = aly,, where |a|] = 1. Replace K by the central
element uK where au®/* = 1. If (W, H) is of outer complex type, then k/s
is even since K*/* € Ly (W, W) is C-linear and K is conjugate complex linear.
Since K is conjugate complex linear it follows that K*/* = aly, a € R and so
K*'s = £Iy. Finally, if (W, H) is quaternionic, K*/* = aly commutes with
elements of Ly(V,V)~H and so a € R. Hence K*/* = £1y. O

EXAMPLE 10.7.22. Suppose that (W?*, (H,S)) is an elementary irreducible
representation and (W, H) is irreducible of complex type. Set K = S*|(W. If
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K is C-linear, then (W, H) is of inner complex type and K is a central ele-
ment. Hence (W, (H,K)) is irreducible of complex type and it is easy to see
that (W# (H,S)) is irreducible of complex type. If K is not C-linear, then it fol-
lows from lemma 10.7.18 that (W, H) is of outer complex type and K is conjugate
complex linear and a central element. Hence (W, (H, K)) is absolutely irreducible
and we deduce that (W?*, (H,S)) is absolutely irreducible.

If (W, H) is irreducible of quaternionic type, then (W, (H,K)) is irreducible
of quaternionic type if and only if K is central. As we have already shown
(proposition 10.7.11), this is a non-generic situation which corresponds to the
automorphism of H determined by K being the identity. If K is not central, then
(W, (H,K)) is irreducible of complex type and so also is (W*, (H,L)).

EXERCISE 10.7.23. Use lemma 10.7.21 to complete the classification of el-
ementary irreducible representations. In particular show that (a) if (W, H) is
absolutely irreducible then if ¢/s is even then the number of associated elemen-
tary representations is either 2 or 0, and (b) if (W, H) is of quaternionic type
there are [¢/2s] distinct associated elementary representations.

THEOREM 10.7.24 ([111, Theorem 7.10]). Suppose that (V,(H,S)) is irre-
ducible and not an elementary representation. If (W, H) is an irreducible subrep-
resentation of (V, H) of order s, we have

(1) (V,(H,5)) = (W*,(H,8))® (W (H,S)),
(2) (W, H) is either absolutely irreducible or of outer complex type and
(a) If (W, H) is absolutely irreducible, then (V,{(H, L)) is irreducible of
complex type.
(b) If (W, H) is of outer complex type then (V,{H,S)) is irreducible of

complex or quaternionic type.

PROOF. Let U be the isotypic component of (V, H) containing W. If the
representation of H on W is defined by ko : H — O(W), let ;U denote the
representation on U determined by &;, 7 € Z. Applying lemma 10.7.16 we have

(V. (H,5)) = (U, (H,8)).

Since (U*®, (H,S)) is irreducible, (U, (H,S?®)) is irreducible (and conversely). In
particular, if (U®, (H,S)) is irreducible and U* C U is a nontrivial H- and S°*-
invariant subspace, then U* = U.

If (W,H) is of inner complex type, then S* : U — U is C-linear. By
lemma 10.7.20, we may choose a central element K € O(U, U). Write S* = KB,
where B =K™!S* € Ly(U,U). Let a € C be an eigenvalue of B and let £ C U
denote the corresponding eigenspace. Since maps and spaces are complex, F will
be a C-vector subspace of U. Since B is H-equivariant, F will be H-invariant
and therefore an H-subrepresentation of U. Let E* C E be H-irreducible and
set U* = K(E*). We have

B(U*) = BK(E*) = KB(E*) = K(E*) = U*.
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Hence U™ is B-invariant and so has the structure of an irreducible H-representation
isomorphic to (W, H). Since S*(U*) = U™, it follows by irreducibility of (U, (H, S*))
that U = U* and so (U, (H,S®)) is elementary.

The same argument applies to show that if (W, H) is quaternionic and (V, (H, S))
is irreducible, then (V, (H,S)) is elementary.

Suppose next that (W, H) is absolutely irreducible. Following the previous
argument, if B has a real eigenvalue then (U, (H,S®)) is elementary. On the
other hand if B has a complex eigenvalue, B has an H-invariant subspace E of
dimension 2 dim(W'). Up to a choice of sign, F carries a natural complex structure
inherited from the complex eigenvalue with respect to which B|FE is complex
scalar multiplication. Setting U* = K(F), the resulting H-representation is
isomorphic to the complexification of (W, H) and (U*, (H,S?®)) = (W*, (H,S)) @
(W# (H,S)) is irreducible of complex type.

There remains the case when (W, H) is of outer complex type. Since S*: U —
U is conjugate complex linear, S?* : U — U is C-linear. Just as in the case when
(W, H) is of inner complex type, we may find an irreducible H-subrepresentation
U* C U which is S%*-invariant. Either S*(U*) = U* or S¥(U*) # U*. In the
first case, (U*, H) determines an elementary representation (which is absolutely
irreducible). If S*(U*) # S*(U*), then U* + S*(U*) must be of dimension twice
that of W and U* 4 S°*(U*) = U by irreducibility. O

REMARKS 10.7.25. (1) If (W, H) is absolutely irreducible or of outer complex

type then (W*, (H,S)) & (W?*, (H,S)) need not be irreducible. In the case when
(W, H) is absolutely irreducible, we obtain irreducibility of the sum if and only
if the matrix B of the proof of theorem 10.7.24 has complex eigenvalues. In the
outer complex case, the representation may be irreducible of complex or quater-
nionic type. It is also possible that (W*, (H,S)) decomposes into the sum of two
irreducible representations of complex type. Indeed, this possibility is suggested
by the proof of theorem 10.7.24. We refer to [111, Remark 7.13] for details on
this point.
(2) Tt follows from the proof of theorem 10.7.24 that if (V,(H,S)) is not ele-
mentary then the representation is not absolutely irreducible. As indicated in
the previous remark, the representation can be irreducible of complex type or
quaternionic.

ExAMPLES 10.7.26. (1) We look at possibilities that can occur when H = D,,,
G = Dy, and n > 21is even (this, and the next example, are based on [111, section
8]). We emphasize in what follows that we regard irreducible representations
(H,Ly, (H,L') on V as distinct if either (V,(H,L)) and (V,(H,L')) are not
isomorphic or (V,(H, L)) and (V,(H, L)) are isomorphic but (L) and (L) are
not isomorphic.

For 6 € R, we let Ry € SO(2) denote rotation through 6 and x € O(2) denote
reflection in the z-axis (or complex conjugation). We recall that KRy = R_gk for
all 0 € R.
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If we embed D,, in the standard way in O(2), then generators for D,, are given
by Rax/n and k.

There are precisely § + 3 irreducible real representations of D,, and they are
all absolutely irreducible. Four of the representations are one dimensional. These
are the representations vy, v1, v, 1}, defined by

Vo(Raxm) =1,  1i(k) =1, (trivial representation)
V1 (Ronjm) = 1, (k) =—1,

Va(Rorjm) = =1, ve(K) =1,

V(Raor/m) = —1, vp(k) = —1.

(If n is odd, we do not get the representations v,,5.) The § —1 two-dimensional
absolutely irreducible representations ; of D,, are defined by

fj(RQﬂ/n) = R27rj/n7 5]'(5) =K, 1 S] < n/2
If 6 € Dy, \ Dy, then 6 ¢ Cp, (Dy,) (this uses n even, if n is odd we may take
§ = R, = —I). On the other hand, 6* € Cp,, (Ds,) provided that d is a reflection.
Hence k£ = 2. For § we may take any reflection from Ds, which does not lie in
D,,. We choose § = R/~ and note that 6 = oL
Next we look at the representations (D,,, L) on vy,. .., &,/2—1 associated to 0.
We start with the two-dimensional representations &;, 1 < j < n/2. We claim

that the order of each of these representations is one. This amounts to showing
that there exists a nonzero L : R? — R? such that

(10.10) L(Ronjnv) = 6 Ror/nd~ ' Lv, L(kv) = 6ké~'L(v), (v € R?).

Using the relation kRp = R_gr, we find that L = £R;/,x = £0 are the unique
orthogonal maps satisfying (10.10). All of this translates immediately to the
twisted product Dy, xp, R% In particular, the group (D, L) is isomorphic to
D, % Zy = Dy, if L = R,k or n is even. (If n is odd and L = —R;/,x then
L € D, and so (D,,, L) = D,,.) Since (+L)? = Iz, { = 2. We have constructed
n — 2 distinct elementary absolutely irreducible representations of (D,,, L) on R2.

