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Abstract

The aim of this thesis is to study Hopf bifurcation in symmetric systems
of ordinary differential equations and in coupled cell systems symmetric
and with interior symmetry. We continue the works of Golubitsky and
Stewart (Hopf bifurcation with dihedral group symmetry: Coupled nonlin-
ear oscillators. In: Multiparameter Bifurcation Series (M. Golubitsky and
J. Guckenheimer, eds.) Contemporary Mathematics 46, Am. Math. Soc.,
Providence, R.I1.1986, 131-173) and Gils and Valkering (Hopf bifurcation
and symmetry: standing and travelling waves in a circular chain, Japan J.
Appl. Math. 3 (1986) 207-222). We provide the complete study of generic
existence of branches of periodic solutions that bifurcate from the trivial
solution of ordinary differential equations with D,,-symmetry, depending on
one real parameter, that present Hopf bifurcation. In coupled cell systems
with interior symmetry we extend the work of Golubitsky, Pivato and Stewart
(Interior symmetry and local bifurcation in coupled cell networks, Dynamical
Systems 19 (4) (2004) 389-407) obtaining a full analogue of Equivariant
Hopf Theorem for networks with symmetries in the context of networks with
interior symmetries. This completes the program of generalising the two
main results from equivariant bifurcation theory to the class of networks
with interior symmetries. We expand the work of Dias and Lamb (Local
bifurcation in symmetric coupled cell networks: linear theory, Physica D 223
(2006) 93-108). We consider coupled cell networks of differential equations
with finite symmetry group, where the group is abelian and permutes cells
transitively, and describe how the structure of the coupled cell network can be
taken into account in the study of types of codimension one local bifurcations
when the phase space of the cells is one-dimensional.
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Chapter 1

Introduction

The aim of this thesis is to study Hopf bifurcation in symmetric systems of
ordinary differential equations and in coupled cell systems with symmetry
and interior symmetry.

Consider a system of ordinary differential equations (ODESs)

= f(x,\), f(0,\) =0, (1.1)

where z € V=R", A€ Rand f: V xR — V is C*. We say that (1.1)
presents Hopf bifurcation at A = 0 if (df )(070) has a pair of purely imaginary
eigenvalues. Here (df )(z, ») Tepresents the Jacobian matrix of f relatively to z,
evaluated at (x,\). Under additional nondegeneracy hypotheses, the system
(1.1) presents a branch of periodic solutions — Hopf Theorem (Golubitsky
and Schaeffer [16] Theorem VIII 3.1. See Theorem 2.2.1). The fundamental
nondegeneracy hypotheses of Hopf Theorem are that the pair of imaginary
eigenvalues of (df)(o,o) is simple and the eigenvalues of (df)(o,x) cross the
imaginary axis with non null speed. These hypotheses allow the use of a Lia-
punov-Schmidt reduction (Golubitsky et al. [16] Chapter VII) on an operator
¢ constructed using f and obtain a single scalar reduced equation whose zeros
near the origin are in one-to-one correspondence with the periodic solutions
of (1.1) with period near 27. Chapter 2 of this work is dedicated to this
subject. We follow Golubitsky et al. [16] Chapter VIIIL.

Suppose now that in (1.1), f commutes with a compact Lie group I' (or
it is ['-equivariant), say

I'CO(n)={A€ My, (R): AA=1dpxn} .

Thus
fyx, ) =~f(x,\),¥VyeTl,zeV,AeR. (1.2)

We are interested in branches of periodic solutions of (1.1) where f commutes
with the group I' occurring by Hopf bifurcation from the trivial solution
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(x,\) = (0,0). However, the symmetry of f imposes restrictions on the
bifurcations that can occur and the main aim of the theory is to understand
the effect that these restrictions have. Suppose then that (df) 0,0) has a pair
of imaginary eigenvalues Fwi. By rescaling time and choosing appropriate
coordinates we may assume that w = 1. It follows that the corresponding
imaginary eigenspace E; contains a I'-simple subspace W of V' (Golubitsky,
Stewart and Schaeffer [21] Lemma XVI 1.2). Thus W = W; & W; where
Wy is absolutely irreducible for I' or W is irreducible but non-absolutely
irreducible for I'. Here W is irreducible if it is I'-invariant and only admits
trivial invariant subspaces; W is absolutely irreducible if it is irreducible and
the only linear maps from W to W commuting with ' are the real multiples
of the identity on W. Moreover, generically the imaginary eigenspace of
(df)(o,o) is itself I'-simple and coincides with the corresponding real gene-
ralized eigenspace; in this case L = (df)(o,o) has only one pair of complex
conjugate eigenvalues on the imaginary axis that can be forced by the action
of the group to be multiple (Golubitsky et al. [21] Proposition XVI 1.4. See
Proposition 3.2.4.). Consequently, the Standard Hopf Theorem cannot be
applied directly. The main result in the study of bifurcations to periodic
solutions in systems commuting with a compact Lie group I' is then the
Equivariant Hopf Theorem (Golubitsky et al. [21] Theorem XVI 4.1. See
Theorem 3.2.6.) which guarantees, with certain nondegeneracy conditions,
that for each isotropy subgroup X of I'x S with a two dimensional fixed-point
subspace (called C-azial) there exists a branch of periodic solutions with
that symmetry. We recall that if = (¢) is a X-symmetric periodic solution
then vz (t) = z(t + 0) for all elements (v, ) of the group of symmetries X.
We call (v, 0) a spatio-temporal symmetry of the solution x (t). This theorem
reduces part of the existence problem for Hopf bifurcations to an algebraic
problem: the classification of C-axial subgroups.

The basic idea in the Equivariant Hopf Theorem is that small amplitude
periodic solutions of (1.1) of period near 27 correspond to zeros of a reduced
equation ¢(x,A\,7) = 0 where 7 is the period-perturbing parameter. The
reduced equation is obtained by a Liapunov-Schmidt reduction preserving
symmetries that will induce a different action of S! on a finite-dimensional
space, which can be identified with the exponential of L|g, acting on the
imaginary eigenspace F; of L. Moreover the reduced equation of f commutes
with T' x S'. See Golubitsky et al. [21] Lemma XXVI 3.2. To find periodic
solutions of (1.1) with symmetries ¥ is equivalent to find zeros of the reduced
equation restricted to Fix(X). See Golubitsky et al. [21] Chapter XVI Se-
ction 4.

However, the periodic solutions whose existence is guaranteed by Equi-
variant Hopf Theorem are not necessarily the only ones. When looking for
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branches of periodic solutions obtained by Hopf bifurcation in symmetric
systems that are not guaranteed by the Equivariant Hopf Theorem, a useful
tool is to assume the vector field in Birkhoff normal form. The idea is that by
an adequate coordinate change, up to an order k, the vector field f commutes
not only with I' but also with a group S determined by (df )(070). On Hopf
bifurcation S is the circular group S*. This introduces an extra symmetry
that can be explored on the study of the generic existence and stability of
branches of periodic solutions of (1.1). In chapter 3 we outline the concepts

and results involved in the study of (1.1) in presence of symmetry. We follow
Golubitsky et al. [21] Chapter XVI.

The first question we address in this thesis is the generic existence of
branches of periodic solutions in symmetric systems of ODEs occurring by
Hopf bifurcation from the trivial solution (z,A) = (0,0) that are not gua-
ranteed by the Equivariant Hopf Theorem. We raise the question: which
methods and techniques to use? In chapter 4 we address this subject by
considering systems with symmetry D,,, n > 3, the dihedral group of order
2n. Specifically, we consider the standard action of D,, on V' = C & C (see
section 4.1). That is, V' is the sum of two (isomorphic) absolutely irreducible
representations where D,, acts on C = R? in the standard way as symmetries
of the regular n-gon. Although D, has many distinct two-dimensional irre-
ducible representations there is no loss of generality in making this assump-
tion. Essentially it is possible to arrange for a standard action by relabeling
the group elements and dividing by the kernel of the action. Golubitsky and
Stewart [18] and van Gils and Valkering [35] (see also Golubitsky et al. [21]
Chapter XVIII) prove the generic existence of three branches of periodic
solutions, up to conjugacy, of (1.1) bifurcating from the trivial solution.
These solutions are found by using the Equivariant Hopf Theorem. They
thus correspond to three (conjugacy classes of) mazimal isotropy subgroups
of D, xS! (acting on V'), each having a two-dimensional fixed-point subspace.
We prove in Theorem 4.3.2 that if f in (1.1) satisfies the conditions of the
Equivariant Hopf Theorem and f is in Birkhoff normal form then, when
n # 4 and n > 3, the only branches of small-amplitude periodic solutions
of period near 27 of (1.1) that bifurcate from the trivial equilibrium are the
branches of solutions guaranteed by the Equivariant Hopf Theorem. The
case when n = 4 differs markedly from those other n. Swift [34] studies the
dynamics of all possible square-symmetric codimension one Hopf bifurcations
(with one parameter). In particular, it is shown that periodic solutions
with submazimal symmetry bifurcate from the origin for open regions of
the parameter space of the cubic coefficients in the Birkhoff normal form.
Essentially we use two techniques: assume that f is in Birkhoff normal form
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to all orders and so f commutes also with S' and use the Morse Lemma
(see for example Poston and Stewart [29] Theorem 4.2). Observe that these
techniques could be used in the study of Hopf bifurcation in systems of ODEs
with other symmetry groups.

Standard examples of dynamical systems include networks of coupled
cells, that is, coupled ODEs. Here, a network is represented by a directed
graph whose nodes and edges are classified according to associated labels
or types. The nodes (or cells) of a network G represent dynamical systems,
and the edges (arrows) represent couplings. Cells with the same label have
‘identical’ internal dynamics; arrows with the same label correspond to ‘iden-
tical” couplings. We follow the theory developed by Stewart, Golubitsky and
Pivato [33] and Golubitsky, Stewart and Torok [22]. The input set of a cell
is the set of edges directed to that cell. Coupled cell systems are dynamical
systems compatible with the architecture or topology of a directed graph
representing the network. Formally, they are defined in the following way.
Each cell ¢ is equipped with a phase space P., and the total phase space of
the network is the cartesian product P = [[, P.. A vector field f is called
admissible (or G-admissible) if its component f. for cell ¢ depends only on
variables associated with the input set of ¢, and if its components for cells ¢, d
that have isomorphic input sets are identical up to a suitable permutation of
the relevant variables.

In the study of network dynamics there is an important class of networks,
namely, networks that possess a group of symmetries. In this context there
is a group of permutations of the cells (and arrows) that preserves the
network structure (including cell-types and arrow-types) and its action on
P is by permutation of cell coordinates. In between the class of general
networks and the class of symmetric networks lies an interesting class of
non-symmetric networks, where group theoretic methods still apply, namely,
networks admitting interior symmetries. In this case there is a group of
permutations of a subset S of the cells (and edges directed to S) that partially
preserves the network structure (including cell-types and edges-types) and its
action on P is by permutation of cell coordinates. In other words, the cells
in S together with all the edges directed to them form a subnetwork which
possesses a nontrivial group of symmetry Xs. For example, network G; of
Figure 1.1 (left) has exact Sz-symmetry, whereas network Gy of Figure 1.1
(right) has Ss-interior symmetry on the set of cells S = {1,2,3}. This notion
was introduced and investigated by Golubitsky, Pivato and Stewart [15]. The
presence of interior symmetries places some restrictions on the structure of
the network. In this thesis we restrict the study to Hopf bifurcation in coupled
cell systems associated with symmetric and interior-symmetric networks. We
give the background of this subject in chapter 5.
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Figure 1.1: (Left) Network G; with exact Ss-symmetry. (Right) Network Go
with Sz-interior symmetry on & = {1, 2, 3}.

Coupled cell systems (ODEs) associated with T-symmetric networks are
of the form (1.1) where V' = P and the G-admissible vector field f is equivari-
ant under the action of the group I' on phase space P. The theory of equivari-
ant dynamical systems (see Golubitsky et al. [19, 21]) can be applied to such
dynamical systems. The Equivariant Hopf Theorem guarantees, with certain
nondegeneracy conditions, that for each C-axial subgroup X of I' x St there
exists a branch of periodic solutions of (1.1) with that symmetry. Consider,
for example, the network G; (Figure 1.1 (left)) that has exact Sz-symmetry
(where S3 = D3). Applying the Equivariant Hopf Theorem to the coupled
cell systems encoded by this network we obtain, under certain nondegeneracy
conditions, branches of periodic solutions having a group of symmetries
associated to one of the three conjugacy classes of C-axial subgroups of
Ss x St Zy = (((12),1)), Zo = (((12),7)) and Zz = {(((123),27/3)).
Periodic solutions with Zs-symmetry have cells 1, 2 oscillating synchronously,
solutions with Zy-symmetry have cells 1,2 oscillating a half-period out of
phase while cell 3 oscillates at twice the frequency, Zs-symmetric periodic
solutions have cells 1,2, 3 oscillating with the same wave form but with a
one-third period phase shift between cells.

Golubitsky et al. [15] provided an analogue of the Equivariant Hopf
Theorem for coupled cell systems with interior symmetries. They prove the
existence of states whose linearizations on certain subsets of cells, near bi-
furcation, are superpositions of synchronous states with states having spatial
symmetries. However, their result has novel and rather restrictive features.
For example, in the coupled cell systems associated to the network G, (Fi-
gure 1.1 (right)) it only predicts the periodic states associated to the spatially
C-axial subgroup Z, = (((12),1)).

The second main question addressed in this thesis is Hopf bifurcation in
coupled cell systems associated to networks with interior symmetries. In
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chapter 6 we obtain the full analogue of the Equivariant Hopf Theorem
for networks with symmetries (Theorem 6.1.3). We extend the result of
Golubitsky et al. [15] obtaining states whose linearizations on certain sub-
sets of cells, near bifurcation, are superpositions of synchronous states with
states having spatio-temporal symmetries, that is, corresponding to interiorly
C-axial subgroups of s x S!. This new version of the Hopf Theorem with
interior symmetries includes the previous version as a special case and is in
complete analogy with the Equivariant Hopf Theorem (see Theorem 6.1.3).
We do the proof through two approaches. The first uses a modification of the
Liapunov-Schmidt reduction to arrive at a situation where the proof of the
Standard Hopf Bifurcation Theorem can be applied (recall Theorem 2.2.1).
The second uses the center manifold reduction to reach a phase in where
the Standard Hopf Theorem gives the result. This completes the program
of generalising the main result from equivariant Hopf bifurcation theory to
the class of networks with interior symmetries. As an example, consider the
coupled cell systems associated to the network G, (Figure 1.1 (right)) that
has Ss-interior symmetry on § = {1,2,3}. Our result predicts, under certain
nondegeneracy conditions, that there are three branches of synchronously
modulated A-symmetric waves associated to the three conjugacy classes of
interiorly C-axial subgroups of S3 x S! (see Table 1.1). The first periodic
state of Table 1.1 is associated to a spatially C-axial subgroup and so is
predicted by Theorem 3 of Golubitsky et al. [15]. The third periodic state of
Table 1.1 is an approximate rotating wave.

Subgroup Form of solution to lowest order in A

Z,=(((12),1))  (wi(t) +ut), wi(t) + u(t), walt) + u(t), v(t))
Z, =(((12),m))  (wi(t) +u();wi(t + 3) +ult), b (1) + u(t), v(t))
Zs = (((123), %)) (wi(t) +u(t),wi(t +3) +ut), wilt + 3) + u(t), v(t))

Table 1.1: Branches of synchronously modulated A-symmetric waves sup-
ported by the network G, of Figure 1.1 (right) and the associated subgroup.
The hat over a variable indicates that w has twice the frequency.

One of the main questions in the theory of coupled cell networks is the
following: in what way the network architecture may affect the kinds of
bifurcations that are expected to occur in a coupled cell network? In the last
part of this thesis we address this question by focussing on networks with
a symmetry group that permutes cells transitively. Observe that distinct
networks (with the same number of cells) can have the same symmetry group.
In addressing this question, the first concern is with the spectrum of the
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linearized vector field (Jacobian matrix) at the equilibrium solution when
parameters are varied, in particular with the analysis of how eigenvalues
typically cross the imaginary axis. Dias and Lamb [7] address this question
in the case of abelian symmetric networks. They obtain a result that states
that in an abelian symmetric connected coupled cell network G where the
symmetry group acts transitively by permutation of the cells of the network,
if the phase space of cells has dimension greater than one, the codimension
one eigenvalue movements across the imaginary axis of the linearization of the
G-admissible vector fields at a fully symmetric equilibrium xq are independent
of the network structure and are identical to the corresponding eigenvalue
movements in general equivariant vector fields. We show that this result is
incomplete when we study codimension one Hopf bifurcation assuming that
the phase space of the cells is one-dimensional. For example, in one-pa-
rameter coupled cell systems associated to the network of nine cells with
Zs x Zs symmetry represented in Figure 1.2, can generically occur Hopf
bifurcation associated to the crossings with the imaginary axis of two distinct
pairs of complex eigenvalues of linearization of the vector field at a fully
symmetric equilibrium, that is, a Hopf/Hopf mode interaction. Generically,

Figure 1.2: Network with Z3 X Zsz-symmetry.

in general equivariant linear systems, in case of codimension one eigenvalue
crossings with the imaginary axis, this phenomenon is not expected. In
chapter 7 we describe the abelian groups that can present this phenomenon
in terms of complex characters of abelian groups. Essentially, each cell of the
network G corresponds to a unique element of the abelian symmetry group
I'. With this identification, we associate with G a set S C I' that depends
on the group elements corresponding to the present couplings. In case G is
connected, S generates I'. Moreover, the eigenvalues of the linearization of
the G-admissible vector fields at a fully symmetric equilibrium depend on
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the characters of I' evaluated on the elements of S. We determine, using this
fact, generic conditions involving the complex characters of I" that permit in
one parameter the occurrence of Hopf bifurcation associated to the crossings
with the imaginary axis of two or more distinct pairs of complex eigenvalues
of linearization (see Theorem 7.5.7).

This thesis is organized as follows. In chapter 2 we begin by introducing
the phenomenon of Hopf bifurcation in systems of ODEs without symmetry.
We present the Standard Hopf Theorem.

In chapter 3 we formulate the same problem of chapter 2 — search of
branches of periodic solutions of (1.1) by bifurcation from the trivial equi-
librium, but assuming that the vector field commutes with a compact Lie
group. We describe the consequences of such hypothesis and present the
main existence result: the Equivariant Hopf Theorem (see Theorem 3.2.6).
We finish the chapter with some considerations about Birkhoff Normal Form
needed for looking for branches of periodic solutions obtained by Hopf bi-
furcation in symmetric systems that are not guaranteed by the Equivariant
Hopf Theorem.

Chapter 4 studies Hopf bifurcation with D,, symmetry. We consider the
standard action of D, on V= C & C (see section 4.1). In section 4.1
we describe the conjugacy classes of D,, x S! (with standard action on V)
obtained by Golubitsky et al. [21]. For each n, there are five conjugacy classes
and three of them correspond to isotropy subgroups with two-dimensional
fixed point subspaces. In section 4.2 we give the general form of a vector
field that commutes with D,, x S obtained by Golubitsky et al. [21]. Finally
in section 4.3 we obtain the main result of this chapter — Theorem 4.3.2.
We prove that when n # 4 and n > 3 generically the only branches of
small-amplitude periodic solutions of (1.2) that bifurcate from the trivial
equilibrium are those guaranteed by the Equivariant Hopf Theorem. The
proof of this theorem relies mostly in the general form of f and the use of
Morse Lemma.

In chapter 5 we study Hopf bifurcation with interior symmetry. Se-
ction 5.1 gives the formal definition of a coupled cell network and the associ-
ated dynamical systems, and states some basic facts, including the concept
of a balanced equivalence relation (colouring). We also discuss the symmetry
group of a network. Section 5.2 gives the definition of interior symmetry given
by Golubitsky et al. [15]. We also describe an equivalent condition, in terms
of symmetries of a subnetwork, which in some cases (no multiple edges and
no self-connections) amounts to finding the symmetries of a subnetwork (see
Proposition 5.2.3). We also analyse the structure of networks with interior
symmetry and discuss some features of the admissible vector fields associated
to such class of networks. Section 5.3 gives the notion of synchrony-breaking
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bifurcation in coupled cell networks. Then we specialise to networks with
interior symmetries where group theoretic concepts play a significant role,
focusing on the important case of codimension-one synchrony-breaking bi-
furcations.

In chapter 6 we present the main result of this thesis: the full ana-
logue of the Equivariant Hopf Theorem for networks with symmetries (The-
orem 6.1.3). We prove this theorem in two different ways: the Liapu-
nov-Schmidt approach and the center manifold approach. We illustrate all
the concepts and results by a running example of the simplest network with
S3 interior symmetry and the closely related network with exact S3 symmetry
(recall Figure 1.1). Finally, we present a numerical simulation of the states
provided by the Theorem 6.1.3 in the case of our running example.

In chapter 7 we study linear theory for local bifurcation in abelian sym-
metric coupled cell networks. We begin by illustrating the problem with
an example. In section 7.2 we give some background following James and
Liebeck [24] and Dias and Lamb [7] which we use throughout this chapter.
In section 7.3, in order to describe which class of abelian groups I' and
[-symmetric coupled cell networks G can exhibit Hopf bifurcation associated
to the crossings with the imaginary axis of two or more distinct pairs of
complex eigenvalues of linearization of the G-admissible vector fields at a fully
symmetric equilibrium xy, we present some results and an algorithm involving
characters of abelian groups. In that, we relate a general abelian group I'
with a set S C I' that describes the structure of network. In section 7.5
we establish the connection between the theory developed in section 7.3
and codimension one eigenvalue movements through the imaginary axis for
coupled cell networks. Theorem 7.5.7 gives sufficient conditions for the
generic existence of the nondegenerate phenomenon described above. We
illustrate all the concepts and results by two running examples of the simplest
networks with Zz x Zg and Zs x Z4 x Z3 interior symmetries (see figures 1.2
and 7.3). We finish the chapter studying the class of coupled cell networks
with abelian symmetry whose set of admissible vector fields coincide with
the set of equivariant vector fields.
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Chapter 2

Hopf Bifurcation

Consider the system of ordinary differential equations (ODEs)
= F(u,\) (2.1)

where ©v € V = R", A € R is the bifurcation parameter, ' : V x R — V
is C*° and assume that F'(0,\) = 0 so that u = 0 is a steady-state solution
o (2.1) for all A\. In this chapter we introduce the phenomenon of Hopf
bifurcation in which the steady-state solution u = 0, say at A = 0, evolves
into a periodic orbit as the bifurcation parameter \ is varied. We follow
Golubitsky and Schaeffer [16] Chapter VIII.