Similarly, the one dimensional representations 1y, v, have order one and, with
L = +1, we obtain four distinct elementary absolutely irreducible representations
of D, X Z, on R, where ¢ = 2 if L = —1. In these cases, the action of D,, is
not faithful and so, viewed as matrix representations, k¥ = 1 and nothing really
changes unless the representation is vy and L = —1.

Finally, we consider the representations v,,v,. We find that v, and v, both
have order two and dv,0 = v, (since 6 Ror/nd = R2_7r1/n and 6k = Ror/pk). Since
Iy = 10, we can take L = (d,£4d). In matrix form, on v, ® v,

0 1
L:(il 0)'

We have (D,,L) = D, and acting on R? in the standard way. If we take
L = (4,0), then ¢ = 2, otherwise ¢ = 4 (L? = —I). We count two distinct
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irreducible representations. This gives us a total of n + 4 absolutely irreducible
representations of (D,,, L).
(2) We look at possibilities that can occur when H = Z,,, G = D,,. We fol-
low the notation of the previous example and let Ry, /, denote the generator for
Z, C SO(2).

If n is odd. there are irreducible representations vy, &1, ..., §mn41)/2 of
Z,,. Here vy is the trivial 1-dimensional representation and the representations ¢;
are two-dimensional of complex type and defined by

(n+1)
2

(1011) gj(Rzﬂ-/n) = Rgﬂ-j/n, 1< j < n/2

If n is even, we have two one-dimensional absolutely irreducible representations
Vo (the trivial representation) and vy, defined by v1(Ras/n) = —1. There are
5 — 1 two-dimensional irreducible representations §; of complex type, defined by
(10.11).

If 6 € D, \ Z, then 6 ¢ Oz, (D,) and 6> = I, Hence k = 2 and we may
take § = k (complex conjugation). The complex representations §; are all of
order one and of outer complex type. We may take L = §, so L? = I, and
¢ = k = 2. Summarizing, each irreducible representation {; determines a two-
dimensional absolutely irreducible representation of (Z,, L) ~ D,,. It remains to
consider the one dimensional representations of Z,. In this case we obtain two
distinct irreducible one-dimensional representations of (Z,,, L). The first will be
the trivial representation with vy and L = I (or vy and L = —1), the second will
be with vy and L = —1 (or v; and L = 1). Note that in this example it is not
possible to have ¢ = 4.

We conclude with two examples showing how we may apply these ideas to
bifurcation of relative periodic orbits. Again these examples are closely based
on the article by Lamb and Melbourne [111] and the reader should consult that
work for a more complete set of examples.

ExXAMPLES 10.7.27. (1) Take G = Dy,,, H = D,, and assume n is even. We fol-
low the notation of examples 10.7.26(1). Let (V, H) = v, ® vp. We have (H, L) =
D,, where L = (0, £9). Suppose that Py = Lhy, where h, € Diffp,(V,V) is a
normalized family. Thus Dhy = I,,. We apply the results of the previous section
to deduce that there exists an open and dense subset S(V, Dy) consisting of sta-
ble families. Each hy € S(V,Dy) will be 3-determined and have a signed indexed
branching pattern B(h). In figure 1 we indicate fixed points of h) together with
their isotropy groups (with respect to G).

If L =(§,0), then L? = Iy, and so all the non-trivial periodic points of Lh, will
be points of prime period two, that is fixed points of L?h? = P, — the associated
Poincaré map. Consequently, when we break the normal form symmetry (L), we
will see bifurcation to periodic orbits of approximately the same period as the
original periodic orbit. The isotropy of the new periodic orbits will be as labelled
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“SRypn>=2Zpp
Q\

FIGURE 1. Fixed points of h)y

in figure 1. If L = (§,—4), then L? = —I, and so —h3 = P, and we get period
doubling.

In all cases, it is easy to work out the (spatiotemporal) symmetry group G., of

the periodic orbits v. If L? = I}, and points on ~ have isotropy D,, /2 (respectively,
Zn)2), then G, = D, (respectively, D, 5). If L? = —Iy, and points on + have
isotropy D,,/o (respectively, Z,2), then G, = D,, (respectively, Zsy,).
(2) We look at an example where there is a Hopf bifurcation of the Poincaré map.
Suppose that G = (Rr/2, k) = Dy, H = (Rz,k) = Dy and H C G C O(2) in
the standard way. Let 6 = R;,ox. If we take the standard reducible complex
representation of Dy on V = C?, then L? = —Iy and S? = I,. We find that as
generators for the action of (Dy, S) on V = C?, we may take

-1 0 0 1 1 0
R”:(O _1), li=<1 0),andS:<O _1)

Obviously (Ds, S) = D,. Assuming no resonances, we start by analysing families
hy € Diffp, 51 (V) with dho(0) = 2Iy,. Applying the results of the previous section
there exists an open and dense subset S(V, D) consisting of stable families. Each
hy € S(V,Dy) will be d-determined (d > 3 — example 5.6.27). If hy € S(V,Dy)
there will be three three branches of normally hyperbolic invariant circle (corre-
sponding to maximal isotropy groups for the action of Dy on V. There is also
the possibility of submaximal branches as well as branches of normally hyper-
bolic invariant 2-tori (see example 5.6.27 for the vector field case). It is not hard
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to compute the isotropy groups of the branches (we refer the reader to [111,
Example 6.5] for details). When we go to the Poincaré map — still keeping the
Sl-normal form symmetry — we will see branches of normally hyperbolic 2-tori
(and 3-tori when there are submaximal branches). When we break normal form
symmetries at high order, the branches will persist as branches of group invari-
ant normally hyperbolic submanifolds (this uses strong determinacy). However,
finding the detailed structure of dynamics of flow invariant group orbits can be
challenging — there are possibilities of phase locking, quasi-periodic flow or even
chaotic dynamics [167].

10.8. Notes for chapter 10

The extension of equivariant transversality arguments to allow for bifurca-
tion to relative equilibria (as opposed to branches of equilibrium G-orbits) first
appeared in [57]. A more complete presentation, which includes a proof of the
strong determinacy theorem and allows for complex representations is in [60].
After Ruelle’s pioneering work [151], bifurcation from relative equilibria was first
systematically studied by Krupa [105] who introduced the ‘tangent and normal
form’ for a vector field. The extension of equivariant transversality arguments to
the bifurcation theory of maps first appears in [62]. Applications are given to
the equivariant Hopf bifurcation and normal forms (strong determinacy). Lamb,
Melbourne and Wulff [111, 115, 113, 183, 112] have recently made signifi-
cant progress in the understanding of bifurcation from relative periodic orbits,
including the case of proper G-actions. In our brief introduction to some of their
work, we downplay the study of drift dynamics and reduce to the analysis of the
Poincaré map of a discrete rotating wave (as in [111]). However, it is possible
to avoid discussion of bifurcation of maps and instead reduce to problems about
bifurcation from relative equilibria and skew product dynamics. The reduction to
vector fields due to Takens [168] and has been adopted by Lamb, Melbourne and
Wulff in their more recent work (see [112] for a good description of alternative
approaches).



[

Bibliography

R Abraham and J Robbin. Transversal mappings and flows (W D Benjamin, New York,
1963).

J F Adams. Lectures on Lie Groups. The University of Chicago Press, Chicago and
London, 1982.

R Adler and L Flatto. ‘Geodesic flows, interval maps and symbolic dynamics’, Bull. AMS
25 (1991), 229-334.

M A D Aguiar, S B S D Castro and I S Labouriau. ‘Dynamics near a heteroclinic network’,
Nonlinearity 18 (1) (2005), 391-414.

D G Aronson, M Golubitsky and M Krupa. ‘Large arrays of Josephson junctions and
iterates of maps with \S,, symmetry’, Nonlinearity 4 (1991), 861-902.

P Ashwin and M Field. Heteroclinic networks in coupled cell systems’, Arch. Ration.
Mech. Anal 148 (1999), 107-143.

P Ashwin and I Melbourne. ‘Symmetry groups of attractors’, Arch. Rat. Mech. Anal. 126
(1994), 59-78.

P Ashwin and I Melbourne. ‘Noncompact drift for relative equilibria and relative periodic
orbits’, Nonlinearity 10 (1997), 595-616.

R A Beaumont and R P Peterson. ‘Set-transitive permutation groups’, Canad. J. Math.
7 (1955), 35-42.

G R Belickii. ‘Functional equations and conjugacy of diffeomorphisms of finite smoothness
class’, Functional Anal. Appl. 7 (1973), 268-277.

G R Belickii. ‘Equivalence and normal forms of germs of smooth mappings’, Russ. Math.
Surv. 33 (1978), 107-177.

R Benedetti and J J- Risler. Real Algebraic and Semi-algebraic Sets, Hermann, 1990.

E Bierstone. ‘Lifting isotopies from orbit spaces’, Topology 14 (1975), 245-252.

E Bierstone. ‘General position of equivariant maps’, Trans. Amer. Math. Soc. 234 (1977),
447-466.

E Bierstone. ‘Generic equivariant maps’, Real and Complexr Singularities, Oslo 1976,
Proc. Nordic Summer School/NAVF Sympos. Math. (Sijthoff and Noordhoff International
Publ.) Leyden (1977), 127-161.

E Biestone and P Milman. ‘Composite differentiable functions’, Duke Math. J. 83 (3)
(1996), 607—-620.

E Bierstone and G Schwarz. ‘Continuous linear division and extension of C'*° functions’,
Duke Math. J. 50 (1), 1983, 233-271.

R L Bishop and R J Crittenden. Geometry of Manifolds (New York: Academic Press,
1964).

L Blum, S Smale, M Shub, F Cucker. Complezity and Real Computation (Springer, 1997).
J Bochnak, M Coste and M-F Roy. Real algebraic geometry, Springer, 1998.

P Boyland. ‘Topological methods in surface dynamics’, Topology and its Applic. 58 (1994),
223-298.

393



394

[22]

[45]
[46]

BIBLIOGRAPHY

B Bollobé s. Graph theorey, Graduate Texts in Mathematics 63 (Springer, New York,
1979).

R Bott. ‘Non-degenerate critical manifolds’, Ann. of Math. 60 (1954), 248-261.

R Bott. ‘An equivariant setting of Morse theory’, Enseign. Math. (2), 26(3-4) (1980),
271-278.

N Bourbaki. Groupes et algébras de Lie, Chapters IV — VI (Hermann, Paris, 1968).

G E Bredon. Introduction to compact transformation groups (Pure and Applied Mathe-
matics, 46, Academic Press, New York and London, 1972).

M I Brin. ‘Topology of group extensions of Anosov systems’, Mathematical Notes of the
Acad. of Sciences of the USSR 18(3) (1975), 858-864.

M I Brin. ‘Topological transitivity of one class of dynamic systems and flows of frames
on manifolds of negative curvature’, Funkts. Anal. Prilozh, 9(1) (1975), 9-19.

M Brin, J Feldman and A Katok. ‘Bernoulli Diffeomorphisms and Group Extensions’,
Ann. Math. 113 (1981), 159-179.

T Brécker and T Tom Dieck. Representations of Compact Lie Groups (Springer, New
York, 1985).

P-L Buono, J S W Lamb and M Roberts. ‘Bifurcation and branching of equilibria in
reversible equivariant vector fields’, preprint, 2005.

K Burns and A Wilkinson. ‘Stable ergodicity and skew products’, Ann. Sci. Ecole Norm.
Sup. 32 (1999), 859-889.

P Chossat and M Golubitsky. ‘Symmetry-increasing bifurcation of chaotic attractors’,
Physica D 32 (1988), 423-436.

G Cicogna. ‘Symmetry breakdown from bifurcation’, Lettere al Nuovo Cimento 31 (1981),
600-602.

Z Coelho, W Parry and R Williams. ‘A note on Livsic’s periodic point theorem’, AMS
Cont. Math. 215 (1998), 223-230.

M Coste. ‘Ensembles semi-algébriques’, in Géométrie Algebébrique Réelle et Formes
Quadratiques, Springer Lecture Notes in Math. 959 1982, 109-138.

J Damon. ‘Topological equivalence of bifurcation problems’, Nonlinearity, 1 (1988), 311—
331.

J Damon. ‘Equivariant bifurcations and Morseifications for finite groups’, Singularity
theory and its applications II, eds. M Roberts & I Stewart, Springer Lecture Notes in
Math., 1463 Springer-Verlag, Berlin, Heidelberg, New York (1991), 80 — 106.

J Damon. ‘G-signature, G-degree, and symmetries of the branches of curve singularities’,
Topology 30 (1991), 565-590.

M Dellnitz, G Froyland and O Junge. ‘The algorithms behind GAIO — Set oriented
numerical methods for dynamical systems’, in Ergodic Theory, Analysis, and Efficient
Simulation of Dynamical Systems, ed by B Fiedler, Springer (2001), 145-174.

J Dieudonné. Foundations of Modern Analysis (Academic Press, NewYork and London,
1960).

A P Dias, B Dionne and I Stewart. ‘Heteroclinic cycles and wreath product symmetries’,
Dynamics and Stability of Systems 15 (4) (2000), 353-385.

B Dionne, M Golubitsky and I Stewart. ‘Coupled cells with internal symmetry: II. Direct
products’, Nonlinearity 9(2) (1996), 575-600.

D Dolgopyat. ‘On mixing properties of compact group extensions of hyperbolic systems’,
Israel J. Math. 130 (2002), 157-205.

J Dugundji. Topology (Allyn and Bacon Inc, Boston, 1966).

J J Duistermaat and J A C Kolk. Lie groups. Springer, Berline, New York, 2000.



[47]

[48]

BIBLIOGRAPHY 395

B Fiedler. Global Bifurcation of Periodic Solutions with Symmetry, (Springer Lect. Notes
in Math., 1309, Springer-verlag, New York-London, 1988).

B Fiedler, B Sandstede, A Scheel and C Wulff. ‘Bifurcation from relkative equilibria of
noncompact group actions: skew products, meanders and drifts’ Doc. Math. J. DMV 1
(1996), 479-505.

M J Field. ‘Equivariant dynamical systems’, Bull. Amer. Math. Soc. 76 (6) (1970), 1314~
1318.

M J Field. ‘Transversality in G-manifolds’, Trans. Amer. Math. Soc. 231 (1977), 429-450.
M J Field. ‘Stratifications of equivariant varieties’, Bull. Austral. Math. Soc. 16 (2) (1977),
279-295.

M J Field. ‘Equivariant dynamical systems’, Trans. Amer. Math. Soc. 259 (1980), 185—
205.

M J Field. ‘Handlebody decompositions for G-manifolds’, Bull. Austral. Math. Soc. 25(1)
(1982), 29-36.

M J Field. ‘On the structure of a class of equivariant maps’, Bull. Austral. Math. Soc.
26(2) (1982), 161-180.

M J Field. ‘Equivariant diffeomorphisms hyperbolic transverse to a G-action’, J. London
Math. Soc. 27(2) (1983), 563-576.

M J Field. ‘Isotopy and stability of equivariant diffeomorphisms’, Proc. London Math.
Soc. 46(3) (1983), 487-516.

M J Field. ‘Equivariant bifurcation theory and symmetry breaking’, J. Dynamics and
Differential Equations 1 (1989), 369-421.

M J Field. ‘Local structure of equivariant dynamics’, Singularities, Bifurcations, and Dy-
namics, Proceedings of Symposium on Singularity Theory and its Applications, Warwick,
1989 (eds. R. M. Roberts and I. N. Stewart), Lect. Notes in Math. 1463, Springer-Verlag,
Heidelberg (1991), 168-195.

M J Field. ‘Determinacy and branching patterns for the equivariant Hopf bifurcation’,
Nonlinearity 7 (1994), 403-415.

M J Field. Symmetry breaking for compact Lie groups (Memoirs of the AMS 574, 1996).
M J Field. Dynamics, Bifurcation and Symmetry, Pitman Research Notes in Mathematics,
356, 1996.

M J Field. ‘Symmetry breaking for equivariant maps’, In: Algebraic groups and Lie groups,
Volume in Honour of R. W. Richardson, Cambridge University Press, (1997), 219-253.
M J Field. ‘Generators for compact Lie groups’, Proc. AMS. 127 (1999), 3361-3365.