The chapter is divided into two sections. In section 2.1 we introduce the
phenomenon of Hopf Bifurcation by describing some examples. In section
2.2 we present a result that provides sufficient conditions for the existence
of a family of periodic solutions to (2.1) parameterized by the bifurcation
parameter A — the Hopf Theorem (Theorem 2.2.1) — and give a sketch of the
proof.

2.1 Examples

Consider the system (2.1). Hopf showed that a one-parameter family of
periodic solutions to (2.1) emanating from (u,A) = (0,0) could be found
if two hypotheses on I were satisfied. Let A(\) = (dF'), ) be the n x n
Jacobian matrix of F' along the steady state solutions (0, A). The first Hopf
assumption is:

(i) A(0) has simple eigenvalues +i and
(2.2)
(ii) A(0) has no other eigenvalues lying on the imaginary axis.
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Remarks 2.1.1 (i) Note that if we rescale the time ¢ in (2.1) by setting
t = ks for k fixed and positive, (2.1) changes to

du
i EF (u, \)

where the linearization of the vector field on (0, A) is the matrix A(\) mul-
tiplied by k. As a result, we may interpret the hypothesis (i) of (2.2) as
stating that A(0) has a pair of nonzero, purely imaginary eigenvalues which
have been rescaled to equal +i.

(ii) There is no difficulty in proving that periodic orbits for (2.1) exist if
A(0) has other eigenvalues on the imaginary axis, provided none of these is
an integer multiple of £i. However, the hypothesis (ii) of (2.2) is vital for
the analysis of stability. For simplicity, we make the assumption (ii) of (2.2)
throughout.

The matrix A()A) has simple eigenvalues of the form o (\) £iw (A), where
0(0) =0,w(0) =1 and ¢ and w are smooth. This follows from the fact that
A(A) has real entries which depend smoothly on A and that the eigenvalues
+i of A(0) are simple. The second Hopf assumption is:

o' (0) £ 0, (2.3)

that is, the imaginary eigenvalues of A(\) cross the imaginary axis with
nonzero speed as A crosses zero. The Hopf Theorem states that there is a
one-parameter family of periodic solutions to (2.1) if assumptions (2.2) and

(2.3) hold.

Example 2.1.2 An elementary and instructive example that illustrates well
the Hopf Theorem is the simplest linear example in the plane defined by

F(u,\) = ( ? _Al >u (2.4)

where © € R%. We can compute the phase portraits for the system (2.1) as A
varies solving the equations explicitly. With initial conditions u (0) = (a,0),
the solution to (2.1) is given by u (t) = ae* (cost,sent). The phase portraits
for this system are given in Figure 2.1. For A < 0 the steady state u = 0
is stable (i.e., orbits spiral into the origin), while for A > 0 the steady state
u = 0 is unstable (i.e., orbits spiral away from the origin). However, for A = 0
the steady state u = 0 is neutrally stable, and there is the one parameter
family of periodic orbits guaranteed by Hopf Theorem where each orbit is
2m-periodic. We may parametrize these orbits by their amplitudes.
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Figure 2.1: Phase portraits for the linear system (2.1) with F' as in (2.4).

On the above example the family of periodic solutions guaranteed by
Hopf Theorem occurs when A = 0. In a sense, Hopf Theorem states that this
family of periodic solutions persists even when higher-order terms in u and
A are added to F. However, this one-parameter family of periodic solutions
need not remain in the plane A = 0. In fact, the generic situation is that
when higher-order terms are added to F, for each fixed A there is at most
one periodic orbit remaining near the origin.

For example, consider the system defined by

F(u,)) = ( + ) )u— fuf? (2.5)

where |u|* = 22 + 42, if u = (x,y). The system written in polar coordinates

is
r=r\—1?)
f=1

and (2.1) with F' as in (2.5) admits for each A > 0 the periodic solution

u (t) = v/ (cost,sent) with initial condition u(0) = <\/X, O). See the phase
portraits for the system in Figure 2.2.

A<O0 A>0

Figure 2.2: Phase portraits for the nonlinear system (2.1) with F as in (2.5).
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In this example, for each A > 0 there is exactly one periodic solution to
(2.1). (Moreover, this periodic solution is stable: all nearby orbits approach
this periodic solution.) &

2.2 Hopf Theorem

In this section we state the Hopf Theorem and sketch its proof.

In analysing (2.1) it will be convenient to allow the equation to depend on
auxiliary parameters from the start. Let F': R” x R*! — R" and consider
the equation

d

d—z‘ = F (u,0) (2.6)
where a = (ay, ..., ) and oy = A is the bifurcation parameter. Suppose
that

F(0,a) =0

and that A(«) satisfies (2.2), where A (a) = (dF),,.

The Hopf Theorem involves conditions that guarantee the existence of
a family of periodic solutions of (2.6) which can be parameterized by the
bifurcation parameter A\. We present here only the existence result:

Theorem 2.2.1 (Standard Hopf Theorem [16]) Let the system of ODEs
(2.6) satisfy:

(H1) the simple eigenvalue condition (2.2); and

(H2) the eigenvalues crossing condition (2.3) (i.e., ox(0) # 0).

Then there is a k + 1-parameter family of periodic orbits of (2.6) bifurcating
from the steady-state solution u =0 at o = 0.

We dedicate the rest of this section to the sketch of the proof of this result.
We start by stating a result that guarantees that orbits of small amplitude
of (2.6) with period near 27 are in one-to-one correspondence with zeros of
a scalar equation

g(x,a) =0 (2.7)

provided the simple eigenvalue hypothesis (2.2) holds:
Theorem 2.2.2 ([16]) Assume that the system (2.6) satisfies the simple
eigenvalue hypothesis (2.2). Then there exists a smooth germ g (z,a) of the

form
g(x,a)=r (x2,oz) z, r(0,0)=0
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such that locally solutions to g (z,«) = 0 with x > 0 and near to (0,0) are in
one-to-one correspondence with orbits of small amplitude periodic solutions
to the system (2.6) with period near 2.

Proof:  See Golubitsky et al. [16] Theorem VIII 2.1. The proof of this
theorem uses the Liapunov-Schmidt reduction: from (2.6) is constructed a
mapping ¢ : C x R x R — C where the solutions of ¢ = 0 are in one-to-
one correspondence with the periodic solutions of (2.6) of period near 2.
Moreover, this reduction can be performed to be symmetric by the standard
action on C of the group S!, that is, we can assume that

ez, 0,7) = P(2,a, 7) (2.8)
where 6 € S'. Here 7 is the period-scaling parameter. It follows that
¢z, a,7) = p(|2*, @, 7)z + q(|2*, @, )iz (2.9)

where p, ¢ are real-valued smooth functions satisfying p(0) = ¢(0) = 0. Using
(2.8) we need only look for solutions where z = x € R. Hence solutions to
¢ = 0 are of two types: = = 0 (the trivial equilibrium) and solutions to the
system p = ¢ = 0 (the desired small-amplitude periodic solutions).

In Hopf bifurcation, a calculation shows that ¢,(0) = —1 ([16] Proposition
VIII 2.3). Hence, the equation ¢ = 0 can be solved by the Implicit Function
Theorem for 7 = 7(2% a), where 7(0) = 0, and small amplitude periodic
solutions to (2.6) are found by solving

r(z?,a) =p (xQ, o, T (:p2, a)) =0.
Thus
g(z,0) =r(2°,a)z, r(0,0)=0.

O

The function g (z,«) has the form r (2% a)x for some function r; the

nontrivial solutions of (2.7) may be obtained by solving
r(z%a) =0. (2.10)

The information on Hopf Theorem is readily obtained if the function r in
(2.10) is available; the difficult point is to derive the information directly
from the ordinary differential equation (2.6). Suppose that 7 is known and
that

ry (0,0) % 0, (2.11)
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where A = qq is the bifurcation parameter. Here r) denotes the partial
derivative of r with respect to A. Then, by the Implicit Function Theorem,
we may solve (2.10) for A as function of % and o/ = (a, ..., a3); in symbols

A=p (xQ,o/) .

In other words, if (2.11) holds, then (2.6) has a (k + 1)-parameter family of
periodic solutions which bifurcate from the trivial solution. Assuming (2.2)
holds, the matrices A (o) = (dF),, for a close to the origin have simple
eigenvalues close to +¢ that vary snaoothly with a; we let

Y(a) =0 (o) —iw(a)

be the eigenvalue of A(a) satisfying o (0) = 0, w(0) = 1. It can be proved
that
T2 (0,0) = 0, (0)

(see Golubitsky et al. [16] Proposition VIII 3.3). Thus, (2.11) holds if and
only if (2.3) holds and the Hopf Theorem is stated.
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Chapter 3

Hopf Bifurcation with
Symmetry

Consider a system of ordinary differential equations (ODEs)

0= f(v,\), f(0,\)=0, (3.1)

where v € V = R", A € R is the bifurcation parameter and f : VxR — V' is
C. In this chapter we analyze the problem (3.1) where f is symmetric and
(df) 0,0) has a pair of purely imaginary eigenvalues. We describe hypotheses
of nondegeneracy that imply the occurrence of branches of periodic solutions.
The symmetry of the problem imposes restrictions on the bifurcations that
can occur. In particular, symmetry can force multiple eigenvalues and so
the fundamental nondegeneracy hypothesis in the standard Hopf Theorem
concerning the imaginary eigenvalues to be simple is not satisfied. Also,
in another cases it is not possible to arrange for the eigenvalues of (df),0)
to be purely imaginary. There are nevertheless techniques that exploit the
symmetry of the problem. We follow Golubitsky et al. [21] Chapter XVI.

This chapter divides into two parts. In section 3.1 we introduce some
background involving symmetry that we use throughout this chapter. In
the section 3.2 we address the same problem of the chapter 2 — search of
branches of periodic solutions near the bifurcation point — but assuming that
the vector field commutes with a compact Lie group. We describe some of
the consequences of such hypothesis. We then present one of the main results
in the study of Hopf bifurcation in symmetric systems: the Equivariant Hopf
Theorem (Theorem 3.2.6).
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3.1 Symmetry

Given a system of ODEs as (3.1) where f is symmetric, the symmetry of
f imposes restrictions on the form how the solutions bifurcate from the
trivial solution and often forces the eigenvalues of (df) ) to be multiple.
Although the symmetries complicate the analysis by forcing multiple eigen-
values, they also potentially simplify it by placing restrictions on the form
of the mapping f. There are techniques as invariant theory and restriction
to fixed-point subspaces that simplify the analysis exploiting the symmetry.
In order to describe some of these techniques we begin by presenting a few
results concerning representation of compact Lie groups.

Linear Actions of Compact Groups

Let I' be a Lie group and V' a finite-dimensional real vector space. We say
that [' acts (linearly) on V if there is a continuous mapping (the action)

I'xV -V
(v,v) =y -v

such that:
(a) For each v € I' the mapping p., : V' — V defined by p,(v) = - v is linear;
(b) If 41,72 € T then 71 - (y2-v) = (M172) - v for all v € V.

The function p : I' = GL(V') such that p(vy) = p, is called a representa-
tion of T' on V. (We denote the group of invertible linear transformations
from V to V by GL(V').) When I' is compact, there exists a I-invariant inner
product on V' where by choosing an orthonormal basis of V' with respect to
that inner product, for all v € I, the matrix of the linear function p,, relatively
to that basis of V, say A, is orthogonal. That is, A’; - A, =1d,, where n is
the dimension of V. (See for example Golubitsky et al.[21] Proposition XII
1.3.) Here we denote by Af/ the transpose matrix of A,. In this work we will
assume that I' is compact. Without loss of generality, we can then suppose
that I" acts linearly and orthogonally on V', and then A, € O (n) where

O(n)={AE€ Mu, (R): A-A' = Id,}

(called the n-dimensional orthogonal group).

Orbits and Isotropy Subgroups

Given v € V', the orbit of the action of I' on v is the set

Tv={~y-v: yeT}

28



and the isotropy subgroup of v, 33, is the subgroup of I' defined by
Yo={y€el: v-v=u}.
Given a subgroup X C I' and v € T', the subgroup of I' defined by

oyt = {’yafy’l o€ Z}

is said to be conjugate to X. The conjugacy class of ¥ consists of all
subgroups of I' that are conjugate to . An isotropy subgroup ¥ of I' is
called maximal if there does not exist an isotropy subgroup A of I' such that
YCACT.

Vectors on the same orbit of I have conjugate isotropy subgroups. More
precisely,

Yo = I

To see this, note that if v € V, o € ¥, and v € T, then yoy™' - (y-v) =v-v
and so yoy~! € ¥,.,. Thus 73,7 ' C ¥,.,. Replacing v by yv and v by v~*
we obtain y 'Y, v C X,.

Equivariance

We introduce now the notion of symmetry of a system. Given a function
f:V — V, we say that f commutes with the action of I' on V (or f is
I-equivariant) if

f(W'U):V'f(U)a VVEFaUGV (32)

Remarks 3.1.1
(i) If  (¢) is a solution of the system (3.1) then 7 -z (¢) is also a solution for
all v € I': if x (¢) is a solution of (3.1) where f commutes with I" then

=10 N o0 < em e D rpap ).

(ii) Applying the chain rule to the equality f(y-z,A) = v - f(z,\) we
conclude that (df) 7 = 7(df)(,) that is, the matrix A(A) = (df) )
commutes with I'.

Invariant Theory
We say that a real valued function g : V' — R is I'-invariant if
g(y-v) =g(v),
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forally e I'and v € V.

We denote by P(I") (£(I')) the ring of I'-invariant polynomials (C'*
functions) from V' to R.

If there is a finite set of I'-invariant polynomials such that every I'-inva-
riant polynomial may be written as a polynomial function of them, this set
is said to generate or to form a Hilbert basis of P(I").

Theorem 3.1.2 (Theorem of Hilbert-Weyl) LetT be a compact Lie group
acting on V. Then there exists a finite Hilbert basis of P(L).

Proof: See Golubitsky et al. [21] Theorem XII 4.2. O

Theorem 3.1.3 (Theorem of Schwarz) Let T' be a compact Lie group
acting on V.. Let {u1, ..., us} be an Hilbert basis for P(I'). Let f € E(T).
Then there exists a smooth germ h : R* — R such that

F0) = b (o). (o))
Proof: See Schwarz [30]. O

Definition 3.1.4 (i) A set of I'-invariant polynomials {u1(v),...,us(v)}
has a relation if there exists a nonzero polynomial r (yi,...,ys) such that

r(p1(v), ..., us(v)) =0.
(ii)) The ring P(I') is a polynomial ring if it has a Hilbert basis of P(I)
without relations.

Lemma 3.1.5 Let f € E(') and let g be a I'-equivariant function from V
toV. Then f-g:V — V s ['-equivariant.

Proof: Let v eV and vy e€I'. Then
(fo)(v-v) = fly-v)g(y-v) = f(v) (v-g(v) =~-(f(v)g(v) =7 (fg) (v).

O

Denote by 77\/>(F) the real vector space of I'-equivariant polynomial map-
pings of V into V, and let S_‘;(F ) be the space of I'-equivariant smooth
mappings of V into V.

We say that the I'-equivariant polynomial mappings g¢1,..., g, of V into
V' generate the module 7—9‘_/)(F) (or 5—>V(F)) over the ring P(I') (or £(I)) if
every f € 7—3‘_;(F) (5—>V(F)) may be written as f = fig1 + - + f.g9, where
fi € P(T) (£(T)).
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Theorem 3.1.6 ([21]) LetI" be a compact Lie group acting on' V. Then there
exists a finite set of T’ —equilgm'ant mappings from V to V with polynomials
components that generate Py (I') over the ring P(I).

Proof: See Golubitsky et al. [21] Theorem XII 5.2. O

Theorem 3.1.7 (Poénaru) Let T' be a compact Lie group with a linear
—
action defined on V' and suppose that gy, ..., g, generate the module Py (I")
ﬁ
over the ring P(I'). Then ¢, ..., g, generate Ey(I') over the ring E(T).

Proof: See Poénaru [28]. O

Fixed-point Subspaces

The fized-point subspace of a subgroup X of I' is the vector subspace of V'
defined by
Fix(¥)={veV:y-v=v Vyei}.

Remark 3.1.8 If f:V — V is I'-equivariant and ¥ C I' then
f(Fix(X)) C Fix(X).

To prove this, note that, given v € Fix (X) and v € X then - f(v) = f(y-v) =
f(v). Thus f (v) € Fix (2).

Irreducibility

A subspace W C V is called I'-irreducible if it is [-invariant (that is, y-w € W
for all v € I', w € W) and the only I'-invariant subspaces of W are {0y } and
W. A T-invariant subspace W of V' such that the only linear mappings from
W to W that commute with I" are the scalar multiples of identity is called
[-absolutely irreducible. In fact, if W is I'-absolutely irreducible then it is
[-irreducible (see Golubitsky et al. [21] Lemma XII 3.3). Two I-invariant
vector spaces Wi, Wy are I'-isomorphic if the corresponding representations,
say p; and po, are equivalent. That is, there exists an invertible linear
transformation S from W, to Wy such that p;(y) = Spe(7)S~! for all v € T.

Theorem 3.1.9 (Theorem of Complete Reducibility [21]) Let T be a
compact Lie Group acting on'V'. There exist I'-irreducible subspaces Vi, ..., Vs
of V' such that

V=Vi®& oV,
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Proof: See Golubitsky et al. [21] Corollary XII 2.2. O

Theorem 3.1.10 ([21]) Let I" be a compact Lie group acting on the vector
space V.

(a) Up to T'-isomorphism there are a finite number of distinct I'-irreducible
subspaces of V. Call these Uy, . .., Uy.

(b) Define W; to be the sum of all I'-irreducible subspaces W of V' such that
W is I'-isomorphic to Uj, for j =1,...,k. ThenV =W, @& --- @ Wj.

Proof: See Golubitsky et al. [21] Theorem XII 2.5. O

The subspaces W;, j = 1,..., k are called the isotypic components of V' of
the type U; for the action of I' on V. The isotypic decomposition is unique.

Theorem 3.1.11 ([21]) Let T be a compact Lie group acting on the vector
space V. Decompose V into isotypic components

V=W & - oW
Let A:V — V be a linear mapping commuting with I'. Then
A(W;) €W,
fori=1,... k.

Proof: See Golubitsky et al. [21] Theorem XII 3.5. O

3.2 Equivariant Hopf Theorem

We say that the system (3.1) presents a Hopf bifurcation at A = 0 if (df)
has a pair of purely imaginary eigenvalues. We saw in section 2.2 that under
additional hypotheses of nondegeneracy the system (2.1) has a branch of
periodic solutions bifurcating at A = 0 from the trivial equilibrium.

In this section we describe necessary conditions to the occurrence of Hopf
bifurcation in systems of ODEs where f commutes with a symmetry group
I'. Although the symmetry in many aspects complicate the study, there are
techniques that simplify the analysis of symmetric bifurcation problems by
exploiting the symmetries of the problem.
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Conditions for Pure Imaginary Eigenvalues

We begin by showing that when f commutes with a symmetry group I'
and (df)(o,0) has a pair of purely imaginary eigenvalues, then the symmetry
imposes restrictions to the imaginary eigenspace associated to that pair of
purely imaginary eigenvalues.

Definition 3.2.1 A representation V of I' is I'-simple if either:
(a) V=W @ W where W is absolutely irreducible for I, or
(b) V' is non-absolutely irreducible for I".

We will see that if (df )(070) has purely imaginary eigenvalues then there must
be a I'-simple subspace of V.

Examples 3.2.2 (a) Let I' = O (2) and consider the standard action of I'
on V =R? = C given by

0-2=¢"2 (0€S0(2)),
k-z

Z.

This action is absolutely irreducible since the only commuting matrices with
this action of I" are the real scalars of the identity I5. Here I, is the 2 x 2
identity matrix. Hence, Hopf bifurcation cannot occur in a system of ODEs
0 = f(v,A), where f : V x R — V commutes with the standard action of
O(2) on V.

(b) Suppose, now, that O(2) acts on R* = C? by the diagonal action

v (21,22) = (v 21,7 - 22) (3.3)

where v acts on z; and 2z, as defined in (a). Then the commuting linear
mappings with this action of I' are of the form

CLIQ bIQ
CIQ d[z

where a, b, c,d € R. The eigenvalues of this matrix are those of the matrix

<l

repeated twice. If we take a = d = 0 and b = —1, ¢ = 1, we obtain
eigenvalues +i (twice). Hence, Hopf bifurcation with O(2) symmetry, where
O(2) acts on C? as in (3.3), is possible. Note that we are forced to have
multiple eigenvalues £: in this case. &
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We now analyse the general case by considering an arbitrary linear map-
ping L commuting with the group I'. Note that any such L can be realized
in the form (df)(o,o) for a I'-equivariant f — for example, f (v, A\) = Lv. Thus,
Hopf bifurcation can occur only when some commuting mapping L has purely
imaginary eigenvalues. Given an action of I' on R", we may decompose R"
into a direct sum of irreducible I-invariant subspaces (recall Theorem 3.1.9):

R'=Vi®- - @V, (3.4)

Lemma 3.2.3 ([21]) Let L : R® — R" be a linear map having a nonreal
etgenvalue and commuting with I'. Then either:

(a) Some absolutely irreducible representation of I' occurs at least twice (up
to I'-isomorphism) in the decomposition (3.4), or

(b) The action of I' on some V; is not absolutely irreducible.