M J Field, I Melbourne and M Nicol. ‘Symmetric Attractors for Diffeomorphisms and
Flows’, Proc. London Math. Soc. 72(3) (1996), 657—696.

M J Field, I Melbourne, M Nicol and A To6r 6k. ‘Statistical properties of compac group
extensions of hyperbolic flows and their time one maps’, Discrete and Continuous Dy-
namical Systems, 12 (1) (2005), 79-96.

M J Field, I Melbourne and A Tor 6k. ‘Decay of Correlations, Central Limit Theorems
and Approximation by Brownian Motion for Compact Lie Group Extensions’, Erg Th. &
Dynam. Sys. 23 (1) (2003), 87-110.

M J Field, I Melbourne and A T6r 6k. ‘Stability of mixing and rapid mixing for hyperbolic
flows’, preprint 2004.

M J Field and M Nicol. Ergodic Theory of Equivariant diffeomorphisms: Markov parti-
tions and stable ergodicity, Mem. Amer. Math. Soc., 803, 2004.

M J Field and W. Parry. ‘Stable ergodicity of skew extensions by compact Lie groups’,
Topology, 38(1) (1999), 167-187.



396

[70]

71)
72)
73]
[74]
75)
76]
[77)
78]

[79]

[80]

BIBLIOGRAPHY

M J Field and R W Richardson. ‘Symmetry Breaking and the Maximal Isotropy Subgroup
Conjecture for Reflection Groups’, Arch. for Rational Mech. and Anal. 105(1) (1989), 61—
94.

M J Field and R W Richardson. ‘Symmetry breaking in equivariant bifurcation problems’,
Bull. Amer. Math. Soc. 22 (1990), 79 — 84.

M J Field and R W Richardson. ‘Symmetry breaking and branching patterns in equivari-
ant bifurcation theory I’; Arch. Rational Mech. and Anal. 118 (1992), 297-348.

M J Field and R W Richardson. ‘Symmetry breaking and branching patterns in equivari-
ant bifurcation theory II’, Arch. Rational Mech. and Anal. 120 (1992), 147-190.

M J Field and J Swift. ‘Static bifurcation to limit cycles and heteroclinic cycles’, Nonlin-
earity 4 (4) (1991), 1001-1043.

M J Field and J Swift. ‘Hopf bifurcation and the Hopf fibration’, Nonlinearity 7 (1994),
385-402.

W Fulton. Intersection theory (2nd edition, Springer-Verlag, Berlin, Heidelberg, New
York, 1998).

C Gibson, K Wirthmiiller, A A du Plessis and E Looijenga. Springer Lecture Notes in
Math. 552 (1976).

A Gleason. ‘Groups without small subgroups’, Ann. Math. 56 (1952), 193-212.

M Golubitsky. ‘The Bénard problem, symmetry and the lattice of isotropy subgroups’,
Bifurcation Theory, Mechanics and Physics, C' P Bruter et al. eds. (D Reidel, Dordrecht—
Boston—Lancaster, 1983), 225-257.

M Golubitsky. ‘Genericity, bifurcation and Symmetry’, in Patterns and Dynamics in
Reactive Media (R Aris, D G Aronson and H L Swinney, Eds), The IMA Volumes in
Math. and its Applic., 37, Springer-Verlag, New York (1991), 71-87.

M Golubitsky and V Guillemin. Stable mappings and their singularities (Springer-Verlag,
1973).

M Golubitsky, M Krupa and A Vanderbauwhede. ‘Secondary bifurcations in symmetric
systems’, Lect. Notes in Math. 118 (eds. C M Dafermos, G Ladas, G Papanicolaou),
Marcel Dekker Inc. (1989).

M Golubitsky and D G Schaeffer. Singularities and Groups in Bifurcation Theory, Vol.
I, (Applied Math. Sciences 51, Springer-Verlag, New York, 1985).

M Golubitsky, I N Stewart and D G Schaeffer. Singularities and groups in bifurcation
theory, Vol. II (Applied Math. Sciences 69, Springer-Verlag, New York, 1988).

M Golubitsky and I N Stewart. ‘Hopf bifurcation in the presence of symmetry’, Arch.
Rational Mech. Anal. 87(2) (1985), 107-165.

M Golubitsky and I N Stewart. The symmetry perspective (Progress in Mathematics, 200,
Birkh&user, Basel, Boston, Berlin, 2002).

J Guckenheimer and P Holmes. ‘Structurally stable heteroclinic cycles’, Math. Proc.
Camb. Phil. Soc. 103 (1988), 189-192.

J Guckenheimer and P Holmes. Nonlinear Oscillations, Dynamical Systems, and Bifurca-
tions of Vector Fields (Springer-Verlag, Applied Mathematical Sciences, 42, 3rd edition,
2002).

J Guckenheimer and P Worfolk. ‘Instant chaos’, Nonlinearity 5 (1992), 1211-1222.

R M Hardt. ‘Triangulation of subanalytic sets and proper light subanalytic maps’, Invent.
Math. 38 (1977), 207-217.

J Harris. Algebraic Geometry:a first course, (Graduate texts in mathematics, 133,
Springer, New York, 1992).

M W Hirsch. Differential Topology (Graduate Texts in Mathematics, Springer-Verlag,
1991).



[93]
[94]
[95]

[96]

[111]
[112]

[113]

[114]
[115]
[116]
[117]
[118]
[119]

[120]

BIBLIOGRAPHY 397

M W Hirsch, C C Pugh and M Shub. Invariant Manifolds, (Springer Lect. Notes Math.,
583, 1977).

J Hofbauer. ‘Heteroclinic cycles on the simplex’, Proc. Int. Conf. Nonlinear Osillations,
Janos Bolyai Math. Soc. Budapest, 1987.

J Hofbauer and K Sigmund. The Theory of Evolution and Dynamical Systems (Cambridge
University Press, Cambridge, 1988).

S Hlman. ‘Every proper smooth action of a Lie group is equivalent to a real analytic
action: a contribution to Hilbert’s fifth problem’, Ann. Math. Stud. 138 (1995), 189-220.
P Jacobs. ‘Symmetric Williams Attractors’, thesis, Univ. of Houston, 2004.

N Jacobson. Basic Algebra I, W. H. Freeman, San Francisco, 197.

M V Jarié. ‘Nonmaximal isotropy groups and successive phase transitions’, Phys. Rev.
Lett. 51 (1983), 2073-2076.

A Katok and B Hasselblatt. Introduction to the Modern Theory of Dynamical Systems
(Cambridge University Press, 1995).

V Kirk andM Silber. ‘A competition between heteroclinic cycles’, Nonlinearity 7 (1994),
1605-1621.

B P Kitchens. Symbolic Dynamics (Universitext, Springer, 1998).

S Kobayashi and K Nomizu. Foundations of Differential Geometry, Vol. I (Interscience
Publishers, John Wiley, New York - London, 1963).

M Koenig. Linearization of vector fields on the orbit space of a compact Lie group, Math.
Proc. Camb. Phil. Soc. 121 (1997), 401-424.

M Krupa. ‘Bifurcations of relative equilibria’, STAM J. Math. Anal. 21 (1990), 1453—-1486.
M Krupa. ‘Robust heteroclinic cycles’, J. Nonlin. Sci. 7 (1997), 129-176.

M Krupa and I Melbourne. ‘Asymptotic Stability of Heteroclinic Cycles in Systems with
Symmetry’, Ergod. Thy. Dyn. Sys. 15 (1995), 121-147.

M Krupa and I Melbourne. ‘Asymptotic Stability of Heteroclinic Cycles in Systems with
Symmetry, II’; Proc. Roy. Soc. Edinburgh A 134A (2004), 1177-1197.

T C Kuo. ‘On Thom-Whitney stratification theory’, Math. Ann. bf 234 (1978), 97-107.

J S W Lamb. ‘Local bifurcation in k-symmetric dynamical systems’, Nonlinearity 9
(1996), 537-557.

J S W Lamb and I Melbourne. ‘Bifurcation from discrete rotating waves’, Arch. Rational
Mech. Anal. 149 (1999), 229-270.

J S W Lamb and I Melbourne. ‘Normal form theory for relative equilibria and relative
periodic solutions’, Trans. Amer. Math. Soc, to appear .

J S W Lamb, I Melbourne and C Wulff. ‘Bifurcation from periodic solutions with spa-
tiotemperal symmetry, including resonances and mode interactions’, Jnr. Diff. Eqn. 191
(2003), 377-407.

J S W Lamb and J A G Roberts. ‘Time reversal symmetry in dynamical systems: a
survey’, Physica D 112 (1998), 1-39.

J SW Lamb and C Wulff. ‘Reversible relative periodic orbits’, Jnr. Diff. Eqn. 178 (2002),
60-100.

S Lojasiewicz. ‘Triangulation of semi-analytic sets’, Ann. Scuola Norm. Pisa. Sci. Fis.
Mat. 5.3, 18 (1964), 449-474.

S Luzzatto. ‘Stochastic-like behaviour in nonuniformly expanding maps’n In: Handbook
of Dynamical Systems Vol 1B (B Hasselblat and A Katok ed.), Elsevier (2006), 265-32.

J N Mather. ‘Characterization of Anosov diffeomorphisms’, Indag. Math. 30 (1968), 479
483.

J N Mather. ‘Stratifications and mappings’, In Peixoto M (ed) Proceedings of the dynam-
ical systems conference, Salvador, Brazil, Academic Press, New York, 1973.

J N Mather. ‘Differentiable invariants’, Topology 16 (1977), 145-155.



398

[121]

[122]
[123]

[124]

BIBLIOGRAPHY

T Matumoto and M Shiota. ‘Unique triangulation of the orbit space of a differentiable
transformation group and its applications’, Homotopy Theory and Related Topics, Adv.
Stud. Pure Math. 9, Kinokuniya, Tokyo, 1986, 41-55.

R M May and W J Leonard. ‘Nonlinear aspects of competition between three species’,
SIAM J. Appl. Math., 29 (1975), 243-253.

B Mazur. ‘Differential topology from the point of view of simple homotopy theory’, Publ.
IHES 15 (1963), 5-93.

I Melbourne. ‘Maximal isotropy subgroups for absolutely irreducible representations of
compact Lie groups’, Nonlinearity 7(5) (1994), 1385-1394.

I Melbourne, M Dellnitz and M Golubitsky. ‘The structure of symmetric attractors’, Arch.
Rat. Mech. Anal. 123 (1993), 75-98.

L Michel. ‘Minima of Higgs-Landau polynomials’, Regards sur la Physique contemporaine,
CNRS, Paris (1980), 157 — 203.

J Milnor. Lectures on the h-cobordism theorem (Princeton University Press, 1965).

D Montgomery and L Zippin. ‘Small subgroups of finite dimensional groups’, Ann. Math
56 (1952), 213-241.

D Montgomery and L Zippin. Topological transformation groups (Interscience tracts in
pure and applied mathematics, 1, 1955).

G D Mostow. ‘Equivariant embeddings in Euclidean space’, Ann. Math 65 (1957), 432—
446.

J Moser. ‘On a theorem of Anosov’, J. Diff. Eqn. 5 (1969), 411-440.

D Mumford. Complex Algebraic Geometry I (Grundleheren der Mathematischen Wis-
senschaften 221, Springer-Verlag, Berlinin-Heidelberg-New York, 1976).

J von Neumann. ‘Die Einfithrung analytischer Parameter in topologischen Gruppen, Ann.
Matth. 34 (1933), 170-190.

M Nicol, I Melbourne and P Ashwin. ‘Euclidean extensions of dynamical systems’ Non-
linearity 14 (2001), 275-300.

K Nomizu and H Ozeki. ‘The existence of complete Riemannian metrics’, Proc. Amer.
Math. Soc. 12 (1961), 889-891.

M de Oliveira. ‘C°-density of structurally stable dynamical systems’, Warwick University
thesis, 1976, revised 1979.

R Palais. ‘Imbedding of compact, differentiable transformation groups in orthogonal rep-
resentations’, J. Math. Mech. 6 (1957), 673-678.

R S Palais. ‘On the existence of slices for actions of non-compact Lie groups’, Ann. of
Math. Ser. (2) 73 (1961), 295-323.

W Parry and M Pollicott. ‘Zeta functions and the periodic orbit structure of hyperbolic
dynamics’, Société Mathématique de France, Astérisque 187-188, Montrouge, 1990.

W Pawlucki. ‘Quasi-regular boundary and Stokes’ formula for a sub-analytic leaf’,
Springer Lecture Notes in Mathematics 1165 (1985), 235-252.

B B Peckam and I G Kevrekidis. ‘Period doubling with higher-order degeneracies’, STAM
J. Math. Anal 22(6) (1991), 1552-1574.

M M Peixoto. ‘On an approximation theorem of Kupka and Smale’, J. Diff. Fqn. 3 (1966),
214-227.

V Poenaru. Singulartiés C*° en présence de symétrie, (Springer Lect. Notes Math. 510,
Springer-Verlag, New York, 1976).

L Pontryagin. Topological Groups (Princeton University Press, 1939.)

C Procesi and G W Schwarz. ‘Inequalities defining orbit spaces’, Invent. Math. 81 (1985),
539-554.

G L dos Reis. ‘Structural stability of equivariant vector fields on two-manifolds’, Trans.
Amer. Math. Soc. 283 (1984), 633-642.



[147]

[151]
[152]

[153]

BIBLIOGRAPHY 399

J J- Risler. ‘Division des fonctions de classe C" par les fonctions analytiques réelles’, C.
R. Acad. Sci. Paris, Ser. A 285, (1977), 237-239.

R C Robinson. ‘Structural stability of vector fields’, Ann. of Math. 99 (1974), 154-175.
R C Robinson. Dynamical Systems: Stability, Symbolic Dynamics, and Chaos, 2nd. edi-
tion, (CRC Press, Inc., 1998).

F Ronga. ‘Stabilité locale des applications équivariantes’, Differential Topology and Ge-
ometry, Dijon 1974, 23-35 (Springer Lect. Notes in Math., 484, Springer-Verlag, Berlin,
1975).

D Ruelle, ‘Bifurcation in the presence of a symmetry group’, Arch. Rational Mech. Anal.
51(2) (1973), 136-152.

D Ruelle and A Wilkinson. ‘Absolutely singular dynamical folitaions’ Comm. Math. Phys.
219 (2001), 481-487.

M Rumberger and J Scheurle. ‘Invariant C? functions and center manifold reduction’,
Progress in Nonlinear Differential Equations and their Applications 19, Birkh&user,
(1996), 145-153.

G W Schwarz. ‘Smooth functions invariant under the action of a compact Lie group’,
Topology 14 (1975), 63-68.

G W Schwarz. ‘Lifting smooth isotopies of orbit spaces’, Publ. I.H.E.S. 51 (1980), 37-135.
G W Schwarz. ‘Algebraic quotients of compact group actions’, J. Algebra 244(2) (2001),
365-378.

W R Scott. Group Theory (Dover Publications, 1987).

J-P Serre. Linear Representations of Finite Groups (Springer-Verlag, New York, 1977).
M Shub. ‘Structurally stable diffeomorphisms are dense’, Bull. Amer. Math. Soc. 78 (5)
(1972), 817-818.

M Shub and D Sullivan. ‘Homology theory and dynamical systems’, Topology 14 (1975),
109-132.

M Shub and A Wilkinson. ‘Pathological Foliations and Removable Zero Exponents’, Inv.
Math. 139 (2000), 495-508.

S Smale. ‘On gradient dynamical systems’, Annals of Math. 74(1) (1961), 199-206.

S Smale. ‘Differentiable dynamical systems’, Bull. Amer. Math. Soc. 73 (1967), 747-817.
S Smale. ‘Stability and isotopy in discrete dynamical systems’, Dynamical Systems (edited
by M M Peixoto), Academic Press, New York (1973), 527-530.

I Stewart. ‘Symmetry breakthrough’, Nature 341 (6241), 5 October, 1989.

J W Swift. ‘Hopf bifurcation with the symmetry of the square’, Nonlinearity 1 (1988),
333-377.

J W Swift and E Barany. ‘Chaos in the Hopf bifurcation with tetrahedral symmetry:
Convection in a Rotating Fluid Layer with Low Prandtl Number’, Fur. J. Mech., B/Fluids
10 (2)-Suppl. (1991), 99-104.