Proof:  Suppose that do not occur neither (a) or (b). Then, all the V; are
absolutely irreducible and nonisomorphic by I". Theorem 3.1.11 implies that
L (V;) C Vj for all j, and by absolute irreducibility Ly, = p;1, where p; € R.
Hence, the eigenvalues of L are just the pu;, and these are real, contrary to
assumption. O

If f:V xR — V is aI-equivariant map, then (df) (00) 18 @ I'-equivariant
linear map (recall Remark 3.1.1). To occur Hopf bifurcation, the matrix
(df)(o,o) must have purely imaginary eigenvalues. By Lemma 3.2.3, there
must exist a ['-simple subspace of V.

We introduce now some notation for eigenspaces. Suppose that L : R" —
R" is a linear map and p € C is an eigenvalue of L. We define (real)
etgenspace F,, and generalized eigenspace G, of L as follows:

7 _ {r e R": (L — ul)z =0}, ifpueR
Fol{zeR": (L—pl)(L—pl)x =0}, ifué¢R.
a {r eR": (L—pul)"z =0}, ifpeR
Pl {zeR":(L—pu)"(L—pl)"z =0}, ifué¢R.

We also define imaginary eigenspace of L to be the sum of all £, for which
1 is purely imaginary.

In studying the bifurcation problem (3.1), where f commutes with a
compact group I, it is important to know how the eigenvalues of (df )07 ), Cross
the imaginary axis at A = 0 and to describe the structure of the associated
eigenspace. By Lemma 3.2.3 it follows that if L has a purely imaginary
eigenvalue, then R"™ must contain a I'-simple invariant subspace. Further,
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this subspace must lie in the imaginary eigenspace of L. The next proposition
states that, generically, the imaginary eigenspace is itself ['-simple:

Proposition 3.2.4 ([21]) Let f : R® x R — R"™ be a I'-equivariant bifur-
cation problem with f (0,0) = 0. Suppose that (df)(o,o) has purely imaginary
eigenvalues +iw. Let G, be the corresponding real generalized eigenspace of
(df)(o,o)- Then generically G, is I'-simple. Moreover, G, = Ej,.

Proof: See Golubitsky et al. [21] Proposition XVI 1.4. O

In the abstract discussion of symmetric Hopf bifurcation we may, without
loss of generality, assume that all the eigenvalues of (df)q) are on the
imaginary axis and 0 is not an eigenvalue of (df)q,). Generically, we may
consider that (df),0) has only one pair of complex conjugate eigenvalues on
the imaginary axis perhaps of high multiplicity. See [21] page 265.

The next lemma shows that we may assume (df)(o,o) = J, where

0 —I,
I o
and m = n/2 (if we assume that R™ is I'-simple):

Lemma 3.2.5 ([21]) Assume that R™ is T-simple, [ is T-equivariant and
C*. Suppose that (df)(o,o) has i as an eigenvalue. Then:
(a) The eigenvalues of (df),, consist of a complex conjugate pair o (\) F
ip (M), each of multiplicity m. Moreover, o and p are smooth functions of \;
(b) There is an invertible linear map S : R"™ — R™, commuting with T, such
that

(df )0y = SIS

Proof: We only prove this lemma under the assumption that R = W W
with W absolutely irreducible by I', as in Definition 3.2.1 (a) (see the case
3.2.1 (b) in Golubitsky et al. [21] Lemma XVI 1.5).
Let L be a linear map W & W — W & W, commuting with I'. Write L
in block form as
I [ A B }

C D

for m x m matrices A, B, C, D. Since L commutes with the diagonal action
of I'on W, each A, B, C, D commutes with the action of I" on V. By absolute
irreducibility we have

I [ al,, b, }

cl,, di,,
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If A, B,C, D commute (as here) then

det[c, D

A B]:det(AD—Bo).

Therefore, the characteristic polynomial of L is
det (L — pul,) = [(a— ) (d — 1) — be]™ (3.6)

Thus, each eigenvalue of L occurs with multiplicity at least m. Now (df )(070)
commutes with I' and has a pair of (nonzero) complex conjugate purely
imaginary eigenvalues. Therefore, each occurs with multiplicity m. The
smoothness of o and p also follows from (3.6). Let

al,, bl,
(df)(o,o) = [ cl, dI,, ] :

For i to be an eigenvalue, (3.6) implies that a + d = 0 and ad — bc = 1.
Assuming a # 0, define

Ry = [ cos@l,, —sendl,, ]

senfl,, cosflI,,
which commutes with I". Choose 6 so that cotg (20) = (b + ¢) /2a. Then

_ 0 hi,,
Ry (df) 0,0 Rs ' = [ KL 0 ]

for h € R. Finally note that

S [0 0  hlp|[In 0
10 —hl, || =h', 0O 0 —hIL, |

I, 0

ThusS:Rell 0 _pl1

} provides the required similarity. O

It follows then that one of the difficulties in applying the Standard Hopf
Theorem to the system (3.1) when f commutes with a compact Lie group is
that the purely imaginary eigenvalues of (df )(070) may have high multiplicity.

Symmetry of a Periodic Solution

One method for finding periodic solutions to a system (3.1) rests on pres-
cribing in advance the symmetry of solutions we seek. In many cases, this
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corresponds to reduce the original problem to a lower-dimensional problem —
a subspace where the eigenvalues of the linearization of the restricted problem
are simple. The main result we present in this section in this direction is
the Equivariant Hopf Theorem. Before we state it we describe precisely the
concept of symmetry of a periodic solution and the context in which to select
the subspace.

Suppose that we have a system of ODEs

b= f(v,)) (3.7)

with v € R™, A € R is the bifurcation parameter, f : R®* x R — R" is
smooth and commutes with a compact Lie group I" and f (0,A) = 0 for all
AeR.

Identify the circle S* with R/27Z and suppose that v(t) is a 27-periodic
solution in t of (3.7). The symmetry of v(t) is an element (y,0) € T' x S*
such that

v o(t) =v(t —0);

that is, the spacial action of 7 on V' may be exactly compensated by a phase
shift. Note that S! acts on the space of 2r-mappings v (¢), not in R". We
call this action of S* the phase-shift action. The collection of all symmetries
for v(t) forms a subgroup:

Soy = {(7,0) €T x 8"+ y-u(t) =v(t —0)}.

There is a natural action of I' x S* on Ch, of 27-periodic mappings from R
to R", defined by

(7,0) - v(t) =7 - vt +6).

That is, the action of I' on Cs, is induced from its spacial action on R"
and S! acts by phase shift. Consequently we can rewrite the definition of a
symmetry of the periodic solution v(t) as: (v,0) - v(t) = v(t). This shows
that 3, is just the isotropy subgroup of v(t) with respect to this action of
I x St

If we assume in (3.7) that (df) (0,0) = L has purely imaginary eigenvalues,
we can apply a Liapunov-Schmidt reduction preserving symmetries that will
induce a different action of S' on a finite-dimensional space, which can be
identified with the exponential of L|g,(1) acting on the imaginary eigenspace
E;(L) of L. The reduced function of f will commute with ' x S' (See
Golubitsky et al. [21] p. 270-275).
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Hopf Theorem with Symmetry

An isotropy subgroup ¥ C T' x S' is C-azial if dim Fixp,;)(X) = 2. Basi-
cally, the Equivariant Hopf Theorem states that for each C-axial isotropy
subgroup of I' x 8! there exists a unique branch of periodic solutions of (3.7)
with that symmetry (assuming the nondegeneracy crossing condition of the
eigenvalues). To state this result we need both actions of S! described above.

Theorem 3.2.6 (Equivariant Hopf Theorem) Consider the system of

ODEs .
v
LTSy (3.5)

where f : R*™ x R — R®™ is smooth and commutes with a compact Lie
group I'.

Assume the generic hypothesis that R®*™ is I'-simple and that (df)(o 0 =
where J is defined in (3.5). Using Lemma 3.2.5, the eigenvalues of (df)
are of the form o (X\) Fip (), each with multiplicity m. Therefore o (0) =
and p(0) = 1. Assume now that

a’ (0) # 0,

J

that s, the eigenvalues of (df>0,A cross the imaginary axis with nonzero speed.
Let X C T x S be an isotropy subgroup such that

dim Fix (¥) = 2.

Then there exists a unique branch of small-amplitude periodic solutions
o (3.8) with period near 21 having X as their group of symmetries.

Proof:  See Golubitsky et al. [21] Theorem XVI 4.1 or Golubitsky and
Stewart [19] p.91. O

The main idea in the Equivariant Hopf Theorem is that small-amplitude
periodic solutions of (3.8) of period near 27 correspond to zeros of a reduced
equation ¢ (v, A, 7) = 0 where 7 is the period-perturbing parameter. Fin-
ding periodic solutions of (3.8) with symmetries ¥ is equivalent to find zeros
of the reduced equation with isotropy ¥ and they correspond to the zeros of
the reduced equation restricted to Fix (X).

Remark 3.2.7 The solutions guaranteed by the Equivariant Hopf Theorem
are not necessarily the only ones.
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Birkhoff Normal Form

A tool for seeking periodic solutions that are not guaranteed by the Equi-
variant Hopf Theorem and also for calculating the stabilities of the periodic
solutions is to use a Birkhoff normal form of f: by a suitable coordinate
change, up to any given order k, the vector field f can be made to commute
not only with T but also with S! (in the Hopf case) in the case of (df) .0 = /-
See Golubitsky et al. [21] Theorems XVI 5.8 and XVI 5.9. The dynamics
of the truncated Birkhoff normal form of f, say of order k, are related but
are not equal to the dynamics of f. On the other hand, in general, it is not
possible to find a single change of coordinates that puts f into normal form
for all orders. If we assume that the original vector field is in Birkhoff normal
form (it commutes also with S') then it is valid the following result:

Theorem 3.2.8 ([21]) Suppose that vector the field f in (3.8) is in Birkhoff
normal form. Then it is possible to perform a Liapunov-Schmidt reduction
on (3.8) such that the reduced equation ¢ has the form

o, \1)=f(v,\)—(1+7)Jv

where T is the period-scaling parameter and J = (df)(o,o)'

Proof: See Golubitsky et al. [21] Theorem XVI 10.1. O
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Chapter 4

Hopf Bifurcation with
D, -symmetry

A paper with the contents of this chapter has been published [8].

The aim of this chapter is to study Hopf bifurcation with D,,-symmetry
assuming Birkhoff normal form. Here, D,, is the dihedral group of order 2n
and we consider D,, acting on C = R? as symmetries of the regular n-gon.
This representation is absolutely irreducible and so the corresponding Hopf
bifurcation occurs on C @ C = C?. Golubitsky et al. [18] and van Gils et
al. [35] (see also Golubitsky et al. [21]) prove the generic existence of three
branches of periodic solutions, up to conjugacy, in systems of ordinary differ-
ential equations with D,,-symmetry, depending on one real parameter, that
present Hopf bifurcation. These solutions are found by using the Equivariant
Hopf Theorem. We prove that generically, when n # 4, these are the only
branches of periodic solutions that bifurcate from the trivial solution.

This chapter has three sections organized in the following way. Section 4.1
defines the standard action of D, x S! on V = C? and the corresponding
isotropy lattice. We describe the conjugacy classes of D,, x S! (with action
on V') obtained by Golubitsky et al. [21]. For each n, there are five conjugacy
classes and three of them correspond to C-axial isotropy subgroups, that is,
isotropy subgroups with two-dimensional subspaces. In section 4.2 we find
the general form of the vector field f that commute with the standard action
of D,, on C?. We assume that f is in Birkhoff normal form to all orders and
so f commutes also with S!. Specifically, we choose coordinates such that

0-2=¢e"2 (QESI, ZGV).

Finally in Section 4.3 we obtain the main result of the chapter — Theo-
rem 4.3.2. We prove that when n # 4 and n > 3 generically the only branches
of small-amplitude periodic solutions in systems of ODEs with D,, symmetry,
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depending on one parameter, that bifurcate from the trivial equilibrium are
those guaranteed by the Equivariant Hopf Theorem (Theorem 3.2.6). The
proof of this theorem relies mostly in the general form of f and the use of
Morse Lemma.

4.1 The Action of D, x S!

In this section we define the standard action of D,, x S! on C?, and give
the corresponding isotropy lattice. We follow Golubitsky et al. [21], Chapter
XVIII.

Let us assume that I' = D,, where n > 3 acts on C = R? in the standard
way as symmetries of the regular n-gon. This action is generated by

(-z = €%z where ( =27/n,

K-z = Z.
Thus the cyclic subgroup Z,, of D,, consists of rotations of the plane through
the angles 0,(,2(,...,(n — 1)¢, the flip k is reflection in the z-axis and
D, = ((,k). Although D,, has many distinct two-dimensional irreducible
representations there is no loss of generality in making this assumption.
Essentially it is possible to arrange for a standard action by relabeling the
group elements and dividing by the kernel of the action.

Let V = C2. Suppose now that I" acts on V by the diagonal action

v (21,22) = (y-21,7-22) (v €Dy).

Note that C is absolutely irreducible for D,, and so V is D,-simple. It is
possible to choose coordinates on V' such that the action of D, on V is
generated by
C-,2) = (), ()
K- (z1,20) = (20,21) ’
(see [21] page 368).
Suppose we have a system of ODEs

= f(z,\) (4.2)

where x € V', A € R is the bifurcation parameter and f : V x R — V is
smooth and commutes with D,,. Note that since Fixy(D,,) = {0} then as
[ (Fixy (Dn)) € Fixy (D) we have f(0,A) = 0. We assume that (df)g
has eigenvalues Fi. Our aim is to study the generic existence of branches
of periodic solutions of (4.2) near the bifurcation point (x,\) = (0,0). We
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assume that f is in Birkhoff normal form, that is, f also commutes with S*,
where we may assume that S* acts on V' by

0 (21,22) = (e”21,€"2) (0 €8). (4.3)
The Isotropy Lattice
Consider the subgroups of D,, x S! defined by
zn - {(’ya _/7) S Zn}a Z2(H) = {1a /{}a (44)

ZQ(/{> 7T) = {17 (H> 7T)}, ZQ(/{C) = {1a ﬁg}

where ¢ = 27/n and so Z, = (¢). In the next proposition we describe the
isotropy subgroups of D,, x S and the corresponding fixed-point subspaces.

Proposition 4.1.1 ([21]) Let V = C? and consider the action of D,, x S!
(n>3) on'V given by (4.1) and (4.3). For each n there are five conjugacy
classes of isotropy subgroups for this action. They are listed, together with
their orbit representatives and fized-point subspaces in Tables 4.1, 4.2 and

4.3.

Proof: See Golubitsky et al. [21], pp. 368-371. a
Orbit representative | Isotropy subgroup | Fixed-point subspace
(0,0) D, x S! {(0,0)}
(a,0) Zn, {(w,0):w e C}
(a,a) Zs (k) {(w,w) :w € C}
(a,—a) Zs(k, ) {(w,—w) :w € C}
(a,w), w # +a,0 1 C?

Table 4.1: Isotropy subgroups of D,, x S! acting on C? when n is odd.

Up to conjugacy, for each n, we have three isotropy subgroups with
two-dimensional fixed-point subspaces. It follows from the Equivariant Hopf
Theorem (Theorem 3.2.6), that there are (at least) three branches of periodic
solutions occurring generically in Hopf bifurcation with D,,-symmetry. That
is, to each isotropy subgroup X of D,, x S with two-dimensional fixed-point
subspace corresponds a unique branch of periodic solutions of (4.2) with
period near 27 and with symmetry ¥, obtained by bifurcation from the
trivial equilibrium (assuming that f satisfies the conditions of the cited
theorem). Let us notice, however, that the periodic solutions whose existence
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Orbit representative | Isotropy subgroup | Fixed-point subspace
(0,0) D, x S' {(0,0)}
(a,0) Z, {(w,0):w e C}
(a,a) Zy(k) © Zs {(w,w) :w e C}
(CL, —CL) ZQ(’%a 7T) D Zg {(U}, —U)) Twe C}
(a,w), w # £a,0 Zs C?

Table 4.2: Isotropy subgroups of D,, x S acting on C? when n = 2 (mod 4).
Here Z5 — {(0,0), (m, m)}.

Orbit representative | Isotropy subgroup | Fixed-point subspace
(0,0) D, x S' {(0,0)}
(a,0) Zn, {(w,0):w e C}
(a,a) Zs(k) ® Z§ {(w,w) : w e C}
(a,€™/maq) Zy(kC) ® Z§ {(w,e*/"w) : w e C}
(a,w), w # *+a,0 Zs C?

Table 4.3: Isotropy subgroups of D,, x S acting on C? when n = 0 (mod 4).
Here Z5 = {(0,0), (. 7)}.

is guaranteed by the Equivariant Hopf Theorem are not necessarily the only
periodic solutions that bifurcate from (0,0). In Theorem 4.3.2 of section 4.3
we prove that when n # 4 generically these are the only branches of periodic
solutions of (4.2) assuming that f is in Birkhoff normal form.

4.2 Invariant Theory for D, x S!

In order to look for periodic solutions of (4.2) we calculate now the general
form of a D, x Sl-equivariant bifurcation problem. Recall the action of

D,, x S' on C? generated by (4.1) and (4.3), and define
{ n if n is odd,
m =

n/2  if n is even.

(4.5)

Proposition 4.2.1 ([21]) Let n > 3 and let m be as in (4.5). Then
(a) Every smooth D,, x S*-invariant function f: C? — R has the form

f(Zl,ZQ) = h(N, P, S, T)
where N = |z1|> + |22]%, P = |21)*|22]?, S = (2122)™ + (Z122)™,

T =i(Jz1] = |22%) (z122)™ = (Z122)™)
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and h: R* — R is smooth.
(b) Every smooth D,, x S'-equivariant function f: C? — C? has the form

2— sm—1_m m+l=—m
f(z1,2) = A { o } +B { o } +C { T } +D { A A }

Z9 2252 1 R2
where A, B, C, D are complez-valued D,, x S'-invariant smooth functions.

Remark 4.2.2 The D,, x S'-invariant polynomials do not form a polynomial
ring. There is a relation:

T? = (4P — N?)(S* — 4P™). (4.6)

Proof: See appendix A. O

4.3 Generic Hopf Bifurcation with D,-sym-
metry

In section 4.1 we determined the conjugacy classes of isotropy subgroups for
the action of D,, x S on V' = C? (Proposition 4.1.1). Up to conjugacy,
for each n > 3, we have three isotropy subgroups with two-dimensional
fixed-point subspaces. It follows from the Equivariant Hopf Theorem, that
there are (at least) three branches of periodic solutions corresponding to
each one of these isotropy subgroups of D,, x S! occurring in generic Hopf
bifurcation with D,,-symmetry. We prove in Theorem 4.3.2 bellow that when
n # 4 generically these are the only branches of periodic solutions obtained
through bifurcation from the trivial equilibrium in one-parameter bifurcation
problems with D,,-symmetry (assuming Birkhoff normal form).

Suppose that the function f: V x R — V is D,, x St-equivariant and
smooth, and satisfies the conditions of the Equivariant Hopf Theorem. Thus
we assume that

(df )ox (2) = n(N)z (4.7)
where p is a smooth function from R to C such that
u(0) =i, Re(4(0)) #0. (4.8)

From Theorem 3.2.8 the small-amplitude periodic solutions of the equation
= f(=0) (4.9)
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of period near 27 are in one-to-one correspondence with the zeros of the
equation
g(z, A\, 7) =0 (4.10)

where ¢ = f — (1 + 7)iz and 7 is the period-scaling parameter. From
Proposition 4.2.1 the general form of f = (f1, fo) is

fi(z1,22,\) = u(N)z + Az + Bziz, + CzZ) 22 + D tiEm

f2(zla 22, )\) = ,LL()\)ZQ —+ AZz —+ 32322 + 021 + D—m m+1 (411)

where A, B, C, D are smooth D,, x S'-invariant functions from V' x R to
C (thus they may depend on A) and m is defined by (4.5). Since we are
assuming (4.7) it follows that A (0, \) = 0. Let us consider g as in (4.10).
From (4.11) ¢ has form

g(z,\,7) = (v+ Az + Bz¥z, + CZ 1 + Dtizp
msm— 1 m m+1 (412)

G2z, \,7) = (v+ A) 29+ Bzizy + C2"zy ' + Dz2)

where v = p(X\) — (1 + 7)i.

Lemma 4.3.1 Consider f as in (4.11). Let (z1,20) = (r1€'®", r2e"2) with

r1,72 € R and let ¢ = ¢po — ¢1. Then we can write f = [ ;1 }
2

rleli(blh(,rla T2, (ba )\)
T2€Z¢2h(T2, 1, _¢7 )‘)

where h is a smooth function from R* to C.

Proof: Let N, P, S and T be as in the Proposition 4.2.1. Taking (21, z2) =
(rleid’l , T26i¢2) and ¢ = ¢ — ¢ we can write each of the invariant polynomials
in the form

N = ri+rs P = ri?
S = 2r{"r} cos(mo) T = 2r7rysin(mo)(ri —r3).

Recall now Proposition 4.2.1(b) and denote by
— —m—1 m+1l—m
_ | A1*71 I S S _ | A~
X2—|: 2—:|7 X3_|:21§£n1:|7 X4_|:Erlnzgn+1:|'
Then

i1 .
| M€ i(r1,72,0)
X N |: T’2€i¢2hj(r2,7“1, _¢) (413)
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where

ho(r1,79,0) = 7’%

ha(ri,ra, @) = 177715 (cos(mg) + isin(me)) (4.14)
ha(ri,me, A) - = iy (cos(me) — isin(mg)).
It follows the result if we consider (4.11). O

Theorem 4.3.2 Consider (4.9) with f as in (4.11) where A(0,\) =0 and
p: R — C is smooth and satisfies (4.8). Suppose that n # 4 and n > 3.
Then, generically, the system (4.9) admits only branches of periodic solutions
that bifurcate from (0,0) corresponding to the isotropy subgroups of D, x S*
with two-dimensional fixed-point subspaces.

Proof: We have that Fixy (D,,) = {0}, consequently f (0,\) = 0. There-
fore (0, A) is an equilibrium point of (4.9) for all values of A. Since we are
assuming that (df), , () = p(\)z, where p(0) = 4 and Re (¢/ (0)) # 0, the
stability of this equi’librium varies when \ crosses zero.

The space V is D,-simple and we are assuming (4.7) and (4.8) and so
the conditions of the Equivariant Hopf Theorem are satisfied. Therefore,
for each isotropy subgroup X of D,, x S! with a two-dimensional fixed-point
subspace, the system (4.9) admits a unique branch of periodic solutions with
symmetry 3 by bifurcation from (z,\) = (0,0). Moreover, this corresponds
to a branch of zeros of (4.10) with the corresponding symmetry. We study
now the existence of branches of periodic solutions of (4.9) with submaximal
symmetry that bifurcate from (0,0). We begin by looking for branches of
zeros (z1, z2) of (4.12) with 2129 # 0. These satisfy

g1(z,\, 7) _9

- (4.15)
g2(2, A\, 7)
= - =0.

22

Taking (21, 22) = (rleid’l,rgew?) and ¢ = ¢ — ¢, by Lemma 4.3.1 we can
write f in the form

Tlezi(mh(rla T2, (ba )\)
T2€Z¢2h(r27 1, _¢7 A

and so (4.15) can be written as
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{ v+ A+ Br}+ Cri 2 (cos(me) + isin(me)) + D (r1r2)™ (cos(mg) — isin(me))

v+ A+ Bri + Crird 2 (cos(mg) — isin(me)) + D (rir2)™ (cos(me) + isin(me)) =
(4.16)

0
0.
Taking the difference of the equations of (4.16) we obtain

B(ri—-r3)+C (rirg)™ 2 (cos(me) (r3 — r}) + isin(me) (rf +13)) — 2iD (rir2)™ sin (m¢) = 0
(4.17)
and so the real and imaginary parts of (4.17) should verify

(r3 —r3) (CR (r1r2)™ " cos(me) — BR) +sin(mg) (rrs)™ " (2Dgrirg — Cp (rf +73)) = 0

(r3 —r?) (CI (r11r9)™ % cos(me) — BI) + sin(mo) (r1r9)™" (CR (rf +73) —2Dgrir3) =0
(4.18)
Here we use the notation Bg = Re(B), By = Im(B), ...
Assume the generic hypothesis

B(0) £0.
Recall that n > 3 and n # 4. By (4.5) it follows that m —2 > 1 and so
(Br — Cr(rir2)™ ? cos(mg)) (0) # 0.

Therefore in a sufficiently small neighborhood of the origin the system (4.18)
can be written as

"2 2 — sin(me) (rire)™*(Cr(r} +r3) — 2Dyrir3)
2 1 Cr(rire)™=2cos(m¢) — Bg (4.19)

sin(m¢)((BIC'1 + BRrCR) (ri +r2) + P (11,79, )\,m)) =0

where

P(ri,r2,\,m) = (rir2)™ 2 cos(m¢)(2(C1 Dy + CrDg)rirs — (C% + C)(r +13))
2rir3(BrDg + BrDy).
Assume the generic hypothesis
(B;Cr + BrCg) (0) # 0.
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By Morse Lemma (see for example Poston and Stewart [29] Theorem 4.2),
the equation

(B[C} + BRCR) (7"% +'I"§) + P(?"l,’l“z,)\,m) =0

in a sufficiently small neighborhood of the origin admits only the trivial
solution (r1,79) = (0,0). Recall (4.5) and note that we are assuming n >
3and n # 4. Thus m —2 > 1. It follows that the system (4.19) in a
sufficiently small neighborhood of the origin admits only branches of solutions
(containing (ry,r2) = (0,0) and) satisfying

sin(me) =0
(4.20)
r? =13,
Thus ¢ = %’r for some integer k. We show below that these solutions

correspond to the branches of periodic solutions of (4.9) guaranteed by the
Equivariant Hopf Theorem. Note that the case n = 4 and so m — 2 = 0
is special. The existence of branches of periodic solutions of (4.9) with
submaximal symmetry that bifurcate from (0,0) in generic Hopf bifurcation
with Dy-symmetry is proved by Swift [34].

We show now the correspondence between the solutions of (4.20) and the
periodic solutions of (4.9).
(i) We begin with the case when n is odd. We recall that

Fixcz (Zy(k)) = {(w,w) : w € C}

(see Table 4.1). It follows that n +1 > 4 is even and so k(1 4+ n)n/n € Z,.
Moreover,

ik(14n)m 2ikm ik(14n)m 2ikn _ ik(14n)m
e » -|(lw,en w)=(we » ,wen n

and 2k k(1 k(1
T k(L+n)m K +n)ﬂ-:—2]€ﬂ'.
n n n

So, periodic solutions of (4.9) with symmetry (conjugate to) Zs(k) correspond
to zeros of (4.10) where

2k
ry =ry and qﬁz—ﬂ, kel
n

(or ry = —ry and ¢ = 2kn/n —w, k € Z). In the case of Zy(k, ), we have

Fixce(Zo(k, 7)) = {(w, —w) : w € C}.
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Observe that if n = 3 (mod 4)

(2k+1)(1+n)mi (2k+1)im (2k+1)(1+n)mi (2k+1)mi _ (2k+1)(14n)mi
-|w,e w) = (we n

e 2n n 2n R we 2n

and

(2k Z r  (2k+ 1;511 tn)r 2k + 1;;1 T okt 1)n

and if n = 1 (mod 4)

(2k+1)(1—n)mi (2k+1)im (2k+1)(1—n)mi (2k4+D)mi (k41D (A—n)7i
(& 2n . w’ (& n w —= we 2n , we n 2n

and

(2k ; D (2k+ 1;511 —n)r (2k+ 1;511 - _ (2k + 1)7.

So, periodic solutions of (4.9) with symmetry (conjugate to) Zy(k, ) corres-

pond to zeros of (4.10) where

(2k+ D)7
n

(orrm =—ryand ¢ = 2k + 1)n/n—m7, k € Z).
(ii) We consider now the case where n = 2 (mod 4). We recall that

, kel

ry=ry and ¢ =

Fixcz (Zay(k) @ Z5) = {(w,w) : w € C}

and
Fixce (Zo(k, 7)) & Z35) = {(w, —w) : w € C}.

(see Table 4.2). We can prove, by the same method used in (i), that periodic
solutions of (4.9) with symmetry (conjugate to) Zs(k) @ Z§ correspond to
zeros of (4.10) where

2k
71 =719 and ¢:—7T, keZ
m

and periodic solutions of (4.9) with symmetry (conjugate to) Zs(k, ) & Z§
correspond to zeros of (4.10) where

2k +1
u’kez'

ry=ry and ¢ =
(iii) Finally we study the case where n = 0 (mod 4) and n # 4. We recall
that
Fixce (Zo(k) ® Z5) = {(w,w) : w € C}
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and ‘
Fixce (Zo(kC) ® Z5) = {(w, *™/"w) : w € C}

(see Table 4.3). We can prove, by the same method used in (i), that periodic
solutions of (4.9) with symmetry (conjugate to) Zs(k) @ Z$ correspond to
zeros of (4.10) where

2k
ry =1y and Qﬁz—ﬂ, keZ
m

and that periodic solutions of (4.9) with symmetry (conjugate to) Zs(k()BZS
correspond to zeros of (4.10) where

M’kez.

ro =17y and ¢ =

We finish the proof considering the cases where z; = 0 and z5 # 0. Let

N, P, S and T be as in the Proposition 4.2.1. In that case N = |z|?
P =S=T=0and (4.12) takes the form

gi(z,\,7) = 0
go(2,\,7) = (v+ A)z + Bz2z,.

In this case we obtain zeros corresponding to a branch of periodic solutions
with symmetry conjugate to Z,. If zo = 0 and 2; # 0 the situation is similar
to this one. O

Remark 4.3.3 From the above proof, the nondegeneracy conditions (re-
ferred in the word “generically”) in Theorem 4.3.2 that guarantee that the
only branches of periodic solutions with symmetry corresponding to isotropy
subgroups of D,, x S! with two-dimensional fixed-point subspaces can bifur-
cate at A = 0 for the equations (4.9) with f as in (4.11) are

Br(0) £0, (B;Cr+ BrCr) (0) # 0.

Remark 4.3.4 The existence of branches of periodic solutions of (4.9) with
submaximal symmetry that bifurcate from (0,0) in generic Hopf bifurcation
with Dy-symmetry differs markedly from those other D,,. Swift [34] studies
the dynamics of all possible square-symmetric codimension one Hopf bifurca-
tions (with one parameter). In particular, it is shown that periodic solutions
with submaximal symmetry bifurcate from the origin for open regions of the
parameter space of the cubic coefficients in the Birkhoff normal form. Briefly,
in [34] it is used the following method. The S!-symmetry of the normal form
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on C? ensures that the equation for the average phase of z; and z decouples
from the rest of the equations. Thus the four-dimensional normal form in
C? (D, x S'-equivariant) is then reduced to a three-dimensional system in
R3. Writing this reduced system in R? in spherical coordinates, it follows
that for the cubic truncation the two angular coordinates essentially decouple
from the radial coordinate. It is possible then to classify most aspects of the
dynamics by studying an ODE on the two-dimensional sphere.
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Chapter 5

Hopf Bifurcation in Coupled
Cell Networks with Interior
Symmetry

A coupled cell system is a network of dynamical systems coupled together.
Here, a network is represented by a directed graph G whose nodes correspond
to cells and whose edges represent couplings. Cells with the same label
have ‘identical’ internal dynamics; arrows with the same label correspond to
‘identical’ couplings. Equip each cell ¢ with a phase space P, so that the total
phase space of the network is the cartesian product P = [[.P.. A vector
field respecting the topology of the network is called G-admissible. We follow
the theory developed by Stewart et al. [33] and Golubitsky et al. [22].

When the network possess a group of symmetries then the associated
coupled cell systems (ODE’s) are also symmetric. In this context there is a
group of permutations of the cells (and arrows) that preserves the network
structure (including cell-types and arrow-types) and its action on P is by
permutation of cell coordinates. Moreover, the coupled cell systems (ODE’s)
are of the form

dx
E = f(x>7

where the G-admissible vector field f is smooth (C'*) and satisfies

f(yz) =~vf(x), Vexe Pyel.

That is, f is equivariant under the action of the group I' on phase space P.
The theory of equivariant dynamical systems (Golubitsky et al. [19, 21]. See
chapter 3) can be applied to such dynamical systems.

There are non-symmetric networks where group theoretic methods still
apply, namely, networks admitting interior symmetries. In this case there

52



is a group of permutations of a subset S of the cells (and edges directed to
S) that partially preserves the network structure (including cell-types and
edges-types) and its action on P is by permutation of cell coordinates. In
other words, the cells in § together with all the edges directed to them form a
subnetwork which possesses a nontrivial group of symmetry ¥s. This notion
was introduced and investigated by Golubitsky et al. [15]. In this chapter
we study Hopf bifurcation in coupled cell systems associated with interior
symmetric networks.

This chapter is organized as follows. Section 5.1 gives the formal definition
of a coupled cell network and the associated dynamical systems, and states
some basic features, including the concept of a balanced equivalence relation
(colouring). We also discuss the symmetry group of a network. Section 5.2
gives the definition of interior symmetry given by Golubitsky et al. [15].
Moreover, we provide an equivalent definition, in terms of symmetries of a
subnetwork, which in some cases (no multiple edges and no self-connections)
amounts to finding the symmetries of the subnetwork (see Proposition 5.2.3).
We also analyse the structure of these networks and discuss some features of
the admissible vector fields associated to such class of networks. Section 5.3
gives the notion of synchrony-breaking bifurcation in coupled cell networks.
Then we specialise to networks with interior symmetries where group the-
oretic concepts play a significant role, focusing on the important case of
codimension-one synchrony-breaking bifurcations.

5.1 Network Formalism

First, we give the formal definition of a coupled cell network and the associ-
ated dynamical systems. For a survey, overview and examples, see Golubitsky
and Stewart [20]. The initial definition of coupled cell network given by
Stewart et al. [33] was modified by Golubitsky et al. [22] to permit multiple
arrows and self-connections, which turns out to have major advantages. More
recently, Stewart [32] extended the formalism introduced by Golubitsky et
al. [22] to include a large class of infinite networks — the so called networks

of finite type.

5.1.1 Coupled Cell Networks

In this work we consider finite networks and so employ the ‘finite multi-arrow’
formalism for consistency with the existing literature.

Definition 5.1.1 ([22]) A coupled cell network G comprises the following:

93



(a) A finite set C of nodes or cells.

(b) An equivalence relation ~¢ on cells in C, called cell-equivalence. The
type or cell label of cell ¢ is its ~c-equivalence class.

(c) A finite set &€ of edges or arrows.

(d) An equivalence relation ~g on edges in &, called edge-equivalence or
arrow-equivalence.  The type or coupling label of edge e is its
~p-equivalence class.

() Twomaps H: & — Cand 7 : £ — C. For e € £ we call H(e) the head
of e and 7 (e) the tail of e.

We also require a consistency condition:

(f) Equivalent arrows have equivalent tails and heads:
Hler) ~c Hiez)  T(ex) ~o T(e)
for all e, es € £ with e; ~g es.

Example 5.1.2 We can represent abstract networks by labeled directed
graphs. Figure 5.1 shows two examples. Here the node labels, drawn as
the three circles and the triangle, indicate the cells; the symbols show that
cells 1, 2,3 have the same type, whereas cell 4 is different, in both cases. In
the network G; there are three types of edge label, whereas in the network G,
there are five types of edge label, drawn as different styles of arrows. The tail
and head of each edge is, respectively, indicated by the absence or presence
of a tip on one end of the arrow. When an arrow between cells ¢ and d is
drawn with tips in both ends then it represents two arrows of the same type

with opposite orientation between cells ¢ and d.
<&

5.1.2 Input Sets and the Symmetry Groupoid

Associated with each cell ¢ € C is a canonical set of edges, namely, those that
represent couplings into cell ¢, as described next.

Definition 5.1.3 ([22]) If ¢ € C, then the input set of ¢ is the finite set of
edges directed to c,
I(c)={e€ &:H(e) =c}. (5.1)
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Figure 5.1: (Left) Network G; with exact Ss-symmetry. (Right) Network Go
with Ss-interior symmetry.

Definition 5.1.4 ([22]) The relation ~; of input equivalence on C is defined
by ¢ ~; d if and only if there exists a bijection

B I(e) — I(d) (5.2)

such that for every i € I(c),
i~ B(1). (5.3)

Any such bijection (3 is called an input isomorphism from cell ¢ to cell d. The

set B(c,d) denotes the collection of all input isomorphisms from cell ¢ to cell
d. The union

Bs= | J B(c,d) (5.4)

c,deC

is the symmetry groupoid of the network G. A coupled cell network is
homogeneous if all input sets are isomorphic.

The groupoid operation on Bg is composition of maps, and in general the
composition fa is defined only when o € B(a,b) and 5 € B(b,c) for cells
a,b,c. This is why Bg need not be a group. Observe that for any ¢ € C, the
subset B(c, ¢) is always non-empty and it is a group.

Example 5.1.5 In our running examples, shown in Figure 5.1, it is easy
to see that both networks have only two input isomorphism classes of cells:
{1,2,3} and {4}. The input sets of cells 1,2,3 are isomorphic, since each
one of them contains three edges, two of them drawn as a solid arrow with
a circle in the tail and one of them drawn as a dashed arrow with a triangle
in the tail. &
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5.1.3 Admissible Vector Fields

We now explain how to interpret such diagrams as Figure 5.1 as being
representative of a class of vector fields.

For each cell in C choose a cell phase space P., which we assume to be a
nonzero finite-dimensional real vector space. We require

Cch = PC:Pd,

and in this case we employ the same coordinate systems on P, and P;. The
total phase space is then
p=]][~

ceC

with a cell-based coordinate system

€T = (x(:)cEC'

If D= (ci,...,¢s) CC is any finite ordered set of cells, then we write

Pp=]] P

deD
and
xp = (Teyy ooy Tey),

where z, € P..
Given ¢ € C, denote by 7 (I (¢)) the ordered set of cells

(7T (i1),...,7 (is))

where the arrows i, run through 7(c). Suppose that ¢ ~; d and consider the
ordered sets Dy = 7 (I (c)), Do = 7 (I(d)) of C. Let 8 € B(c,d). Then
B is a bijection between I(c) and I(d). Moreover, for all i € I(c) we have
i ~p B(i), and so T (i) ~c T (((i)). We can define the pullback map

ﬁ* . P’D2 — PD1

by
(B°2)70) = 21500 (5:5)
for all 7(i) € Dy and z € Pp,. If T (I(c)) = (7 (41),...,7 (is)) then

rruee) = (B760), - 016,) and B (Trawy) = (@760 T766)) -
We use pullback maps to relate different components of a vector field
associated with a given coupled cell network. Specifically, the class of vector
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fields that are encoded by a coupled cell network is given by the following
definition.
For a given cell ¢ the internal phase space is P. and the coupling phase
space is
Prie) = Pray X - X Pri,).

Definition 5.1.6 ([22]) Let G be a coupled cell network. For a given choice
of P., a (smooth) vector field f : P — P is G-admissible if the following hold:

(a) Domain condition: For all ¢ € C the component f.(z) depends only
on the internal phase space variables x. and the coupling phase space
variables o7(j()); that is, there exists a (smooth) function fc : P.ox
PT(I(c)) — Pc such that

A

fe(®) = fel@e, T (1(e)))- (5.6)

(b) Pull-back condition: For all ¢,d € C and 3 € B(c,d)

A~

Ja(Ta, T7 (1)) = fc(ﬂcd, B*Tr(1(a))) (5.7)

for all z € P.

Example 5.1.7 For the networks G; and G, of Figure 5.1 the cell phase
spaces P;, P, and Py are identical and equal to R*, whereas P, = R!. The
general form of the admissible vector fields (ODEs) encoded by the network

Gy is

@1 = f(21, 72, T3, 74)
By = f(22,T5,71,14) (5.8)
i3 = [(x3,T1,72,24)
Ty = (24,71, To, T3)

where 7; € R* (i = 1,2,3), 24 € R!, f : R¥* x R! — R is a smooth
map invariant under permutation of the second and third arguments and
g : R¥* x R! — R' is a smooth map invariant under any permutation of
the last three arguments. The general form of the admissible vector fields
(ODEs) associated with the network G, is

Ty (IE1,$2,$3,!E4)
Ty = f(x2,T3,T1,%4) (5.9)
3 = f(xs, T, T2, 14)
Ty = g(xy, 71,72, 73)
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where z; € R* (i = 1,2,3), 2y € R, f : R* x R! — R* is a smooth
map, invariant under permutation of the second and third argument and
g : R* x R! = R' is a general smooth map. &

Remarks 5.1.8 (a) The condition of local finiteness together with the do-
main condition implies that the components f. of the admissible maps are
functions defined on a finite dimensional vector space.

(b) For certain purposes it is useful to work with more restricted classes of
admissible vector fields: linear, polynomial, etc. When such properties are
relevant we say that an admissible map f is a linear or polynomial admissible
vector field if and only if each fc is linear or polynomial, respectively.

We give the following characterization of admissible vector fields which is
proved for networks of finite type in Stewart [32].

Proposition 5.1.9 ([32]) Let G be a coupled cell network. A wvector field
f P — P for a given choice of P. satisfying the domain condition is G-a-
dmissible if and only if for each ~r-equivalence class Q

(i) f. is invariant under B(c,c) for some c € Q.

(ii) For d € Q such that d # ¢, giwven (any) 5 € Bl(c,d), we have
fa (za, v7(100)) = fo (za, B (27(102)))) -
Proof: See Stewart [32]. O

Remark 5.1.10 Let G be a coupled cell network and P a given choice of the
total phase space consistent with G. By the above proposition, every smooth
G-admissible vector field on P is determined uniquely by its component f,
where ¢ runs through a set of representatives for the ~;-equivalence classes.
Now f. depends only on w., 7 ((c)) and is invariant under all the bijections in
B(e,c). If d ~; c then f; is related to f. by a pullback map * for g € B(c, d).

5.1.4 Balanced Equivalence Relations

Given a coupled cell network, an equivalence relation > on C determines a
unique partition of C into ><-equivalence classes, which can be interpreted as a
colouring of C in which p-equivalent cells receive the same colour. Conversely,
any partition (colouring) determines a unique equivalence relation. The
corresponding polydiagonal is

Npy={x€P:cxd= .= 124} (5.10)
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A subspace V' of P is called admissibly flow-invariant if f(V) C V for all
admissible vector field f on P.

Definition 5.1.11 ([22]) Let G be a coupled cell network. An equivalence
relation 0 on C is balanced if for every c¢,d € C with ¢ 1 d there exists
B € B(e,d) such that 7 (i) > 7(8(i)) for all @ € I(c). The associated
colouring is called a balanced colouring. In particular, B(c,d) # () implies
c ~1 d. Hence, balanced equivalence relations refine input equivalence.

A crucial property of balanced equivalence relations is that they define
admissibly flow-invariant subspaces, and conversely the following holds.

Theorem 5.1.12 ([33]) Let < be an equivalence relation on a coupled cell
network. Then Ay is admissibly flow-invariant if and only if > is balanced.

Proof: The proof of the above result for finite networks is given in Golu-
bitsky et al.[22] and in Stewart et al. [33] and for networks of finite type in
Stewart [32]. O

The dynamical implication of such flow-invariance is that > determines
a robust pattern of synchrony: there exist trajectories x (¢) of the ODE such
that
cdd = x.(t) = z4(t) Vt € R.

Such trajectories arise when initial conditions z(0) lie in A Then the entire
trajectory, for all positive and negative time, lies in Ay, and is a trajectory of
the restriction f|a,.. The associated dynamics can be steady-state, periodic,
even chaotic, depending on f and its restriction to A.. An example of
synchronised chaos generated by this mechanism can be found in Golubitsky
et al. [20].

Since there is always a canonical balanced relation ~; on every network,
let A; denote polydiagonal subspace of P associated to the input equivalence
relation ~j, that is,

NAr={x€P:c~yd= x.= x4}

Then A; is a flow invariant subspace. Solution of admissible vector fields
contained in A; represent the states of highest degree of synchrony allowed
by the network.