F Takens. ‘Forced oscillations and bifurcations’, Comm. Math. Inst. Univ. Utrecht 3
(1974), 1-59.

C B Thomas. Representations of Finite and Lie groups (Imperial College Press, 2004).
J C Tougeron. Idéaux de fonctions différentaible (Springer-Verlag, New York and Berlin,
1972).

J C Tougeron. ‘Fonctions composées différentiables: cas algégrique’, Ann.Inst. Fourier
(Grenoble) 30 (4) (1980), 51-74.

D J A Trotman. ‘Transverse transversals and homeomorphic transversals’, Topology 24
(1985), 25-39.

A Vanderbauwhede. Local bifurcation and symmetry, Habilitation Thesis, Rijksuniver-
siteit Gent, 1980.



400

[174]

[175]

BIBLIOGRAPHY

A Vanderbauwhede. ‘Equivariant period doubling’, in Advanced Topics in the Theory of
Dynamical Systems, G Fusco, M Ianelli, L Salvadori (eds), Notes Rep. Math. Sci. Engrg.
6 (1989), 235-246.

D Vogt. ‘Subspaces and quotient spaces of (s)’, Functional Analysis: Surveys and re-
cent results (Proc. Conf. Paderborn, 1976), North-Holland Math. Studies 27, 167-187,
Amsterdam: North-Holland 1977.

A G Wasserman. ‘Equivariant differential topology’, Topology 8 (1969), 127-150.

H Whitney. ‘Local properties of analytic varieties’, in Differential and Combinatorial
Topology (ed S S Cairns), Princeton University Press (1965), 205-244.

R F Williams. ‘One-dimensional non-wandering sets’, Topology 6 (1967), 473-487.

R F Williams. ‘Classification of subshifts of finite type’, Ann. of Math. 98 (1973), 120-153.
R F Williams. ‘Expanding Attractors’, Publ. THES 43 (1974), 169-203.

J A Wolf. Spaces of constant curvature, (McGraw-Hill, New York, 1967).

P A Worfolk. ‘An equivariant, inclination-flip, heteroclinic bifurcation’, Nonlinearity 9
(3) (1966), 631-648.

C Wulff, J S W Lamb and I Melbourne. ‘Bifurcation from relative periodic solutions’,
Erg. Thy. €& Dynam. Sys. 21 (2001), 605-635.



Index of Notational Conventions

7 integers, N set of nonnegative integers, Nt = {n € Z | n > 0}
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n the set {1,...,n}
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|G| order of a finite group

Gy identity component of topogical group G

(H) congugacy class of subgroup H

(X,G) G-space X

X* fixed point space of H, H C G

(V,G) G-representation V

X, points in X with isotropy type 7

(z) isotropy type of x

O(X, G) the set of isotropy types of (X, G)

O*(X, Q) the set of proper isotropy types of (X, G) (page 79)
Z(@G) center of G

Ng(H) (or N(H)) normalizer of H in G

Cq(H) centralizer of H in G

H < G H is a normal subgroup of G

H % J semidirect product of H and J (H < H x J)
Aut(G) automorphism group of G

Ly left translation

Ry, right translation

g Lie algebra of G

Lx Lie derivative

[X, Y] Lie bracket of vector fields X and ¥

Zy, cyclic group of order n > 1

D,, dihedral group of of order 2n

B(X) group of bijections of X

Iso(X) isometry group of X

Sy symmetric group of degree n

A, alternating group of degree n

GL(V,F) general linear group (field F)

GL(V) general linear group (field R or C)

GL(n,R) general linear group GL(R")

GL(n,C) general linear group GL(C")

M (d, d) space of d x d matrices

M (p, q;F) space of p x ¢ matrices over F

S* group of complex numbers of unit modulus (=~ SO(2))
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T™ n-dimensional torus

G’ determinant one subgroup of G C GL(n,R) SO(n) special orthogonal group of degree n
O(n) orthogonal group of degree n

SU(n) special unitary group of degree n

U(n) unitary group of degree n

E(n) Euclidean group of R"

SE(n) special Euclidean group of R™

SL(V') special linear group

SL(n,R) special linear group of degree n
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PGL(n, C) projective linear group

PGL(n,R) real projective linear group
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P4(V, V) homogeneous polynomial maps of degree d
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I'(k + 1) section 4.11.1

D(p,q,r) section 4.11.1
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Mg G-transversality symbol

exp exponential map of Lie group or Riemannain manifold
T TM — M tangent bundle of M

M principal isotropy type

Tay : T*M — M cotangent bundle of M

O(M, G) isotropy types for G-manifold M

< partial order on O(M, G)

< relation on O(M, G)

ad : g — L(g, g) adjoint Lie algebra representation (page 15)
Ad: g — L(g,g) adjoint representation of G (page 70)

dy distance to boundary of set (page 127)

P complex phase vector field (page 153)

P(V) complex projective space (page 153)

P™(C) n-dimensional complex projective space (page 153)
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Ld(RP RY) symmetric d-linear maps (page 171)
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A, Whitney stratification of R, (page 215)

Ruw(d),dy, (page 216)

Kea(,V,oV) weakly stable reversible families (page 218)

P generators for R-algebra of invariants (page 220)

P, (RY R¥) affine linear maps from R’ to R* (page 220)

P, (R, R*) polynomial maps from R? to R* (page 221)
H(V) space of hyperbolic linear maps (page 222)
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AP7 induced stratification of X = U;1(Z,)¢ (page 229)
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C> (M, N) space of smooth maps (page 170)
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C&(T'M) space of smooth G-equivariant vector fields on M (page 243)
Diff¢ (M) space of smooth G-equivariant diffeomorphisms of M (page 196,243)
W#(X) stable manifold of relative periodic orbit ¥ (page 248)

Z(G) cyclic subgroups of G/Gy (page 250)

rk(G, X) dimension of Cartan subgroup of type X (page 250)

con(@, X)) number of connected components of Cartan subgroup of type X (page 250)
A set of eigenvalues of A (page 257)

spec(A) reduced spectrum of linear map A (page 257)

spec(f, ) (reduced) spectrum at relative fixed set (page 257)

vspec(A) v-reduced spectrum of linear map A (page 265)

vspec(X, «) reduced v-spectrum of X (page 266)

Prin(K, S') isomorphism classes of principal K-bundles over S* (page 268)
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G1 (M) diffeomorphisms of M all relative periodic orbits generic (page 261)
Gy (M) diffeomorphisms of M all relative periodic orbits x-generic (page 261)
G2 (M) generic diffeomorphisms of M (page 264)

G1(T M) vector fields on M all relative periodic orbits generic (page 275)
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G2(T'M) generic vector fields on M (page 276)

M(M,G) Set of G-Morse functions (page 280)

MEg(M,G) Set of excellent G-Morse functions (page 280)

Y, full shift on n-symbols (page 285)

o shift map (page 285)

S(X, f) inverse limit space of f: X — X (page 299)

Per,(f) set of points of period p for f (page 300)

Per(f) set of all periodic points of f (page 300)

Y,q local model for branched 1-manifolds (page 305)

B(X) set of branch points of branched 1-manifold ¥ (page 306)

I'(H) complete H-graph (page 308)

I'*(H) augmented graph on H (page 318)

I(X) set of relative equilibria of family X (page 332)

B(X) branching pattern (page 334)

S*(V, Q) stable families (page 336)

Sk (V, G) weakly stable families (page 336)

>* universal variety (for relative equilibria) (page 337)

¥ universal polynomial (for relative equilibria) (page 337)

S* canonical stratification of £* (page 339)

A* stratification induced on Xty = R* (page 340)

A? union of i-dimensional strata of A* (page 340)

K&(V) weakly stable families ifor relative equilibria (page 342)

K&(,V, 6 V) weakly stable reversible families (page 347)

TV bundle of tangent vectors to G-orbits (page 348)

Kg* (V) stable families for relative equilibria (page 352)

M(V, @) space of nromalized families of maps (page 354)

F(f) set of relative fixed points of f (page 354)

B(f) branching pattern for relative fixed sets (page 355) B*(f) signed indexed branching pat-
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S(V, G) stable families of maps (page 355)