Remark 5.1.13 Whenever self-connections or multiple arrows do not occur
it will be convenient to revert to the formalism of Stewart [33], but now
considered as a specialisation of the multi-arrow formalism. Since no two
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distinct arrows have the same head and tail, we can identify an arrow e with
the pair of cells (7 (e), H(e)). Now the set € of arrows identifies with a subset
of C x C\ {(c,c): c €C}. Similarly the input set I(c) can be identified with
the set of all tail cells of arrows e that have ¢ as head cell.

Example 5.1.14 We continue with our running examples, the networks G;
and G, of Figure 5.1. There is an equivalence relation < for which 1 < 2; its
equivalence classes are {1,2}, {3} and {4}. The corresponding polydiagonal
is

Nw={r € P a1 =u}={(v,2,9,2)}.

On this subspace the differential equations become

(5.11)

SER -t
I

Since the first two equations are identical (recall that the bar over x, y means
that they can be interchanged), A is invariant under all admissible vector
fields. The relation 1 is balanced. The only condition to verify is that
cells 1 and 2, which are <-equivalent but distinct, have input sets that are
isomorphic by an isomorphism that preserves ><-equivalence classes for both
networks. In both networks the input sets are

I(l) = {(271)’(371)’(471)} and 1(2) = {(172)’(372)’(472)}a

where (c,d) denotes an arrow with tail ¢ and head d (see Remark 5.1.13).
The bijection 8 : I(1) — I(2) with £((2,1)) = (1,2), £((3,1)) = (3,2)
and 3((4,1)) = (4,2) is an input isomorphism that preserves p<-equivalence
classes since 1 > 2, 3 > 3 and 4 <t 4. That is, > is a balanced relation as
claimed. There are two other balanced equivalence relations (different from
~r) on the networks G; and Gs. In one of them the equivalence classes are
{2,3}, {1} and {4}. In the other the equivalence classes are {1,3}, {2} and
{4}. &

5.1.5 Symmetry Groups of Networks

We now consider symmetries of networks in the group theoretic (‘global’)
sense.

60



Definition 5.1.15 ([2]) Let G be a network. A symmetry of G consists of
a pair of bijections 7o : C — C and vg : £ — &£, where ~¢ preserves input
equivalence and vg preserves edge equivalence; that is, for all ¢ € C and
eef,

Ye(e) ~re  and  vg(e) ~pe. (5.12)

In addition, the two bijections must satisfy the consistency conditions

ve(H(e)) = H(ve(e))  and  yo(T(e)) =T (ye(e)) (5.13)

for all e € £. The set of all ¥ = (y¢,vg) forms a finite group Aut(G) called
the symmetry group of the network of G.

Observe that a symmetry v preserves input sets in a natural sense. Be-
cause of the way input sets are defined in the multi-arrow formalism, the
precise relation is

ve(I(c)) = I(he(c),
where v = (0, 7g) € Aut(G).

Remark 5.1.16 When the network G has no self-connections and multiar-
rows there is a simplification of the notion of symmetry due to the following
observation. Given a vertex permutation ¢, there is a unique edge permu-
tation v satisfying the consistency condition (5.13); that is, g is implicitly
defined by ~¢ since, by Remark 5.1.13, each arrow e can be identified with a
pair of cells (7 (e), H(e)). Thus a symmetry of G is given by a permutation
~ of C such that

(a) v(c) ~y cforall c €C.
(b) (v(a),(0)) € € = (a,b) € €.

(©) (1(a),7(h)) ~& (a,5) ¥(a,b) € £.

In this case, the group Aut(G) of symmetries of the network G is a subgroup
of the group Sym(C) of permutations on the set of cells of the network. We
shall adopt this convention throughout the remainder of the work whenever
the network under consideration has no self-connections and multiarrows.

Example 5.1.17 Since the networks G; and Gy of our running example of
Figure 5.1 do not have multiple arrows and self-connections, Remark 5.1.16
applies. The group S3 C Sy consisting of the transpositions (12), (13), (23),
the 3-cycle permutations (123), (132) and the identity is the symmetry
group of the network G;. Observe that cell 4 is fixed by the symmetry group.

61



On the other hand, the network G, has only the identity permutation as a
symmetry because the arrows (1,4), (2,4) and (3,4) are all different amongst
each other. <&

This last example shows that the definition of symmetry of a network is
very rigid. In the next section we will generalise the definition of symmetry of
a network by introducing the notion of interior symmetry. In this new context
the network G, of our example admits an action of the permutation group Ss
as a group of interior symmetries. This corresponds to the symmetry group
of the subnetwork of Gy obtained by ignoring the arrows (1,4), (2,4) and
(3,4) of G.

Next we relate network symmetries to (ODE) symmetries. Recall that a
symmetry v of a differential equation

i = f() (5.14)

with phase space P is a linear map x +— vz on P that commutes with f;
that is, v satisfies

vf(x) = flyx) (5.15)

for all x € P. Recall from section 3.1 that given a group I' acting linearly
on P, a mapping f : P — P that satisfies (5.15) for all v € T is called
I-equivariant. The set of all T-equivariant mappings is denoted by &, p(I).

Let G be a network and fix a total phase space P for G. If v = (v¢,vE)
is a symmetry of G then 7o permutes the cells of G and hence it induces an
action of v on P by permuting the cell coordinates

’7(3:(2)66(3 = (xyal(c))ceﬁ (516)

Since the input equivalence preserving cell permutation ~ is a network sym-
metry, there is an edge equivalence preserving arrow permutation vg that
satisfies (5.13). Then v commutes with every G-admissible vector field f :
P — P; that is, v and f satisfy (5.15). Finally, note that equivariance
holds independently of the choice of yg because of the invariance of the
component f. under the group B(c,c) called vertex group (recall Definition
5.1.4). Therefore, every G-admissible vector field is Aut(G)-equivariant.

We can construct (some) balanced equivalence relations on a network G
from subgroups of the symmetry group Aut(G) of G. Namely, suppose that
H C Aut(G). Define the relation >y on the set of cells C of G by:

cxdgpd & 3y =(v0,78) € H :7yc(c) = d.
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Then the <ip-classes are the H-orbits of cells where the H-orbit of ¢ € C
is defined by {yc(c) : 37 = (ye,78) € H : 7yc(c) = d}; the corresponding
polydiagonal is

AH = AMH = FlXp(H)

where Fixp(H) is the fixed-point space of H acting on the total phase space
P. This polydiagonal is balanced:

Proposition 5.1.18 Let G be a network and let H be any subgroup of Aut(G).
Then Fix(H) is a balanced polydiagonal.

Proof: Let f be a G-admissible vector field. Then f is equivariant un-
der Aut(G). By Remark 3.1.8, Fix(H) is flow-invariant for f. Since this
holds for any G-admissible f, then by Theorem 5.1.12, Fix(H) is a balanced
polydiagonal. (A more direct proof is possible by routine computations. See
Proposition 5.2.5 below.) a

Remark 5.1.19 By Dias and Stewart [10] Proposition 8.16, we have in
general that

Fr(G) S Ep(Aut(9)). (5.17)

One of the consequences of this ‘gap’ (5.17) for finite networks is the existence
of exotic balanced colourings, that is, a balanced colouring that is not a
fixed-point space of a subgroup of the automorphism group of the network.
Consider for example the 6-cell network G of Figure 5.2. The automorphism

//\\
\\

Figure 5.2: Patterns of synchrony in a six-cell Zs-symmetric network.

group of G is isomorphic to the cyclic group Zs. Its action on cells is
generated by the permutation (135)(246), and this induces a unique action
on edges since there are no multiple arrows. There are precisely two balanced
polydiagonals coming from fixed-point spaces of subgroups of Zs3: one is P
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itself and the other is {(z,y,z,y,x,y)}. However, this network has several
other balanced polydiagonals: any of the pairs {1,2}, {3,4}, {5,6} can be
independently identified and the resulting polydiagonal is balanced. Consider
for example the p<-equivalence relation with classes {1, 2}, {3}, {4}, {5} and
{6}. The input sets of cells 1 and 2 are:

I(l) = {(271)’(671)} and 1(2) = {(172)’(672)}'

The bijection 5 : I(1) — I(2) such that 5((2,1)) = (1,2) and 3((6,1)) =
(6,2) is an input isomorphism that preserves <-equivalence classes since 1 <
2 and 6 1 6. Consequently, the equivalence relation i is a balanced relation.
See Antoneli and Stewart [2, 3] for details.

5.2 Interior Symmetry

We present the notion of interior symmetry following Golubitsky et al. [15]
and give an alternative characterisation in terms of the symmetries of a sub-
network (Proposition 5.2.3).

5.2.1 Interior Symmetry Groups of Networks

Definition 5.2.1 ([15]) Let G be a coupled cell network. Let S C C be a
subset of cells and let I(S) = {e € £ : H(e) € S}. A pair of bijections
oc:C — Cand og : £ — £ is an interior symmetry of G (on the subset S)
if the following holds:

(a) oc : C — C is an input equivalence-preserving permutation which is
the identity map on the complement C \ S of S in C,

(b) o : € — £ is an edge equivalence-preserving permutation which is
the identity map on the complement & \ I(S) of I(S) in &,

(c) the consistency condition
oc(H(e)) = H(og(e)) and oc(T(e)) = T(op(e)) (5.18)
is satisfied for every e € I(S).

The set of all interior symmetries of G (on the subset S) forms a finite group
Ys called the group of interior symmetries of G (on the subset S).
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Note that in Definition 5.2.1 if S = C, then s = Aut(G). Hence, the
definition of interior symmetry of a network is a generalization of a symmetry
of a network. That is why we refer to the elements of Aut(G) as global
symmetries of G. The most interesting case is when Aut(G) is trivial but Xg
is nontrivial for some §.

Example 5.2.2 We continue with our running example, the two networks
G, and G5 of Figure 5.1. We have seen that the network G; is Ss-symmetric
and the network G, has only the trivial symmetry. However, the group of
permutations

S; = {id, (12),(13),(23),(123),(132)}

is the group of interior symmetries of the network G, on the subset § =
{1,2,3}. Observe that all elements of S3 fix cell 4 and

1(8) ={(1,2),(2,1),(1,3),(3,1),(2,3),(3,2), (4, 1), (4,2), (4,3)}.

If we assume that the permutations in S act as identity on the set of arrows

& \ [(8> = {(174>7 (274)7 (3a4>}7

then S3 is the group of interior symmetries of the network G, on the subset

S=1{1,2,3}. o

There is an alternative characterization of interior symmetries using the
notion of symmetry of a network. The main idea is the following: by
“ignoring” some arrows we find a subnetwork whose symmetry group is the
group of interior symmetries of the original network.

Let us be more precise. Given a coupled cell network G and a subset
S C C of cells define Gs = (C,I(S),~c,~g) to be the subnetwork of G
whose set of cells is C (together with its cell-equivalence ~¢) and whose set
of arrows is I(S). The edge-equivalence on I(S) is obtained by the restriction
of the edge-equivalence ~g on &.

Proposition 5.2.3 Let G be a coupled cell network and S C C be a subset
of cells of the set of cells of G. Consider the network Gs as defined above.
Then the group of interior symmetries of the network G (on the subset S)
can be canonically identified with the group of symmetries of the network Gs:

ZS = Aut(gs).
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Proof: We start by proving that ¥s can be canonically identified with
a subset of Aut(Gs). Let 0 = (0¢,0g) € Xs be an interior symmetry of
G (on the subset S), as in Definition 5.2.1. Then, because o¢ and og are
the identity maps on C \ S and £ \ I(S), respectively, it follows that o is a
symmetry of Gg, according to Definition 5.1.15. Now we show that the above
identification is surjective. Let v = (v¢,ve) € Aut(Gs) be a symmetry of
Gs (in the sense of Definition 5.1.15); that is, vg is a permutation on the
set 1(S). Now we can extend vg to a permutation op on € which acts as
identity on &€ \ I(S). The pair ¢ = (0¢,0g), where oc = 7¢ is an interior
symmetry of G (on the subset §) according to Definition 5.2.1. a

The characterisation of interior symmetry provided by Proposition 5.2.3
is particularly useful when the network does not have multiple arrows and/or
self-connections, since by Remark 5.1.16, a symmetry is simply a permutation
on the set vertices of the underlying graph.

Example 5.2.4 Consider the two networks G; and Gy of Figure 5.1. Let
S = {1,2,3}. Note that the network Gs obtained from G; is the same as
the one obtained from G,. In Figure 5.3 we show these three networks.
Observe that for the three networks the sets of arrows coming from the set

S ={1,2,3} and directed to the complement C \ S = {4} are different. <

Figure 5.3: (Left) Network G;. (Center) Network Gs, where & = {1, 2, 3}.
(Right) Network Gs.

Let G be a network, and fix a phase space P. Suppose that G admits
nontrivial interior symmetries Xs on a subset of cells §. Then we can
decompose the phase space P as a Cartesian product PP = Ps X Fg\s where

Ps=[[P. and Pos= ][] P
s€S ceC\S
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For any x € P we write & = (zs,z¢e\s), where s € Ps and zo\s € Pes. If
o= (0¢,0r) € Xs, then o permutes the cells of S and induces an action of
Y.s on P by permuting the cell coordinates

U(xc)cec = (xgal(c))cec-
Since g fixes all cells in C \ S we can write

O’(xs,l'c\g) = (O'xs,xc\g). (519)

As in the case of symmetric networks, we can construct (some) balanced
equivalence relations on a network G from subgroups of the interior symmetry
group. Suppose that K C s is a subgroup. Then

FiXp(K) = {(l‘s,xc\s) coxs =xs, VO E K}
Define the relation i on the cells in C by
cXgd < do=(oc,0p) € K :oc(c)=d.

Then the pxg-classes are the K-orbits on the cells in S, and the corresponding
polydiagonal is
AK = AMK = FIXP(K)

The following proposition from Golubitsky et al. [15] Proposition 1 (p.
397) is fundamental in the study of coupled cell networks with interior
symmetries.

Proposition 5.2.5 ([15]) Let G be a network admitting a nontrivial interior
symmetry group Ys and fix a phase space P. Let K be any subgroup of
Ys. Then <k is a balanced relation on C. In particular, Fixp(K) is a flow
invariant subspace for all G-admissible vector fields.

Proof: Let s; and sy be two cells on the same K-orbit. Then there exists
an element o = (0¢, o) of K such that oc(s1) = s and by the consistency
condition (5.18) it follows that the restriction

el I(s1) — I(s2)

is an input isomorphism. Since the >ig-equivalence classes are exactly the
K-orbits on C it follows that the input isomorphism og|s,) preserves the
X equivalence relation. Hence, by Theorem 5.1.12, it follows that Ay =
Fixp(K) is a flow invariant subspace for all G-admissible vector fields. O
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Example 5.2.6 Consider the networks G; and G, of Figure 5.1 and fix a
phase space P for both networks. There are two nontrivial conjugacy classes
of subgroups of S3. The first conjugacy class is formed by the subgroup
generated by a 3-cycle,

Zs = ((123)).

The associated balanced relation has two equivalence classes {1, 2,3} and {4}
given by the two orbits of Z3 on the set of cells C. The fixed-point subspace
of Z5 is

Fixp(Z3) = {(z,2,2,y) : v € Ps,y € Po\s} = Fixp(S3).

The second conjugacy class of subgroups is represented, for example, by the
subgroup generated by a transposition

Zo = ((12)).

The associated balanced relation has three equivalence classes {1,2}, {3}
and {4} given by the three orbits of Zs on the set of cells C. The fixed-point
subspace of Z, is

Fixp(Zy) = {(w,x,y,2) 1 v,y € Ps, z € Po\s}-

The other two subgroups in the conjugacy class of <(1 2)> are the ones
generated by (13) and (23). Observe that these three balanced equiva-
lence relations given by orbits of subgroups are exactly the same balanced
equivalence relations previously found by direct methods (Example 5.1.14).
Therefore, in our running example all flow-invariant subspaces can be given
as fixed-point subspaces of subgroups. &

Remark 5.2.7 It is not true, even for symmetric networks, that all balanced
equivalence relations are given by orbits of subgroups of the symmetry group
of the network. Balanced equivalence relations that are not of this type are
called exotic. For examples of exotic balanced relations, see Antoneli and
Stewart [2, 3.

5.2.2 Admissible Vector Fields with Interior Symme-
try

Let G be a network with a nontrivial interior symmetry group ¥s on a subset
of cells S, and fix a phase space P. Recall the natural decomposition

P=Psp PC\S (520)
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with coordinates (zs,ze\s). If f : P — P is a G-admissible vector field,
then we can write f = (fs, fe\s), where fs : P — Ps and fo\s : P — Pos.
Groupoid-equivariance of the coupled cell system implies that

ofs(xs, re\s) = fs(oxs, xo\s) (5.21)

for all o € X5s.
A G-admissible vector field f can be written as

flas, vo\s) = [f‘g(xs’xc\s> } + {h( 0 } , (5.22)

fos(zs, zo\s) Ts,Te\s)

where fovs, h: P — Pes and fes = fevs+h. The vector field f = (fs, fe\s)
is the Ys-equivariant part of f; that is, for all o € ¥,

of(z) = f(ow),
or more explicitly,

[qfs(ivs,%\s)] _ [fS(UﬂfsaxC\S) } 7 (5.23)

fos(zs, ze\s) fes(ozs, To\s)

since Xg acts trivially on Pr\s. Equation (5.22) can be seen as a decompo-
sition of the vector field f as the sum of a Ys-equivariant vector field and a
non-equivariant “perturbation” with null components in §.

Example 5.2.8 Consider the network G, of Figure 5.1. Recall from Exam-
ple 5.1.7 the general form of the ODEs associated with the network G,. Using
the decomposition (5.20), we have xs = (21,22, 23) and zre\s = (24) where
z; € R* (i =1,2,3), 24, € R Then by (5.22) we can write a general ODE
for the network G, as

&y = f(21,72,73,74)
Ty = [(x2,T3,71,24)
&3 = fl(xs,T1, 72, 14)
Ty = g(24,T1, Ta, T3) + W14, 01, 22, 23),

where f : R¥* x R! — RF is a smooth map invariant under permutation
of the second and third argument, ¢ : R! x R* — R! is Ss-invariant with
respect to (21,72, 73) and h: R! x R3%* — R! is a general smooth map. <
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Now we introduce another set of coordinates on P, adapted to the action
of the interior symmetry group. By Proposition 5.2.5 the subspace Fixp(Xs)
is flow-invariant. Since Fixp(Xs) is Xg-invariant and Xg acts trivially on the
cells in C \ S we have that Pe\s C Fixp(Xs). Let

U = Fixp(Xs). (5.24)
The action of the group X5 decomposes the set S as
S§=8§U---US,
where the sets S; (i = 1,..., k) are the orbits of the Ys-action. Let
W:{xEP:xC:O, Vee C\'S and Z zs =0 forlgigk‘}. (5.25)
SES;

Since W is a Yg-invariant subspace of Ps and WNU = {0} we can decompose
the phase space P as a direct sum of ¥s-invariant subspaces

P=WaU. (5.26)

In particular, (5.25) implies that vectors in W, when written in coupled cell
coordinates, have zero components on all cells in C \ S.

We can choose coordinates (w,u) with w € W and u € U adapted to the
decomposition (5.26) and write any admissible vector field f as

flw,u) = Bﬁ;‘jm + {h(i’ u)} , (5.27)
where fy, h: P — U and fy : P — W satisfies
ofw(w,u) = fyy(ow,u), Voes.

With respect to the decomposition (5.26), the equivariant part of f is written
as f(w,u) = (fw(w,u), fu(w,u)) and for all o € X5 we have

e )= o)

since Xs acts trivially on U = Fixp(Zs).

(5.28)

Example 5.2.9 Consider the network G, of Figure 5.1. With respect to
the decomposition (5.20) adapted to the network structure, the total phase
space P has coordinates zs = (21,22, z3) and zo\s = (z4) where z; € R”
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(i=1,2,3), z4 € R. Now with respect to the decomposition (5.26) adapted
to the Ss-action on P we have that

W = {(wl,wg, —wp — U)Q,O) Wy, Wy € Rk}

and
U = Fixp(S3) = {(u1, u1,u1,us) : uy € RF uy € R}

&

In the linear case, we may choose a basis of P adapted to the decom-
position (5.26) and then a G-admissible linear vector field L can be written

) -4 5

where B=L|y:U - U,C: W — U and A: W — W satisfies (by (5.28))
Ao =0A, Voels.

Note that Proposition 5.2.5 implies that U = Fixp (Xg) is invariant under
L.

The spectral properties of L in (5.29) are given by Golubitsky et al. [15]
Lemma 1 (p. 399). Since we will use these results several times we reproduce
it here.

Lemma 5.2.10 ([15]) Let G be a network admitting a nontrivial group of
interior symmetries Xs and fix a total phase space P. Let L : P — P be
a G-admissible linear vector field and consider the decomposition of L with
respect to the decomposition (5.26) given by (5.29). Then the following hold:

(i) The eigenvalues of L are the eigenvalues of A together with the ei-
genvalues of B.

(ii) A wvector u € U = Fixp(Xs) is an eigenvector of B with eigenvalue v
if and only if u 1s an eigenvector of L with eigenvalue v.

(i) If w € W is an eigenvector of A with eigenvalue i, then there exists
an eigenvector v of L with eigenvalue p of the form

v=w+u
where u € U = Fixp(Xs).

(iv) All eigenspaces of A are Xg-invariant.
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Proof: Parts (i) (ii) and (iii) are consequences of the block form (5.29) of
L. Part (iv) follows from the Ygs-equivariance of A. O

Example 5.2.11 We continue our running example, the networks G; and G,
of Figure 5.1. The general form of the admissible linear mappings associated
with the networks G; and G, of Figure 5.1 are (in cell coordinates)

a b b d a b b d
b a b d b a b d
Li=1p b o d and Ly = |,y
e e e ¢ €1 €2 €3 C

where a,b are k x k matrices, ¢ is a [ x | matrix, d is a k x [ matrix and
e, e1, e, e3 are | X k matrices. Choosing adequate bases for W and U the
linear mappings L; and Ly can be written as

a—b 0 0 0

[ 0 a-=b 0 0

b 0 0 a+2b d

0 0 3e c

and

a—b 0 0 0
I — 0 a—>b 0 0
2 0 0 a+20 d
e —e3 ey —e3 e +e+e3 ¢

5.3 Synchrony-Breaking Bifurcations

Now we study local bifurcations in coupled cell networks with nontrivial in-
terior symmetries. We are interested in codimension-one synchrony-breaking
bifurcations. Steady-state and Hopf bifurcations in coupled cell networks
with interior symmetries were studied by Golubitsky et al. [15].