V universal polynomial for maps (page 356)
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W,, representations satisfying conditions (IR,C) (page 359)

MG H|(V) H-equivariant normalized families which are G-equivariant to order d (page 364)
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G-invariant Riemannian metric, 57
G-invariant set, 20
G-manifold, 47
G-orbit, 21
G-orbit of fixed points, 246
G-set, 19
G-space, 20
G-structurally stable, 326
G-subshift of finite type, 286, 288
G-transversality
density theorem, 205
higher order version, 236
openness, 203, 205
G-transversality of invariant manifolds, 264
G-transverse, 193, 203
families, 228
on manifold, 204
G-vector bundle, 53
H-graph, 308
r-jet extension map, 174

signed indexed branching pattern, 358
absolutely irreducible, 37

action by conjugation, 70
adjoint Lie algebra representation, 15

407

adjoint representation, 336
adjoint representation of G, 70

admissible family of symmetry breaking isotropy

types, 81

admissible section, 72
affine isomorphism group, 4
analytic group action, 49
analytic structure on G-manifold, 49
Anosov diffeomorphism, 48, 326
aperiodic matrix, 286
attaching a handlebundle, 282
attracting heteroclinic cycle, 129
attracting homoclinic cycle, 124
attractor of diffeomorphism, 302
augmented graph, 323
augmented graph on H, 318
automorphism, 3

inner, 3
averaging over G, 32
axis of symmetry, 207

backward branch, 77

balanced graph, 309

basic cubic equivariant, 87, 110

basic quadratic equivariant, 106

Bierstone jet transversality theorem, 222
224

bifurcation from relative equilibria, 353

bifurcation point, 76, 214, 220

reversible family, 219, 347

blowing-up, 99

Bochner’s linearization theorem, 58

boundary attracting (repelling) saddle, 129

branch of equilibrium orbits, 239

branch of hyperbolic zeros, 78

branch of limit cycles, 353

branch of normally hyperbolic manifolds,
366
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branch of normally hyperbolic relative equi-
libria, 333
branch of relative equilibria, 333
branch of relative fixed points, 358
branch of simple zeros, 77
branch point, 305
branched 1-manifold, 303, 305
branching conditions, 79, 240, 335
branching pattern, 77, 240, 334, 358
compact Lie group, 239
computation, 120
bundle of r-jets, 221
bundle of tangent vectors to G-orbits, 348

Cambell-Baker-Hausdorff, 16
canonical flow, 270

canonical stratification, 191, 339
Cartan subgroup, 252

Cayley theorem, 2

central element, 386

centralizer, 3

centre manifold theorem, 215
centre of a group, 3

character, 33

closed map, 48

cocycle, 277

complete H-graph, 309

complete Riemannian G-manifold, 57
complete Riemannian manifold, 54
completely connected graph, 304
completely connected oriented graph, 304
complex phase vector field, 155
complex structure, 330
complexification of representation, 329
condition (W), 313

conjugate representation, 37
connected graph, 304
constructible set, 112

continuous group action, 20
contracting polynomial, 115

core bundle, 281

core disk, 282

cotangent bundle, 47

counting branches, 104

critical degree, 83

critical point set, 279

critical value set, 279

degree (of a representation), 30
degree of vertex, 304

density of maps tranverse to stratification,
69

density, openness and isotopy theorems for
G-transversality, 205

derivation, 11

determinacy, 83, 336

determinacy theorem, 231, 242, 353

determinant homomorphism, 4

differentiability

strong determinacy, 369

differentiable slice theorem, 40, 59

dihedral group, 3

direct product, 5

direction of branching, 77, 334, 358

discrete rotating wave, 271

dos Reis, 121

doubly transitive, 90

drift conjugate, 160

drift dynamics, 373

dual representation, 37

edge cycle, 128, 130
effective action, 22
elementary irreducible representations, 384
elementary symmetric functions, 86
embedding a graph, 311
equilibrium G-orbit, 238
index, 238
equilibrium group orbit, 238, 246
generic, 238
equivalence class of branch, 77, 239, 333
equivalence of branches, 77, 239, 333, 358,
367
equivariant branching lemma, 207, 340, 360
complex version, 342
equivariant flow, 46
equivariant general position
rth-approximation, 237
jets, 224
equivariant Hopf bifurcation, 169
equivariant isotopy theorem, 60
equivariant jet transversality
intrinsic formulation, 229
equivariant map, 19
equivariant normal form, 370
equivariant Omega stability, 293
equivariant structural stability, 326
equivariant transversality
higher order version, 236
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equivariant tubular neighbourhood theorem,
58

equivariant vector field, 46

Euclidean group, 3, 6, 48

Eulerian circuit, 304

FEulerian graph, 304

Eulerian path, 304

excellent G-Morse function, 280

exceptional variety, 163

exit time, 129

expanding map, 313, 325

exponential map, 70

exponential map of Riemannian metric, 55

Faa di Bruno’s formula, 223
face cycle, 130
faithful action, 22
fibre, 52
Fiedler’s theorem, 343
filtration by dimension, 191
filtration by isotropy type, 64
finite determinacy, 83, 336
finite graph, 304
finite reflection group, 84
finite reflection groups, 336
fixed point set of group action, 61
fixed point space of group action, 27
flow, 20, 46, 245
foliation, 254
forward branch, 77
free action, 22

proper, 49
Frobenius reciprocity, 27
Frobenius’s theorem, 37
frontier condition, 66
full shift, 285
fundamental domain, 122
fundamental subgraph, 309

general linear group, 2

generators of group, 5

generic relative equilibrium, 248, 265

generic relative fixed set, 248

generic relative periodic orbit, 248

generically symmetry breaking, 241, 340,
342

generically symmetry breaking isotropy type,
81, 217, 357

genericity theorems

diffeomorphisms, 261
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geodesic flow, 327
gradient vector field, 279
graph transform, 117
group, 1
Abelian, 1
bijections of a set X, 2, 19
direct product, 5
generators and relations, 5
homomorphism, 3
isomorphism, 3
order, 2
semidirect product, 5
semisimple, simple, 10
subgroup, 2
topological generators, 9
wreath product, 6
group action on a graph, 308
group orbit, 21
group representation, 30

Haar measure, 18, 32
handlebundle, 281
handlebundle decomposition, 282
Hartman’s theorem, 249
heteroclinic cycle, 122, 169
heteroclinic network, 144, 169
hidden Hopf bifurcation, 137
Hilbert fifth problem, 9
homoclinic cycle, 122
homogeneous coordinates, 162
homogeneous generators, 182
homogeneous space, 22, 51
Hopf bifurcation, 169
algebraic version, 162
hidden, 137
Hopf fibration, 23, 155
Hopf-Rinow theorem, 55
hyperbolic attractor, 302
hyperbolic attractor for flow, 322
hyperbolic fixed point, 357
hyperbolic linear map, 224
hyperbolic type, 97
hyperbolic zero, 75
hyperoctahedral group, 6, 84
bifurcation, 87
equivariants, 86

index of a critical orbit, 280
index of branch, 78, 334
index of zero, 75
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induced G-space, 26
inhomogeneous generators, 182
initial vertex, 304
inner complex type, 385
inner product, 2
instant chaos, 137
intertwining map, 31
invariant
smooth invariants, 44
invariant G-orbit, 245
invariant set, 20
invariant sphere theorem, 115
invariants
hyperoctahedral group, 86
inverse limit, 8, 298
inverse limit space, 299
involution, 6
irreducible, 286
irreducible matrix, 148
irreducible of complex normal type, 332
irreducible of complex type, 37, 329
irreducible of quaternionic type, 37, 329
irreducible of real type, 329
irreducible representation, 33
isometry, 2
isometry group, 20
Riemannian manifold, 20
isomorphic representation, 31
isomorphism of branching pattern, 79, 335
isotopy lemmas for relative fixed sets, 255
isotopy theorem, 69
G-transversality, 205
isotropy
principal, 42
isotropy group, 22
conjugate property, 22
isotropy subgroup
representation, 47
isotropy type, 23, 27
admissible family, 81
generically symmetry breaking, 81
proper, 80
symmetry breaking, 81
isotypic decomposition, 35