5.3.1 Local Bifurcations in Coupled Cell Systems

Let G be a coupled cell network and fix a phase space P. Let f : PxRF — P
be a smooth k-parameter family of G-admissible vector fields in P and assume

that the ODE q
T
— = A )
TR (CY (5.30)
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has a synchronous equilibrium zy in A; (the polydiagonal subspace of P
associated with the input equivalence relation ~j). In the present context
we may assume that

f(xg,\) =0

and that a bifurcation occurs at A = 0. Let L = (d.f)z,,0) be the linearisation
of f at (x¢,0) and denote by E° the center subspace of L.

Local bifurcations in coupled cell networks can be divided into two types
according to E° is contained or not into the flow-invariant subspace Aj.

Definition 5.3.1 We say that a coupled cell system (5.30) undergoes a
synchrony-preserving bifurcation at a synchronous equilibrium in A; if F¢ C
A and that (5.30) undergoes a synchrony-breaking bifurcation if E¢ ¢ A;.

Now we specialize to codimension-one bifurcations; that is, f : PxR — P
is a smooth 1-parameter family of G-admissible vector fields in P. These
bifurcations fall into two classes: steady-state bifurcations (L|ge has a zero
eigenvalue) and Hopf bifurcations (L|ge has a pair of purely imaginary
eigenvalues). The new steady-states and periodic solutions that emanate
from the synchrony-preserving bifurcations are themselves synchronous so-
lutions. For the remainder of this chapter we will focus on codimension-one
synchrony-breaking bifurcations from a synchronous equilibrium.

5.3.2 Local Bifurcations with Interior Symmetry

Interior symmetries introduce genuine restrictions on the form of the lineari-
sation and this structure can be used to study certain kind of synchrony-
breaking bifurcations, namely, the bifurcations that break the interior sym-
metry.

Let G be a network admitting a nontrivial group of interior symmetries
Ys on § and fix a phase space P. First, note that the polydiagonal subspace
A associated to the input equivalence relation ~; satisfies

A[ Q FiXp(ES).

Since we are interested in synchrony-breaking bifurcations that also break the
interior symmetry we may assume that xy € Fixp(Xs) and that the center
subspace E°(L) associated to the critical eigenvalues satisfies

E(L) ¢ Fixp(Ss). (5.31)

However, this is not enough to exclude the possibility of having critical eigen-
vectors in Fixp(Xs) in a synchrony-breaking bifurcation. That is, we could
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have a situation where some critical eigenvectors belong to Fixp(Xs) and the
others are outside Fixp(Xs). Indeed, it is well known that (non-symmetric)
coupled cell systems generically can exhibit mode interaction in codimension-
one bifurcations. See for example Golubitsky and Lauterbach [14] and chap-
ter 7. In this work we make a stronger assumption. We assume

E°(L) N Fixp(Ss) = {0} (5.32)

and so we exclude the possibility of having eigenvectors in Fixp(Xs). This
situation corresponds to a synchrony-breaking bifurcation that “breaks only
the interior symmetry”.

Definition 5.3.2 Let f : P — P be a G-admissible vector field and let
L = (df)(z) be the linearisation of f at xy. Consider the decomposition
(5.26) of P adapted to the Ys-action and write L in block form as

A 0
L= [ 4 B} |
Then the matrix A is called the Xs-equivariant subblock of L.

If we write f using coordinates (w, u) adapted to the decomposition P =
W aU as
| fw(w,u) 0
flw,u) = [fU(w,u) + h(w,w)

A= (d(l) fW) (o)

then

where xg = (wo, ug) and

(d(l)fW)(mo) cw = (dfw) - (w,0)

(w07u0)

for all w e W.

Remark 5.3.3 It can be shown that the following three conditions are
equivalent:

(a) E¢(L) N Fixp(Ss) = {0}.
(b) dim E¢(L) = dim E°(A).

(c) All the critical eigenvalues of L come from the ¥g-equivariant sub-

-block A of L.
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It is obvious that (a) implies both (b) and (c). On the other hand, to prove
that (b) implies (a), we observe that by Lemma 5.2.10 (iii), we always have
dim £°(A) < dim E¢(L). Finally, to prove that (c) implies (a), we observe
that the block form of L guarantees that no generalized eigenvector associated
to an eigenvalue coming from subblock A belong to Fixp(Xs).

In general f is not Xg-equivariant and L does not commute with >s. In
particular, E(L) ¢ W. However, the block matrix A does commute with ¥g
and thus E¢(A) C W is Yg-invariant. Moreover, if A has purely imaginary
eigenvalues there is a natural action of X5 x S' on E¢(A), where S! acts by
exp(sAY).

Definition 5.3.4 Consider a 1-parameter family of coupled cell systems
(5.30) with interior symmetry group ¥s on S undergoing a codimension-
-one synchrony-breaking bifurcation at a synchronous equilibrium zy when
A = 0. We say that f undergoes a codimension-one interior symmetry-
-breaking bifurcation if the following conditions hold:

(a) All the critical eigenvalues p of L come from the Y s-equivariant sub-

-block A of L.

(b) The critical eigenvalues p extend uniquely and smoothly to eigenvalues
p(A) of (df)(z,n) for A near 0.

(c) The eigenvalues crossing condition:

d
— Re(u(V)) _#0 (5.33)

More specifically, the bifurcation problem (5.30) is called

e A codimension-one interior symmetry-breaking steady-state bifurcation
if, in addition to the conditions (a), (b), (¢) above, the matrix A has a
zero eigenvalue and the associated center subspace is given by

Eo(A) = ker(A). (5.34)

e A codimension-one interior symmetry-breaking Hopf bifurcation if, in
addition to the conditions (a), (b), (c) above, the matrix A is non-sin-
gular and all the critical eigenvalues (after rescaling time if necessary)
have the form +7 and the associated center subspace is given by

Ei(A) ={r e W: (4% + 1)z = 0}. (5.35)
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Example 5.3.5 Consider the networks G; and Gy of Figure 5.1. Suppose
that for all cells ¢ we choose the internal phase space to be P. = C and so
the total phase space is P = C*. Consider the decomposition of P = W @& U
adapted to the Sz-action. Then

W = {(wy, wy, —wy — wy,0) : wy,wy € C}

and
U = FiXP(Sg) = {(ul,ul,ul,m) U7, Ug - C}

and W is a Sz-simple representation (W = Wy @ Wy where Wy, Wy are two
isomorphic Sz-absolutely irreducible spaces). Now consider a 1-parameter
family f : P x R — P of G-admissible vector fields on P undergoing a
codimension-one interior symmetry-breaking Hopf bifurcation at an equili-
brium point x5 when A = 0. Since W is a S3-simple representation, one
necessarily has that E(A) = W. Moreover, the action of the circle group S*
defined by exp(sA?) is equivalent to the standard action of S! on C?, that is,

0

0-(z1,2) = (eiezl,ei 22),

for all # € S' and z, 2, € C. &
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Chapter 6

Interior Symmetry-Breaking
Hopf Theorem

A paper with the contents of this chapter has been published [1].

The Equivariant Hopf Theorem (Theorem 3.2.6) concerns periodic solu-
tions to symmetric differential equations near a point where the linearization
has purely imaginary eigenvalues. In particular, we can use this theorem in
symmetric coupled cell systems. Golubitsky et al. [15] prove an analogue
of the Equivariant Hopf Theorem for coupled cell systems with interior
symmetries. They prove the existence of states whose linearizations on
certain subsets of cells, near bifurcation, are superpositions of synchronous
states with states having spatial symmetries. However, their result has
novel and rather restrictive features. In this chapter we address the second
main question in this thesis that is Hopf bifurcation in coupled cell systems
associated to networks with interior symmetries. We generalize the result
of Golubitsky et al. [15] described above. Specifically, in this chapter we
obtain the full analogue of the Equivariant Hopf Theorem for networks
with symmetries (Theorem 6.1.3). We extend the result of Golubitsky et
al. [15] obtaining states whose linearizations on certain subsets of cells,
near bifurcation, are superpositions of synchronous states with states ha-
ving spatio-temporal symmetries, that is, corresponding to interiorly C-axial
subgroups of Y5 x S*. This new version of the Hopf Theorem with interior
symmetries includes the previous version as a special case and is in complete
analogy with the Equivariant Hopf Theorem (see Theorem 6.1.3). In section
6.1 we present this result. The rest of the chapter is dedicated to the proof
of this theorem through two approaches. In section 6.2 we use a modification
of the Liapunov-Schmidt reduction to arrive at a situation where the proof
of the Standard Hopf Bifurcation Theorem (Theorem 2.2.1) can be applied.
In section 6.3 we use a center manifold reduction to reach a phase where
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the Standard Hopf Theorem gives the result. This completes the program of
generalising the main result from equivariant Hopf bifurcation theory to the
class of networks with interior symmetries.

6.1 Interior Symmetry-Breaking Hopf Theo-
rem

Let G be a coupled cell network admitting a nontrivial group of interior
symmetries Y.s on a subset of cells § (recall Definition 5.2.1) and choose a
total phase space P. Recall the decomposition of P as the cartesian product
P = Ps x Pp\s where Ps = [[,.q Ps and FPo\s = HceC\s P.. For any = € P,
we write = (zs, zc\s) where s € Ps and xe\s € Pe\s and we can take the
action of ¥s on P given by:

o ({L‘S,ZL’C\3> = (U[Es,l’c\s) (O‘ S 23) . (61)

Here X5 acts on s by permuting the coordinates corresponding to the cells
in §. For a subgroup K C ¥s define

Fixp(K) = {(zs,20\s) : 0xs = s, Vo € K}.

By Proposition 5.2.5 the subspace Fixp(Xs) is flow-invariant under any
G-admissible vector field on P. Since Fixp(Xs) is Yg-invariant and Xg acts
trivially on the cells in C \ & we have that Pos C Fixp(¥s). Let U =
Fixp(3s). Recall that the action of the group ¥s decomposes the set S as
S =8 U---USg, where the sets S; (i = 1,...,k) are the orbits of the
Y.s-action. As before let

W:{xEP:xc:O,VCEC\SandeS:O forlgigk}. (6.2)

SES;

Since W is a Yg-invariant subspace of Ps and WNU = {0} we can decompose
the phase space P as a direct sum of ¥s-invariant subspaces:

P=WaU. (6.3)

Consider a smooth 1-parameter family f : P x R — P of G-admissible
vector fields on P and assume that

dx

T flz, N (6.4)
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has an equilibrium point zy € Fixp(Xs). We can choose coordinates (w, u)
with w € W and u € U adapted to the decomposition (6.3) and write any
admissible vector field f as
| fw(w,u, N) 0
f(w,u,\) = [fU(w,u, O hw,u | (6.5)
where fy,h : Px R — U, fy : Px R — W and f(w,u,)\) =
(fw(w,u, A), fu(w,u, \)) is the Xgs-equivariant part of f. That is,
|:JfW(w7 u, )‘):| _ fW(O'U}, U, )‘)

_[ﬁﬂmmmAJ (Vo eXs), (6.6)

fo(w,u, X)

since Yg acts trivially on U.
In the linear case, we may choose a basis of P adapted to the decom-
position (6.3) and then a G-admissible linear vector field L can be written

) L:[ég (6.7)

where B=L|y: U - U,C: W — U and A: W — W satisfies, by (6.6),
Ao =0A (VoeXs). (6.8)

Recall the spectral properties of L in Lemma 5.2.10.

Before stating the next theorem let us introduce an important concept
which generalises the notion of C-axial subgroup from equivariant bifurcation
theory.

Definition 6.1.1 Let G be a coupled cell network admitting a nontrivial
group of interior symmetries X5 on a subset S. Let P denote the total phase
space and consider the decomposition (6.3) of P adapted to the Xs-action.
Suppose that there is an action of circle group S! on W which commutes
with the action of ¥5. Let £ C W be a Yg x Sl-invariant subspace. An
isotropy subgroup A C Ys x S! is called interiorly C-azial (on E) if

dimpg Fixg(A) = 2.

Assume that L as in (6.7) has i as eigenvalues that come only from the
subblock A of L and that they are the only critical eigenvalues of L. Consider
Ac = Al Ey(4)- As A has £i as eigenvalues there is a natural action of ¥ x St
on P, where S' acts on F;(A) by exp(s(A°)!) and trivially on P\ E;(A). The
action of ¥s on P is given by (6.1).
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Now suppose the family (6.4) undergoes a codimension-one interior sym-
metry-breaking Hopf bifurcation at the equilibrium zy when A = X (recall
Definition 5.3.4). Then the center subspace E°(A) = E;(A) of the Ys-equi-
variant subblock A of the linearization L = (df)(,) of f at (zo, o) is a
Ys-invariant subspace of W. Therefore, the action of the circle group S!
defined by exp(s(A©)") commutes with the action of ¥s. Thus E°(A) is a
Y5 X Sl-invariant subspace and so there is a well-defined action of ¥g x S!
on E°(A) (and W).

Example 6.1.2 Consider the networks G; and Gy of Figure 5.1. Suppose
that for all cells ¢ we choose the internal phase space to be P. = C and so
the total phase space is P = C*. Suppose that a smooth 1-parameter family
f: P xR — P of G-admissible vector fields on P undergoes a codimension-
-one interior symmetry-breaking Hopf bifurcation at the equilibrium xy = 0
when A = 0. Then E;(A) = W, where A is the Xg-equivariant subblock
of the linearization L = (df) of f at (0,0). In Example 5.3.5 we have
observed that the action of S! on W, given by exp(sA'), can be identified
with the standard action of S' on C?. There are three non-trivial conjugacy
classes of isotropy subgroups of S; x S! acting on W. The first conjugacy
class of subgroups is represented for example by the subgroup

Z, = (((12),1)).

The fixed-point subspace of Zs is
Fixy (Zs) = {(—w, —w, 2w,0) : w € C}.

The second conjugacy class of subgroups is represented for example by the
subgroup .

Zo = (((12),7)).
The fixed-point subspace of Zs is

Fixy (Z2) = {(w, —w,0,0) : w € C}.
The third conjugacy class of subgroups is represented for example by the
subgroup .
Zs = (((123),%)).

The fixed-point subspace of Zs is

Fixy (Zs3) = {(w,ei%w,ei%ﬂw,()) cw e C}.
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The main result of this chapter is the interior symmetry-breaking Hopf
bifurcation Theorem:

Theorem 6.1.3 Let G be a coupled cell network admitting a nontrivial group
of interior symmetries Xs relative to a subset S of cells and fix a phase
space P. Consider (6.4) where f : P x R — P is a smooth 1-parameter
family of G-admissible vector fields on P. Suppose that a codimension-one
interior symmetry-breaking Hopf bifurcation (see Definition 5.3.4) occurs at
an equilibrium point ¥y € Fixp(Xs) when A = 0. Take L = (df),, - Let
A C Yg xSt be an interiorly C-azial subgroup (on E(A)). Then generically
there exists a family of small amplitude periodic solutions of (6.4) bifurcating
from (x¢,0) and having period near 2w. Moreover, to lowest order in the
bifurcation parameter X\, the solution x (t) is of the form

z(t) =~ w(t) + u(t) (6.9)

where w(t) = exp(tL)wy (wo € Fixy (A)) has exact spatio-temporal symme-
try A on the cells in S and u(t) = exp(tL)ug (up € Fixp(Xs)) is synchronous
on the ¥s-orbits of cells in S.

We call such a state a synchronously modulated A-symmetric wave on S.

Remarks 6.1.4

(a) The above theorem asserts no restriction on u;(t) when j € C\ S.

(b) Theorem 6.1.3 generalises the interior symmetry Hopf Theorem of Golu-
bitsky et al. [15] Theorem 6.3. Given a subgroup A C X5 x S! we define
the spatial subgroup of A to be K = AN Xg. A subgroup A is called
spatially C-axial if

dimR FiXEZ.(A)(A) = dimR FiXEi(A)(K) =2

where K is the spatial subgroup of A. Obviously every spatially C-
axial subgroup is interiorly C-axial. Since the interior symmetry Hopf
Theorem of Golubitsky et al. [15] is proved for all spatially C-axial
subgroups, it is a special case of Theorem 6.1.3.

(¢) Theorem 6.1.3 holds if the assumption (5.35) of Definition 5.3.4 is gener-
alised to: the matrix A is non-singular, semi-simple and (after rescaling
time if necessary) all the critical eigenvalues have the form ki (k; € Z).

In sections 6.2 and 6.3 we prove Theorem 6.1.3 by two different ap-
proaches: the Liapunov-Schmidt approach and the center manifold approach.
There are different advantages of each one of them.
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6.2 Liapunov-Schmidt Approach

In the Liapunov-Schmidt approach, the proof of Theorem 6.1.3 follows from
a couple of lemmas that we state and prove below. We start by setting up
the framework.

Consider the system (6.4) and assume that the linearization L = (df) 4,0
of f at (xo,0) is non-singular but has a pair of purely imaginary eigenvalues.
Let C9 (P) be the space consisting of all continuous 27-periodic mappings
from R to P endowed with the C° norm and C;_(P) be the space consisting
of all continuous differentiable 2m-periodic mappings from R to P endowed
with the C! norm.

By introducing a perturbed period parameter 7 we can rescale time, from
t to s(1 + 7)t, and consider the operator F : C3 (P) x R x R — C% (P)
given by

Fle, N\ 1) =(1 +7)3—§(s) — f(x(s), ). (6.10)

The 27-periodic solutions of the equation F(z, A, 7) = 0 near (0,0, 0) corres-
pond bijectively to the small amplitude periodic solutions of (6.4) near xy and
with period near 27. As it is well known, the operator F is S'-equivariant
with respect to the phase shift action of S* on the spaces C3_(P) and C9_(P);
that is, if x € C9_(P) and 6 € S* then

(0-2)(s) =x(s+0)

and thus
0-F(x,7,\) =F(O-z,71,\).

The linearization of F about the origin is

_dx

L(x) = 5

(s) — Lx(s) (6.11)
and ker(L) consists of all functions Re(e”v) where v is an eigenvector of L
associated with the eigenvalue 7.

In the Standard Hopf Theorem ker(L) is two-dimensional and Liapunov-
-Schmidt reduction in the presence of symmetry leads to a reduced equation
that can be solved for a unique branch of 27-periodic solutions as long as the
eigenvalues crossing condition is valid (recall section 2.2). In the equivariant
context, ker(£) may be higher-dimensional — generically ker(£) is a I'-sim-
ple representation (Proposition 3.2.4). The proof of the Equivariant Hopf
Bifurcation Theorem proceeds by restricting the Liapunov-Schmidt reduced
equation to the fixed-point subspace Fixp,1)(A) of a C-axial subgroup A C
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I' x S!, which is two-dimensional. Then the proof is completed as in the
standard Hopf Bifurcation Theorem.

That approach does not work in the context of interior symmetries since
in general there is no action of ¥s x S! on E;(L), because the original vector
field f (and its linearization L) is not Ys-equivariant. Nevertheless, we shall
introduce a “modified Liapunov-Schmidt procedure” that does work in the
context of interior symmetries.

The decomposition (6.3) described in section 6.1 induces the decomposi-
tions

Con(P) = Cyr (W) @ Cy, (Fixp(Ss))

and

Con(P) = Cor(W) & Oy (Fixp(s)).

In our modification of the standard Liapunov-Schmidt procedure we consider
the following action of the group Xs x S! on the spaces C9_(P) and C3_(P).
Let us write z € CY (P) as z(s) = (w(s),u(s)) where w € C§ (W) and
u e CSW(FIXP(ES» Then for (5, (9) € Ys X Sl,

(6,0) - z(s) = (6,0) - (w(s),u(s)) = (w(s + 6),u(s)). (6.12)

The difference from the usual action on the loop space (see, for example
Golubitsky et al. [21] Chapter XVI Section 3) is that in (6.12) the group
Ys x S' acts trivially on C9 (Fixp(Xs)) and Cj (Fixp(Xs)), respectively.
A straightforward consequence of the above definition is stated in the next
lemma for convenience.

Lemma 6.2.1 For any subgroup A of Xs x St we have the decompositions
Fixeg (p)(A) = Cor (Fixw (A)) @ g (Fixp(Zs))

and
Fixcy (p)(A) = Cyp (Fixw (A)) @ Cy, (Fixp(Ss)).

Proof: Let z € CY (P) be written as x(s) = (w(s),u(s)) where w €
CO (W) and u € CY_(Fixp(Xs)). Then (6.12) implies that

CY. (Fixw (A)) @ CF, (Fixp(Ss)) € Fixcy ) (A).
Now let (6,0) € A and suppose that = € Fixgg (p)(A). Then
(0,0) - x(s) = x(s).
The decomposition z(s) = (w(s), u(s)) yields
((Gw)(s + 0), u(s)) = (w(s), u(s));
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that is, w(s) € Fixy (A) and u(s) € Fixp(Xs) for all s € R. Hence
Fixcg (p)(A) C o, (Fixw (A)) ® Oy (Fixp(Ss)).
Therefore,
Fixcg (i) (A) = €3, (Fixw () @ CL, (Fixp(Ss)).

The same argument with C}_ instead of C3_ gives the other equality. a

Lemma 6.2.2 Let L : P — P be a G-admissible linear mapping. Let L :
Ci (P) x R x R — CY (P) be the linear operator given by equation (6.11)
and A C Xs x S be a subgroup. Then we have that

L(Co(Fixp(Ss))) € Cor(Fixp(s)),
L(Con(Fixw (A))) € (Cor(Fixw (A)) & Ca, (Fixp(Ss)))

and

L(Fixcy (p)(A)) € Fixgg (p)(A). (6.13)

In particular, we can define a linear operator
EA : FiXCQIW(P) (A) — FiXng(P) (A) (614)
by restriction.

Proof: Note that since the circle group S! acts on the domain of the
mappings, all the decompositions above are S'-invariant.

First suppose z(s) = (0,u(s)) with u(s) € C} (Fixp(Xs)). Consider the
block form of L given in (6.7) and recall (6.12). Then

£x) = TH(9) ~ LO0,u(s))
If 0 € ¥, then
oLl(z) = aj—Z(s) — oL (0,u(s))
dou



The second equality above follows from the fact that
o(L(0,u)) =L (0,u)

for all 0 € ¥s. Therefore, we have L(z(s)) € CY (Fixp(Xs)).
Next suppose that z(s) = (w(s),0) with w(s) € C3 (Fixw(A)). Since
w(s) € Fixy (A) for all s € R, we have that

(0,0) - w(s) = ow(s+6) = w(s) (6.15)
for all (6,0) € A, s € R. Write
L(z) = ([L(@)]1(s), [L(x)]2(9)).

with
[L(z)]1(s) e W foralls e R
and
[L(x)]2(s) € Fixp(Xs) for all s € R.
Then q
[L(a))1(s) = = (s) = Aw(s)
and

[£(@)a(s) = ~[C w(s) + BO] = —Cu(s).
Clearly, [L(z)]2(s) € U = Fixp(3s). Let (6,0) € A; then
dw

(6,0) - [£(@)]i(s) = (6,0) - ——(5) = (6,6) - Aw(s)

= 5?1—25(3—#9) —JAw(s+0)
_ dow
T ds
_dw
T ds
= [L(x)h(s)

and thus [£(z)]1(s) € Fixwy (A). Therefore

L(z) € CY_(Fixy (A)) @ Oy (Fixp(Zs)).

(s +60) — ASw(s + 6) (by (6.8))

(s) — Aw(s) (by (6.15))

Thus by linearity of £ and Lemma 6.2.1 we have
‘C(FiXC%W(P) (A)) Q FiXCgW(P) (A)
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Consider now a 1-parameter family of G-admissible vector fields f(z, \)
such that L = (df)(,,0) satisfies the conditions of the definition of interior
symmetry-breaking Hopf bifurcation (see Definition 5.3.4), where A is the
Y.s-equivariant subblock of L.

Lemma 6.2.3 Let A C Xs x S' be a subgroup. Let L : Fixgy py(A) —
Fixco (p)(A) be the operator given by equation (6.14) with L = (df)(ze,0)-
Then

dimg ker(L£a) = dimg Fixg,(4)(A).

Proof: By Lemma 5.2.10 and assumption (5.35) of Definition 5.3.4, ker(Lx)
consists of all functions Re(e*vg) where vy is an eigenvector of L associated
to the eigenvalue ¢ which can be decomposed as

Vo = Wy + Uy,

where uy € Fixp(Xs) is uniquely determined by an eigenvector wy € Fixy (A)
of A with purely imaginary eigenvalue and

(6,6) - Re(e™wg) = Re(e®*? dwy) = Re(ewy),
for all (6,0) € A. Hence

By uniqueness of the decomposition vy = wg+ug and the dimension condition
(b) of Remark 5.3.3 we have

dimg ker(£a) = dimg Fixg,4)(A).

Lemma 6.2.4 Let us write the 1-parameter family of G-admissible vector
fields f(x, ) in the form

e = o] e 10

Fe, ) = [ ff‘fs(ka A))]
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is the Ys-equivariant part of f. Let F, F be operators on Ci (P)xRxR —
CY (P) defined by formula (6.10) using f and f, respectively. Define

H(z, 7, A) = h(z(s),\)

so that

Flx,m,\) = F(z,7,\) — H(z, 7, \).

Then
F(FiXCQIW(P) (A) x R x R) - FiXCSW(P) (A) (617)

In particular, we may define the operator
.FA . FIXC%W(P)(A) xRxR-— FIXCSW(P)(A) (618)

by restriction and the linearization of Fa about the origin is the linear ope-
rator La given by the formula (6.14), where L = (d.f)z0,0)-

Proof: The Ys-equivariance of f implies that F is Bg x S!-equivariant
(see Golubitsky et al. [21] Lemma XVI 3.2). It follows then that

F(Fixey p)(A) x R x R) C Fixeg p)(A).
Then it is enough to show that
H(Fch;w(p)(A) x R x R) C FiXCSW(P)(A>‘

Now let z(s) € Fixgp (p)(A). Recall that h : P — Pes and Pes C
Fixp(3s). Therefore,

H(z, 7, \)(s) = h(z(s),\) € Fixp(Zs) (s €R)
for all A\,7 € R. By Lemma 6.2.1 we have that
Cor(Fixp(s)) C Con(Fixw (A)) & Co, (Fixp(Bs)) = Fixeg (p)(A),

and the result follows. O

Remark 6.2.5 Equation (6.13) of Lemma 6.2.2 can be derived directly from
the above lemma.
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Proof of Theorem 6.1.3 (Liapunov-Schmidt approach) Consider the
operator
fA : FIXC%W(P)(A) xR xR — FlXCgW(P)(A)

The linearization of Fa about the origin is the linear operator L. Now we
invoke the assumption that A is C-axial for the natural s x S'-action on
E;(A), which together with Lemma 6.2.3 implies that

dimg ker(La) = 2.

Now we may proceed as in the proof of the standard Hopf Bifurcation
Theorem (Theorem 2.2.1). If we identify ker(La) = C then the action of
S! on ker(L,) is equivalent to the standard action of S' on C. The Lia-
punov-Schmidt reduction applied to Fa yields a S'-equivariant bifurcation
equation

p:CxRxR— C.

Moreover, the assumptions of the definition of codimension-one interior sym-
metry-breaking bifurcation are exactly the conditions necessary to carry out
the proof. O

Example 6.2.6 Consider the network Gy of Figure 5.1. Suppose that for
all cells ¢ we choose the internal phase space to be P. = C. Then the
total phase space is P = C*. Suppose that a smooth 1-parameter family
f: P xR — P of G-admissible vector fields on P undergoes a codimension-
-one interior symmetry-breaking Hopf bifurcation at the equilibrium xy = 0
when A = 0. Then E;(A) = W, where A is the ¥s-equivariant subblock of
the linearization L = (df), of f at (0,0). By Theorem 6.1.3 there are
three branches of synchronously modulated A-symmetric waves associated
to the three conjugacy classes of interiorly C-axial subgroups of X5 x S! (see
Table 6.1). Observe that the first periodic state of Table 6.1 is associated

Subgroup Form of solution to lowest order in A
?2 (wy(t) + u(t), wi(t) + u(t), wa(t) + u(t), v(t))
Z, (wi(t) + u(t), wi(t + 3) + u(t), w(t) + u(t), v(t))
Zs (w1 (t) + u(t), wi(t+ 3) +u(t), wi(t+ 2) +u(t), v(t))

Table 6.1: Branches of synchronously modulated A-symmetric waves sup-
ported by the network G, of Figure 5.1 and the associated subgroup. The
hat over a variable indicates that w has twice the frequency.
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to a spatially C-axial subgroup, as it is predicted by Golubitsky et al. [15]
Theorem 6.3. The third periodic state of Table 6.1 is an approximate rotating
wave. &

6.3 Center Manifold Reduction Approach

In this section, we present an alternative proof of Theorem 6.1.3 using a
center manifold reduction. This approach can be useful in the development
of normal form theory aiming at the study of the stability of the periodic
solutions guaranteed by Theorem 6.1.3. The proof of Theorem 6.1.3 using
center manifold reduction approach follows from a couple of lemmas that we
state and prove.

Consider the system (6.4) as defined in section 6.1. Recall that under
the hypotheses of Theorem 6.1.3, L = (df),, o) Written as in (6.7) has +i
as eigenvalues that come only from the subblock A of L and that they are
the only critical eigenvalues of L. Considering A° = Alg,(a), as A has i
as eigenvalues, there is a natural action of ¥g x S* on P, where S' acts on
E;(A) by exp(s(A°)") and trivially on P\ E;(A). The action of X5 on P is
given by (6.1) which implies that with respect to the decomposition (6.3):

o(w,u) = (ow,u)
for 0 € ¥s, we W, u € U = Fixp(Zs).

Lemma 6.3.1 Consider L as in (6.7). Let A C X5 x S! be an isotropy
subgroup for the action of Xs x St on P defined above. Then

dimg (Ei(A)) = dimg (E,(L))

and
dimg (Fixg,4)(A)) = dimg (Fixp(A) N E;(L)).

Proof: Consider z = (w,u) € P where w € W,u € Fixp(Xs). Assume
dimg W = k and dimg Fixp(Xs) = 1. As

A2+ T 0 w 0
2 _ k _
(L + L)z =0 < CA+ BC BZ+Il]{u}_[ }

and B does not have 4 as eigenvalues, we get
Ei(L) = {(w,—(B*+ I,)"*(CA+ BO)w),w € E;(A)}.
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In particular, it follows that dimg(E;(A)) = dimg(E;(L)). As Fixp(A) =
Fixy (A) @ Fixp(Xs), we have

Fixp(A) N E(L) = {(v,—(B*+ I;)"'(CA+ BC)v),v € Fixg,a)(A)}
and so dimg (Fixp(A) N E;(L)) = dimg (Fixg,4)(A)). O

Lemma 6.3.2 ([26]) Let the vector field f : R" — R™ have a flow invariant
subspace V' with an equilibrium at xq € V. Let E° be the center subspace at
9. Then a center manifold reduction f¢: E° — E° can be chosen so that
the subspace E° NV is flow invariant for f¢. Moreover, if o : V. — V s
a symmetry of f|V that leaves E NV invariant, then the center manifold
reduction f¢ may be chosen so that o|E° NV is a symmetry for f|E°NV.

Proof: See Leite and Golubitsky [26] Lemma 4.12. O

Definition 6.3.3 Consider f asin (6.5). We say that f is in interior normal
form (to all orders) near o, if f(-,A) is in normal form (to all orders) near
Ao, that is, f commutes with the action of ¥g x S! on P defined above, for
A near M.

Now we prove Theorem 6.1.3 using center manifold reduction under the
additional hypothesis that f is in interior normal form near A = 0.

Proof of Theorem 6.1.3 (Center manifold reduction approach) Con-
sider f written in the coordinates (w,u) as in (6.5). Thus

f(w,u, A) = (fw (w,u, \), fu (w,u, \))
is Y g-equivariant. By hypothesis, a codimension-one interior symmetry-bre-
aking Hopf bifurcation occurs at an equilibrium point xy € Fixp(Xs) when
A = 0. Since f is in interior normal form near A = 0, f is Mg x Sl-equivariant
and so f(Fixp(A) x R) C Fixp(A) for every A C Xg xS'. Ash: P xR —
Pevs and Peys C Fixp(A) we have

f(Fixp(A) x R) C Fixp(A). (6.19)

In our case, E°(L) = E;(L) since the only critical eigenvalues of L are i and
these come only from the subblock A of L. Then, under the condition (6.19),
Lemma 6.3.2 grants that a center manifold reduction f¢: E;(L) — E;(L)
can be chosen so that
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By hypothesis dimg(Fixg,4)(A)) = 2. Then, by Lemma 6.3.1, it follows
that
dimg (E;(L) N Fixp(A)) = 2.

Finally, Theorem 2.2.1 gives the result. a

Remark 6.3.4 We can also end the previous proof using an alternative
argument. Consider that W¢(zg) represents the center manifold associated
to E;(L) on xp. From (6.19) and from the flow invariance of W¢(xo) (see
Vanderbauwhede [36] Theorem 4.1 for details) it follows that

F(WE(2o) N Fixp(A)) C We(xo) N Fixp(A). (6.20)

By hypothesis dimg (Fixg,(4)(A)) = 2. By Lemma 6.3.1 we have dimg (£;(L)N
Fixp(A)) = 2 and consequently

dimg (Wf(L) N Fixp(A)) = 2.
Theorem 2.2.1 guarantees now the pretended result.

Remark 6.3.5 Observe that there is a correspondence between the cen-
ter manifold reduction approach and the Liapunov-Schmidt approach in
the proof of the Theorem 6.1.3. Lemma 6.2.3 is in correspondence with
Lemma 6.3.1 because

ker(La) = Fixp(A) N E;(L).

Equation (6.17) of Lemma 6.2.4 corresponds to (6.19).

6.4 Numerical Simulation

In this last section we illustrate the conclusions of Example 6.2.6 with a
numerical simulation. In order to write down an explicit coupled cell system
associated to network G, of Figure 5.1 we choose the internal phase space of
all four cells to be P, = C = R2. Thus the total phase space is P = (R2)".

Consider the coupled cell system

1 = g(x1, 72, 73) + 214,

Ty = g(w2,x3,71) + 214, (6.21)
T3 = g(x3,71,72) + 224,

Ty = —xy+e1x1 + eaxs + €33,
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where g : (R?)? — R? is given by
9(@,y,2) = —x+ (a—2bs) wllzl|* + by (y + 2) + b2 (yllylI* + 2| 2[*)
+a(@llyll® + @ll2)1%) + bs (wllyll* + 2ll=]")

and a, by (), bg, b, e1, €2, €3 are 2 X 2 matrices with b; depending smoothly
on a real parameter \. Note that g(x,vy,z) = g(x,z,y) for all z,y,z € R%
Let f be the vector field defined by (6.21). Thus f is Go-admissible. Observe
that the origin is an equilibrium point for all A

f(O,A) =0.

The linearization of f at (0, \) is given by (as 2 x 2 block matrix)

-1 b b 2
-1 2
L) = by b -1 2|’

€1 €2 €3 —1

where +c represents i(g g)

We need to choose the coefficients by and eq, s, e3 in order to have purely
imaginary eigenvalues for some A coming from the subblock A when L is
written in the form (6.7). The following values will do the work:

—1—-X =15
b(d) = ( 15 -1 )
and any values between —1 and 1 for the entries of the matrices e, s, e3.
The spectrum of the matrix L(\) has the following properties:

(1) For A < 0 all eigenvalues of L(\) have negative real parts.

(2) For A = 0 the matrix L = L(0) has two pairs of eigenvalues +i and
the remaining eigenvalues have negative real parts. Moreover, the

eigenvectors associated to the purely imaginary eigenvalues are not in
FiXP(Sg).

(3) For A > 0 all eigenvalues of L(\) whose associated eigenvectors are in
Fixp(S3) have negative real parts and the remaining eigenvalues have
positive real parts.

Thus (6.21) undergoes a interior symmetry-breaking Hopf bifurcation when
A = 0 giving rise to one branch of periodic solutions for each one of the three
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interiorly C-axial subgroups of S3x S! as in Table 6.1, when \ > 0. However,
depending on the choice of the coefficients a, by, and b3 of g, one can make at
least one of these periodic solutions to be stable. In our simulations we have
chosen the following coefficients:

/(=05 0
“=\ 0 —05)

(1) for a solution with (interior) symmetry Zs:

0.6 2 00
b2_<2 0.6)’ b3_<0 0)'

(2) for a solution with (interior) symmetry Z,:
, (06 1 b (02 —07
>\ 1 -06) P \-07 02)°

(3) for a solution with (interior) symmetry Zs:

—06 0 0 0.7
b2_( 0 —0.6)’ b3_<0.7 0)'

The coefficients ey, e; and e3 represent the coupling that breaks the
Ss-symmetry. If e; = es = e3 then the coupled cell system (6.21) is admissible
for the network G; of Figure 5.1 and so it is Sz-symmetric. On the other
hand, if e; # e # e3 then the coupled cell system (6.21) is admissible for
the network G, of Figure 5.1 and have genuine Sz-interior symmetry.

In the following we present the results of numerical simulations obtai-
ning the three types of periodic solutions mentioned above, for both of the
networks G; and G, of our running example. In Figures 6.1, 6.2 and 6.3 we
superimpose the time series of all four cells, which are identified by colours:

1 = blue, 2 =red, 3 = green, 4 = black.

The upper panels show the first components and the lower panels show the
second components. The left panels refer to network G; with exact S3-symme-
try and the panels on the right refer to network G; with Ss-interior symmetry.
Finally, in Figure 6.4 we present the solution with interior symmetry Zs
of network Gy, i.e., the approximate rotating wave from Figure 6.1 (right),
viewed in difference coordinates:

r1 — To = blue, To — T3 = green, T3 — x1 = red.
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Figure 6.1: Solutions with Zs (interior) symmetry. (Left) Network G, with
exact Sz-symmetry. (Right) Network G, with Ss-interior symmetry on S =

{1,2,3}.
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Figure 6.2: Solutions with Z, (interior) symmetry. (Left) Network G; with
exact Sz-symmetry. (Right) Network G, with Ss-interior symmetry on & =
{1,2,3}.
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Figure 6.3: Solutions with Zy (interior) symmetry. (Left) Network G; with
exact Sz-symmetry. (Right) Network G, with Ss-interior symmetry on & =

{1,2,3}.
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Figure 6.4: Approximate rotating wave in network G,, viewed in difference
coordinates: x1 — o, o — x3 and x3 — 1.
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Chapter 7

Local Bifurcation in Symmetric
Coupled Cell Networks: Linear
Theory

7.1 Introduction

Perhaps the single most important problem in classical bifurcation theory is
to identify the ways in which an equilibrium of a system of ODEs can lose
stability as a parameter is varied. Roughly speaking, this loss of stability
occurs by one of two methods: static bifurcation or Hopf bifurcation. More
precisely, let

= f(z,N\) (7.1)
be a system of ODEs where x € R" and A € R. Assume that x = 0 is
a “trivial” steady state for all A, so f(0,\) = 0. Assume further that the
equilibrium z = 0 is asymptotically stable for A < 0; that is, all eigenvalues of
(df) O have negative real part when A\ < 0; and that x = 0 loses stability at
A = 0; that is, some eigenvalue of (df )(070) lies on imaginary axis. When f has
no special structure (such as symmetry or network constraints), generically,
there are two possibilities:

(a) (df) (o) has a simple zero eigenvalue and no other
imaginary eigenvalues;

(b) (df) o) has a pair of simple eigenvalues twi (w # 0) and no
other imaginary eigenvalues.

(7.2)

In many fields of application, the eigenvectors of (df) (0,0) corresponding to
simple eigenvalues are called modes. A mode whose eigenvalues lie on the
imaginary axis is said to be critical. As X varies through the bifurcation point,
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generically the critical eigenvalues cross the imaginary axis transversely (with
nonzero speed), and this property guarantees the local existence of a bifurca-
ting branch of nonzero states. We refer to (7.2(a)) as steady-state bifurcation
leading to a branch of steady-states and to (7.2(b)) as Hopf bifurcation
leading to a branch of periodic solutions; Thus we use these terms to describe
degeneracies in the linear terms of the vector field f.

If f has additional structure, what is ‘generic’ may change. The critical
eigenvalues still govern local bifurcation and the real/imaginary distinction
still applies that we still refer to steady-state and Hopf bifurcation.

In general I'-equivariant systems, that is, in the cases where f commutes
with a linear action of a compact group I' on R”, multiple eigenvalues of
(df)(0,0) often occur. At this situation, a steady-state mode occurs when
(df)(o,o) has a zero eigenvalue and the corresponding eigenspace is generi-
cally I-absolutely irreducible (Golubitsky et al. [21] Proposition XIII 3.2).
A Hopf mode occurs when (df)(o,o) has an imaginary eigenvalue and the
corresponding eigenspace is generically I'-simple (Proposition 3.2.4). We
obtain the existence of branches of equilibria and periodic solutions with
symmetry groups satisfying the conditions of the Equivariant Branching
Lemma (Golubitsky et al. [21] Theorem XIII 3.3) or the Equivariant Hopf
Theorem (Theorem 3.2.6). Again, generically we expect, in a one parameter
system, to have only one critical mode.

The occurrence of multiple critical modes is called mode interaction. For
example, in systems with more than one parameter, are expected multiple
critical modes, see for instance Golubitsky et al. [21] Chapter XIX. Since
there are two types of critical mode (steady-state and Hopf), there are three
types of mode interaction: steady-state/steady-state, Hopf/steady-state and
Hopf/Hopf.

In the T'-equivariant case, for the first type, the 0O-eigenspace of the
linearization at the bifurcation point decomposes as the direct sum of two I'-
absolutely irreducible subspaces; for the second type, a zero eigenvalue and a
purely imaginary one occur simultaneously, and the critical eigenspace is the
direct sum of a I'-absolutely irreducible subspace and a I'-simple space; for
the third type, the critical eigenspace is the sum of two (distinct) I'-simple
spaces.

Suppose G is a coupled cell network with n cells that is symmetric with
respect to a transitive and faithful permutation action of a group I' C S,
on the set of cells {1,...,n} (recall section 5.1). Throughout this chapter
we assume that the networks have not self-connections neither multiarrows.
We recall that transitivity implies that for each pair {i,j} C {1,...,n} there
exists v € I' such that v(i) = j, and I" acts faithfully if v(i) = i for all
t=1,...,n implies that v is the identity element of I'.
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Let the phase space of each cell be R and so the total phase space is
V = R". Assume then that, with respect to the cell coordinates vy, ..., v,,
the action of I' on V' is given by permutation of indexes. Consider (7.1) where
f represents a smooth 1-parameter family

fiVXxR—V (7.3)

of G-admissible vector fields. In particular, it follows that f commutes with
the permutation action of I' on V' and x = 0 is a fully symmetric equilibrium.