Jacobi identity, 11

jet extension map, 221
jet notation, 83

jet space, 173

INDEX

Krupa, 266

Kupka-Smale theorem
diffeomorphisms, 264
flows, 276

left translation, 12, 70
Lie algebra, 11
Lie algebra of a group, 12
Lie bracket, 11
Lie derivative, 11
Lie group, 9
analytic structure, 9, 49
closed subgroup, 17
Lie algebra, 12
Not a linear group, 10
universal cover, 10
limit cycle branches, 343
local section, 50
local stable or unstable manifold, 249
locally Euclidean topological group, 9
Lotka-Volterra equations, 122
Lyapunov function, 124

Mackey criterion, 88
maximal compact Abelian subgroup, 251
Maximal Isotropy Subgroup Conjecture, 82,
114
maximal isotropy type, 63, 207, 340
existence, 64
maximal torus, 14, 251
minimal stratification, 191
MISC, 82, 114
converse, 142, 149
counterexamples, 142
monogenic group, 251
monotypic action, 51
Montgomery, 47
Montgomery and Zippin, 9
Morse function, 280
Mostow-Palais theorem, 57

negative curved transverse to G-action, 327
neighbourhoods of a branched 1-manifold,
306
non-degenerate critical orbit, 280
non-split extension, 93
non-trivial solution branch, 77
normal form, 168, 169, 363, 369
vector fields, 152
normal form symmetry, 332



normal form theorem
Lamb, 374, 380

normal hyperbolicity, 119

normal isotropy type, 65

normal subgroup, 3

normalized family, 76
Hopf bifurcation, 152, 331
maps, 357

normalizer, 3

normally hyperbolic, 238
diffeomorphism, 247
flow, 248

Omega set, 293

Omega stability theorem, 294
openness of G-transversality, 205
orbit map, 21

orbit space, 21

orbit space of representation, 186
orbit stratification, 27

orbit stratum, 27

orbit type, 27

orthogonal group, 2

orthogonal representation, 30
outer complex type, 385

partial order on isotropy type, 27
partially hyperbolic attractor, 325
path — in graph, 304
perfect space, 300
period of zero-one matrix, 286
perturbation lemma,
relative fixed set, 261
Peter-Weyl theorem, 10
phase blowing-up, 157
phase vector field, 94, 116
complex version, 155
Poincare map, 296, 373
Poincare map or system, 271
Poincare system, 272, 373
polar blowing-up, 99
polynomial equivariant, 44, 82, 180
polynomial invariant, 44, 82
generating set, 180
Pontryagin dual, 301
principal bundle, 51
principal isotropy group, 42
principal isotropy type, 42, 63
principal orbit stratum, 63
projective groups, 4

411

proper G-manifold, 49

proper action, 49

proper free action, 49

proper isotropy type, 80

proper map, 48

pseudo-Anosov diffeomorphism, 326

quotient topology, 8

radial map, 83, 154
radial vector field, 100
random switching on a heteroclinic network,
146
reduced spectrum, 257
along relative fixed set, 257
multiplicity, 257
reduced v-spectrum of vector field, 266
reducible representation, 33
reflection, 41
regular family, 335
regular point, 220, 306
reversible family, 347
regular representation, 30
regular value set, 279
relative equilibrium, 246, 279, 356
dynamics, 264
genericity, 268
stability, 265
relative fixed point, 357
relative fixed set, 246
dynamics, 254
relative periodic orbit, 246, 279, 354, 356,
373
classification, 269
dynamics, 254
flow, 246
relative prime period, 246
flow, 246
relatively hyperbolic type, 97
relatively simple type, 97
representable shift dynamics, 292
representation, 30
representative generator, 253
reversible equivariant vector field, 209, 345,
356
reversible systems, 193, 344
Riemannian G-manifold, 279
Riemannian manifold, 54
Riemannian metric, 54
right translation, 12, 70
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roof function, 297
rotating wave, 159, 271
Ruelle, 114

saddle connection, 121
Schur’s lemma, 34
Schwarz’s theorem, 185
section (of flow), 296
semialgebraic set, 190
semialgebraic stratification, 191
semidirect product, 5
semiflow, 297
semisimple, 10
shift, 285
shift map, 299
Shilnikov network, 145
sign function (sgn) along branch, 77, 334
signed branching pattern, 79
signed indexed branching pattern, 79, 335
signed permutation matrices, 6
simple, 10
simple type, 97
simple zero, 75
skew equivariant, 255, 326
skew equivariant map, 288
skew extension, 277
skew product, 117, 254, 268, 278
slice
proper actions, 60
slice theorem, 40
twisted product, 41
Smale’s theorem (on horseshoes), 146
smooth G-manifold, 47
smooth equivariants, 44
generators, 180
smooth Eulerian paths, 312
smooth graph, 303, 308
smooth invariant, 180
smooth structure on orbit space, 186
solenoid, 8, 315
solution branch, 76
equivalence, 77
solution curve, 76
space of r-jets, 173
spatiotemporal symmetry, 159
special linear group, 4
special orthogonal group, 2
special orthogonal group of degree 2, 4
special unitary group, 2
spherical polar coordinates, 99

spherical simplex, 122
spherical vector field, 100
split (extension), 5
splitting theorem, 185
stable branching pattern, 79, 335
stable family, 79, 120, 335
stability theorem, 231, 242, 352
stable indexed branching pattern, 79
stable manifold theorem, 249
stratification by isotropy type, 27
stratification by normal isotropy type, 65,
69, 191
stratification of set, 66
stratified sets
isotopy theorem, 69
stratum, 66
stratumwise transversality, 69, 176, 197, 203,
205
strong d-determinacy, 368
strong d-stability, 367
strong determinacy, 181, 215, 367
strong stability theorem, 368
strongly H-determined, 368
structural stability, 119
structurally stable, 115
subcritical branch, 77, 240, 334
subgraph, 304
subgroup, 2
normal, 3
subgroups of the hyperoctahedral group, 88
subshift of finite type, 147, 285, 286
supercritical branch, 77, 240, 334
suspension, 48, 295
relative fixed point, 296
suspension flows
Mobius band, 296
suspension of graph, 322
symmetric group, 2
symmetric hyperbolic attractor, 316, 322
symmetry breaking isotropy type, 81, 217,
241, 342, 357
symmetry group of set, 302

tangent and normal decomposition, 267

tangent and normal form, 353

tangent bundle, 47

tangent bundle of embedded branched 1-
manifold, 306

Tarski-Seidenberg theorem, 190

terminal vertex, 304



Thom jet transversality theorem, 222
time reversible

example, 197
time reversing symmetries, 344
topological conjugacy, 115
topological equivalence, 115
topological generators, 9
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compact semisimple Lie group, 11
topological group, 7

identity component, 7
topological Markov chain, 285
topologically conjugate, 115, 160
topologically cyclic group, 251
topologically equivalent flows, 115
topologically mixing, 286, 300, 315
topologically transitive, 300
torus, 4
transient (set), 129
transitive, 22, 300, 302, 315
transitive matrix, 286
transversality, 175

basic properties, 175
transversally hyperbolic, 238, 293
transverse, 175
transverse bundle, 281
transverse disk, 282
triadic solenoid, 301
triangulation of orbit space, 284
trivial branch, 76, 239, 333
trivial branch of fixed points, 357
trivial representation, 30
trivialization, 52
tubular neighbourhood, 56
tubular neighbourhood theorem, 55
twisted product, 25, 41, 52, 53, 279

graph, 310
type-X subgroup, 252

unitary group, 2
unitary representation, 31
universal polynomial, 186
relative equilibria, 337
universal variety, 186
dimension estimates, 192
partition by isotropy type, 192
relative equilibria, 337
reversible systems, 346

v-reduced spectrum, 265
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vector bundle, 53
twisted product, 53
vertex loop, 323

weak determinacy, 84, 218, 241
reversible systems, 220, 348
weak determinacy theorem
relative equilibria, 343
weak stability, 79, 241, 335
genericity, 216
reversible systems, 220
reversible vector fields, 219
weak stability theorem, 342
weak stability theorem for maps, 362
weakly regular family, 335
Whitney condition (a), 67
Whitney condition (b), 67
Whitney cross ratio, 178
Whitney regular stratification, 67
Whitney regularity conditions, 66
Whitney stratification of orbit space, 186
Whitney topology, 172
Worfolk, 137
wreath product, 6

zero-one matrix, 286