When G is a I'-network (see Definition 7.7.1), Antoneli and Stewart [3]
proved that f often is a general I'-equivariant vector field. Using the results
of [21] stated above we have that, in this case, generically, mode interactions
are not expected to occur in codimension one local bifurcations. Here, we
say that a type of local bifurcation has codimension m if the correspon-
ding set of (smooth) vector fields satisfying the bifurcation condition has
codimension m in the ambient space. Coupled cell networks which are not
[-networks possess a structure that is independent of the symmetry. This
should naturally be taken into account when analyzing the (typical) dynamics
of coupled cell networks. We would like to address the question how the
network structure may affect the kinds of bifurcations that can be expected
to occur in a coupled cell network. It turns out that the problem is quite
a complicated one. Dias and Lamb [7] focus on networks with an abelian
symmetry group that permutes cells transitively, and local bifurcation from
a fully symmetric equilibrium solution. They prove that if the dimension
of the phase space of cells is greater than one, the codimension one eigen-
value movements across the imaginary axis of (df )(107 y ata fully symmetric
equilibrium z are independent of the network structure and are identical to
the corresponding eigenvalue movements in general equivariant vector fields.
However, this result is incomplete when we study codimension one Hopf
bifurcation assuming that the phase space of the cells is one-dimensional.
In this case Hopf/Hopf mode interaction can occur which is not generically
expected in general equivariant vector fields. Before discussing this in more
detail, we first illustrate the problem with an example.

Example 7.1.1 An example of the difficulties that can arise when we study
codimension one Hopf bifurcation on coupled cell networks is given by the
ring of nine cells on the right of the Figure 7.1 with symmetry

T = ((123)(456)(789), (147)(258)(369)) = Z5 x Zs.

We assume that the phase space of the cells is one-dimensional and that
the network dynamics have a group invariant equilibrium. Then, a general
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Figure 7.1: Networks G, (left) and G, (right) with Z3 x Zs-symmetry.

Go-admissible linear map at such an equilibrium has the form

A C B
L=|B A C (7.4)
C B A

where
c b 0 0 0 d
A= 0O,B=1015b 00
a 0 0 b d 0 0

o o e
o 2 O

and a, b, ¢, d are real-valued smooth functions of A\. The eigenvalues of L are

M=a+b+c+d

Mot =a+b—Lctd) £ilc—d)L
Mr=a—30b+c+d)£i(b+c+d)%F
Ms=atc—Lb+d) +ib—d)L
Msr=a—320b+c)+d=Eib c)ﬁ.

ﬁ

Consider the network G; (d = 0) shown in Figure 7.1 (left). The eigenvalues

of L are then
)\1:a+b+c

Aot =a+b— 1cﬂ:’icﬁ
A3t =a— —(b+c):|:z(b+c)
Mx=a+c—b+ibs
Mar=a—20b+c)ti(b—c)
Observe that for the network G; if b = 2a — ¢ then we have a codimension one
Hopf/Hopf mode interaction given by A3+ = Fiav/3 and A5+ = +i(a—c)V/3.
This situation cannot generically occur for the network Gs. &

oS

e[S
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In this chapter we describe which abelian groups I' and I'-symmetric
coupled cell networks can origin, under generic conditions, the phenomenon of
Hopf/Hopf mode interaction and other degenerate phenomenon in codimen-
sion one local bifurcations of type (7.3) where f is admissible for the networks.
We do that using character theory of finite abelian groups. Essentially, when
the symmetry group of the network is abelian and acts transitively (and
faithfully) by permutation on the cells of the network, the number n of cells
equals the order of I'. In this case we may identify cells uniquely with group
elements once we have identified for example cell 1 with the identity element
e in I'. Moreover, the structure of the network is fully determined by the
set S of cells that are connected to cell e by an edge. If the network is
connected then < S >= I'. The eigenvalues of (df),, ,) depend on the
characters of I' evaluated at the elements of S. We determine, using this
fact, generic conditions that permit in one parameter families of admissible
vector fields, the occurrence of Hopf bifurcation associated to the crossings
with the imaginary axis (away from zero) of two or more distinct pairs of
complex eigenvalues of linearization.

7.2 Background

The crucial step in this chapter is the description of the restrictions on the
eigenvalue structure of G-admissible linear vector fields on R". Here we
consider transitive and faithful actions of I' on R™ and the restrictions are
imposed by the network structure of G. For that, we begin by complexifying
the state space to V' = C" in order to use the theory of complex representa-
tions of finite groups. See for example James and Liebeck [24] for the basic
definitions and results on this subject, which we use throughout this section.
In section 7.5 we then interpret the results in terms of real representations.

Let T be a subgroup of the symmetric group S,, permuting transitively
and faithfully the set {1,...,n}. Consider a n-dimensional complex vector
space V', a basis b = {ey,...,e,} of V and the action of I" on V' given by
permutation of the corresponding coordinates. Thus we can assume that
V' = C" and this action corresponds to a representation 7" of I' on V
through a linear homomorphism from I' to the group GL(V') of invertible
linear transformations on V' defined by

Ty (01, 0) = (Vg=1(1)s -+ -, Vy=1(n)) Y €L, (v1, ..., vn) €V (7.5)

Since I' is finite there appear in V' at most s distinct complex irreducible
representations, where s is the number of conjugacy classes of I'. Denote
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those that appear by Vi,...,V, and so r < s. We can decompose V' into
isotypic components
V = U1 DD Ur

where each Uj is the isotypic component of type V; for the action of I' on
V. Thus if W is a I'-invariant subspace of V' and I'-isomorphic to V; then
W C U;. Suppose now that M € gl(V') commutes with I':

MT(y)=T(y)M,Vy €.

Since M commutes with I', it preserves the isotypic components for the action
of I'on V. Thus M(U;) C U, for j = 1,...,r. Denote by M7 the restriction
of M to Uj:

M =Mly, : U; — Uj.

It follows that M7 commutes with T
Given an irreducible I'-invariant vector space Vj, then the character of V;
is the function x; : I' — C defined by

xi(v) =tr (T(Mly;),v €.

Since V; is irreducible, we also say that x; is irreducible. The dimension of
V; is called the dimension (or degree) of x;. Characters of dimension 1 are
called linear characters. We review the following properties of the characters:
(a) If e denotes the identity element of the group I' then x,(e) = dime Vj;
(b) If v € I has order m, then x,(7) is a sum of mth roots of unity;

(c) If x;(7) is linear then it is a homomorphism from I' to the multiplicative
group of non-zero complex numbers {z € C: |z| = 1}.

Definition 7.2.1 Define the projection operator of V' onto the I'-isotypic
component U; by
y dim Vj -
P == > xi(NT(H),

yell

where x; is the character corresponding to the irreducible V.

Remark 7.2.2 ([7]) Observe that if I' C S,, is abelian and acts transitively
on {1,...,n} then if v(i) = ¢ for some 7, then (j) = j for all j. That is, 7 is
the identity. To verify this point use transitivity to choose ¢ € I' such that
d(i) = j. Since I' is abelian, it follows that

V(7)) = 70(i) = 07(i) = 6(i) = J.

We have then that |I'| = n. Moreover, all the irreducible I'-invariant vector
spaces are one-dimensional and r = n, see for example James and Liebeck [24]
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Proposition 9.5. We obtain that U; = V] for j = 1,...,n, where the V; form
a complete set of non-isomorphic irreducible and one-dimensional I'-invariant
vector spaces. The representation V' is called the regular representation of I'.

Example 7.2.3 Let Z, be a cyclic group of order n generated by an element
- 27

a satisfying a™ = e. Denote by w = e'» . The group Z, has n distinct linear

characters x;, j = 1,...,n, given by

xj(a) =wl = =1, n

Here r € {0,...,n — 1} where a° = e. Consider the subgroup T' of S,
isomorphic to Z, that permuts transitively (and faithfully) the set {1,...,n}
which is generated by

a=(12...n).

Let V= C" and b = {ey,...,e,} a basis of V and consider the action of I'
on V given by permutation of the corresponding coordinates (recall (7.5)).
Thus if v, = of7! for k = 1,...,n then e, = T(v)e;. The action of T’
on V corresponds to the regular representation of I' = Z,: each distinct
['-irreducible appears in the I'-isotypic decomposition of V, with multiplicity
one. Thus

V=V ieoWhe -V,
where each irreducible V; has character type ;. &

7.3 Representation Theory of Finite Abelian
Groups

In this section we study representation theory of finite abelian groups. We
focus on abelian subgroups of S,, with order n that act transitively (and
faithfully) on the set {1,...,n}.

The next result is a major structure theorem for finite abelian groups.

Theorem 7.3.1 ([12]) Every finite abelian group T' is isomorphic to a direct
product of cyclic groups

Zp, X Zipy X -+ X Ly, (7.6)

where n;, 1 < i < r are powers of primes not necessarily distinct. The values
of ny,...,n,. are (up to rearranging the indexes) uniquely determined by T'.
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Proof: See Fraleigh [12] Chapter 1. O

Using Theorem 7.3.1, we obtain the irreducible representations of all finite
abelian groups by determining the irreducible representations of all direct
products (7.6).

Recall that Z,,, is isomorphic to the direct product of Z,, and Z,, if and
only if m and n are coprime.

Theorem 7.3.2 ([24]) Let x1,...,Xn be the distinct irreducible characters
of a group G and let 11,1, ... U, be the distinct irreducible characters of a
group H. Then G x H has precisely n X m irreducible characters, and these
are

i Xy 1<i<n, 1<j<m).

Proof: See James and Liebeck [24] Theorem 19.18 for details. O

Consider an abelian group I' C S,, of order n that acts transitively (and
faithfully) on the set {1,...,n}. By Theorem 7.3.1 we can consider

D22, X Zipy X -+ X Ly, (7.7)

where Z,, is a cyclic group of order n, > 2; also ny - - -n, = n with ny > ny >
.-+ > n, and the ny are powers of primes, not necessarily distinct. Moreover,
Z,, =< a, > for a; € S,. Indeed, it is well known that a; is not unique.
Choose aset G = {ay, ..., a,} of permutation generators for the given abelian
group I' C S,,. Define § = (sq,...,s,) where s € {0,...,n, — 1}. We can
write (enumerate) the elements of I' as:

I'={ys=ai'ay® a7, sy €{0,...,np — 1}} (7.8)

where < a, >= Z,,, ey = qay, Vk,l and a) =e Let V =0C" B =
{e1,...,e,} be a basis of V over C and consider the action of I" on V' given
by (7.5). By Remark 7.2.2 we may identify group elements uniquely with
numbers [ € {1,...,n} once we have identified for example cell 1 with the
identity element in I'. In particular, for i = 1, ..., n, we identify cell 7 by the
element of I', say vg, such that

Thus 75 = 75, = e and
e, =T (vg)er, i=1,...,n.
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This action of I' on V' corresponds to the regular representation of I': each
distinct I'-irreducible appears in the ['-isotypic decomposition with multipli-
city one. Thus

V=Vie---®&V, (7.10)

where each irreducible V; has character type x;. We call i the character
indezx of x;. By Theorem 7.3.2 the group I' has n = ny - - - n, linear distinct
irreducible characters that can be constructed from the n; distinct linear
characters of Z,,, for j =1,...,r.

Recall that if Z,,;, =< a; > and w; = e?™/"; then the n; linear characters

of Zy;, say 91,...,%,, are determined by their values at the generators,
_ =
Yilaj) =w; 7 i=1,...,n;.
We can also enumerate each character of I" using (7.9). Let §; = (s, ..., ;)

be such that
15 (1) = (7.11)
We denote by x; the linear irreducible character of I' determined by:

Xila) =wi, o, xilay) = wpr (7.12)
where as before w; = e?m/mi for j =1,...,r. Thus
xi(ar---a,) = wfil i
and
i (@Bt - abr) = WV P (7.13)

where p; € {0,...,n; — 1}, for j =1,...,r. We also write

. . . . ‘Sil S; -1 o
Because I' is abelian, we know that if 75 = a;" ---ar", then (yg) =
ni—si nr—Ss;
a, t---ar” 7 and so

X = Xas) ") = Xos
We say that i and (y5,) "' (1) are conjugated indezes.

Definition 7.3.3 Consider an abelian group I' C S,, of order n that acts
transitively (and faithfully) on the set {1,...,n}. Let I" be as in (7.7) with
the group elements enumerated as in (7.8) for the given choice of generators
set {a1,...,a,} of I Consider S = {by,b,...,b,} C ' with ¢ > r > 2,
< S >=T and the irreducible characters x; of I' enumerated as in (7.11)-
(7.13). A character index i € {1,...,n} is special with multiplicity m > 4
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over S if there are m character indexes ¢ = 4; < --- < iz such that the
vectors

Uiy = (Re (Xil (bl)) ,..-,Re (Xil (bQ))) (714)

are equal for [ = 1,...,m and i = i; and i5 are respectively the lowest
and largest indexes that verify this condition. We call the vector v; =
(Xi (b1) ..., xi(bg)) a special vector over S. The indexes iy,...,i5 and
the vectors v;,,...,v; are respectively the indezes and the vectors over S
associated with the special index i. If there are special indexes over S we say
that I is special over S or simply that S is special.

Observe that if 7 is special with multiplicity m over S then half of the
indexes i =1, < --- < i5 are conjugated from the others. If we choose from
each pair of conjugated indexes the smallest we obtain the representative
indexes of the indexes associated with i. The corresponding vectors are the
representative vectors of the vectors over S associated with the special index
i

Example 7.3.4 Consider the abelian group I' C Sg of order 9 such that
I' =< ay,as >= ZyxZs where a; = (123)(456)(789) and as = (147)(258)(369).
Thus T' acts transitively and faithfully on the set {1,...,9}. Using the
notation of (7.7), we have ny = ny = 3 and r = 2. The character table of T
is represented in Table 7.1 where in the first column we follow the notation
determined by (7.11) and (7.12): 7,0 (1) = (alad) (1) = 1, ya,0) (1) =
(atad) (1) = 2, ete.

ajtas® | ay | ay
X1 = X(0,0) 1 11
X2 = X(1,0) ¢ ¢ |1
X3 = X(2,0) ¢ ¢l
X4 = X(0,1) ¢ 1]¢
Xs =Xan | ¢ (| (¢
X6 = X1 | ¢Z2 | 2| ¢
X7 = X(0,2) (22 1| ¢
Xs = Xa2 | ¢OTF | ¢ ¢
Xo = X2 | &2 | ¢ ¢

Table 7.1: Character table of Z3 x Z3. Here ( = ' and s1, 82 € {0,1,2}.

Consider S = {ay,as}. Then

= (Re (xi (@1)) , Re (xi (a2))) = (COS%T’COS 2§)
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for i = 5,6,7,8. Because v5 = Ug = U7 = Uy, the vectors

vs = (x5 (a1) , x5 (a2)) = (¢, C)

v = (X6 (a1) , X6 (a2)) = (¢%,C)
vs = (xs (a1) , xs (a2)) = (¢, ¢?)
vy = (X9 (a1) , X9 (a2)) = (¢%,¢?)

are the vectors associated with the special index 5 over S. Moreover, as
X5 = X9 and Yg = xs then vs and vg are the representative vectors of the
vectors associated with the special index 5. &

Theorem 7.3.5 Consider I' described by (7.7) and (7.8) for a given choice
ai,...,a, of generators, with r > 2, the irreducible characters of I' enumer-
ated by x; as in (7.11)—~(7.13) and that the decomposition (7.7) has at least
two cyclic groups with order greater than two. Let I = {ny,...,n,.}. Consider
that mq, ..., my are the even numbers different from two in I, myyq, ..., m;
are the odd numbers in I and that ny, = 2 for all k > 7+ 1. Then there are

221’1—1” H (mk - 1)7 qu = 07
k=1 i
q T
s L] (me—2)x [T (mp—1), ifg>1.
k=1 k=q+1
special vectors over S = {ay,as, ...,a,} with T non real components and with

multiplicity 27.

In general if, for i € I, the number of real components of the wvector
(xi(a1),...,xi(ar)) is N < r — 2 then i corresponds to an element | €
{1,...,n} that is special over S with multiplicity m = 27—,

Proof: Suppose i = (a{l ++al) (1) where 0 < jy <myp—1fork=1,...,7.
Write

(xi (a1) - xi (@) Xi (@7e1) -5 xa (ar)

- (w{l,...,wga(—1)ﬁ+l,...,(—1)%)

where wy, = e*/™ . If ¢ = 0, then for each k such that 1 < k < 7, the
wi’“, for 0 < ji < my — 1, are the myth roots of unity, where only one is
real and (my — 1)/2 have positive imaginary part. The other (my; —1)/2 are
conjugated of these. For each vector (ji,...,J,), where 1 < ji < (my, —1)/2
for k € {1,...,7}, and j, € {0,1} for k € {F+1,...,r}, the vectors

<w1ij17 s 7w;£j?a (_1>j7:+1 P (_1)%)
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correspond to different special vectors with multiplicity 2" and with 7 non
real components. Then, there are

<H mk2— 1) Qr=" _ 222T H (mk _ 1)

k=1 k=1

special vectors, each one with multiplicity 27.

When ¢ > 0, for each k such that 1 < k < ¢, we have that (e2™/™)Jk,
for 0 < 5. < my — 1, are the myth roots of unity. Moreover, two are real
and (my — 2)/2 have positive imaginary part. The other (my — 2)/2 are
conjugated of these. The vectors

. +j , +j . +5 . +iz , ,
s 27 J1 2w Jq j—2m Jq+1 2 J7 N §
<<e‘m1) ,...,(elmq) ,(e ’”q+1) ,...,(ez’”?) ,(1)”“,...,(1)”) ,

for each vector (ji,...,Jj.), where 1 < jp < (mp—2)/2fork € {1,...,q},1 <
g < (mp—1)/2for ke {qg+1,...,7}and jp € {0,1} for k € {7 +1,...,7},
are the vectors associated with a special vector with multiplicity 2" and with
7 non real components. Then, there are

1 mk—2 i mk—l r—Ff
(1757) (11,75
k=1 k=q+1

special vectors, each one with multiplicity 27.

We prove now the second part of the theorem. If the number of real
components of the vector (x;(a1),...,xi(a,)) is N < r — 2, then for each of
the » — N non real components we can consider its conjugated. The set of all
of these vectors correspond to 2"~V character indexes. The smallest index of
this set is special with multiplicity m = 2"V, O

We specialize now our results to cyclic groups. Observe that if I' is cyclic
then ' 2 Z prmX e X Zprr where Py, ..., P, are distinct prime numbers
since P/"', ..., P™ must be coprime. See Fraleigh [12] Theorem I 1.18.
Corollary 7.3.6 Consider a cyclic group I' = Zplml X -+ X Lpmr where
Py, ..., P. are distinct prime numbers and generated by aq,...,a,. Then I’
admits special indexes over S = {ay,aq,...,a,} if and only if r > 2 and at

least two of the powers P/"*, ..., P™ are greater than two.

Proof: If r > 2 and at least two of the powers P/™, ..., P™" are greater

than two then Theorem 7.3.5 guarantees the existence of special indexes over

S.
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Consider now y; as in (7.13) and assume that there are not two powers
in P{"™,...,P™ that are greater than two. Let n; = P/ with P, # 2.
If r # 1, because Py,..., P, are different prime numbers then r = 2 and
' = (ay,a9) = Z,, X Zy. For i =1,...,n the vectors (x; (a1),xi (az)) are
always of the form <ei%jl, (—1)j2) with 0 < j; < mn; —1, jo € {0,1}, and
consequently I' does not have special indexes over S. If r =1 then ' = Z P
and obviously these are no special indexes over S. a

Example 7.3.7 Consider an abelian group I' C S5 of order 18 that acts
transitively (and faithfully) on the set {1,...,18} such that I' =< a1, a9 >=
21y = Zg X 21y where < a1 >= Zg and < ay >= Z5,. Then, by Corollary 7.3.6,
Zs is not special over S = {aq, as}.

By the same corollary, a group I' C Sy, of order 12 that acts transitively (and
faithfully) on the set {1,...,12} such that I' =< ay, a9 >= Z1o = Zy X Z3 is
special over S = {a,as} where < a; >= Z, and < ay >= Zs. &

Corollary 7.3.8 A group I' as in (7.7) and (7.8) does not have special
indexes over S = {ay, as, ..., a,} if and only if T = Z,, x(Zy)" " or =2 (Z,)"
with r € N and ny > 3 a power of a prime.

Proof: Consider y; as in (7.13). If
I'= <G,1, as, ..., G,r> = an X (Zz)r_l ,

the vectors

(xi (a1) , xi (az) , -+, xi (ar)) (7.15)
are always of the form (ei’%jl, (=17 ,..., (—1)jr) with 0 < j; < ng —1,
Jo2, -+, Jr € {0, 1} and hence cannot correspond to a special vector. The case

I' & (Zy)" is similar.

If an abelian group I' does not have special indexes over S then, by
Theorem 7.3.5, the cyclic decomposition (7.7) does not have at least two
groups different from Z,. Then it must be of the form I' 2 (Z,,) x (Z5) "
or I' & (Zy)". O

Corollary 7.3.9 Consider I as in (7.7) and (7.8). If ' = Z,, x (Zy)""
with n > 1 and ny > 3 a power of a prime then I' does not have special
indezes over any S C T' such that < S >=T.
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Proof: Let S = {by,...,b,} and i = (a{“--a{f) (1) where 0 < j; <
ny — 1 and jo,...,7 € {0,1}. If b €< as,...,a, > then x;(b) = £1
for i = 1,...,n. Consider now b = a}*---a? and b,, = af ---a? with
0 <p,qg <ng—1and ps,qo,...pr,¢q € {0,1}. Tt follows that x;(b) =
+e'mP and Xi(by) = Lelm I If x;j (b)) = xi (b)) then we have x;(b) =

iel—pl( n1—ji) iel_(Il(nl —Jj1)

and consequently x; (bn) = Xi (bn) = . It turns
out that x; () = x; (7) for all ¥ € S and that I" does not have special indexes

over S. O

Example 7.3.10 If ' C S;y is an abelian group of order 10 that acts
transitively (and faithfully) on the set {1,...,10} such that I = Z,, then,
because Zyy = Zs X Zy, Corollary 7.3.9 guarantees that I' has not special
indexes over any set S such that < § >=T.

For another example, every abelian group I' C Sg of order 8, is isomorphic
to either Zg, Zy X Zg, or Zy X Ziyg X Ziy = (Z2)3. By Corollary 7.3.9 there is
no abelian group of order 8 that acts transitively (and faithfully) on the set
{1,...,8}, special over any set S such that < S >=T. &

Note that for the results stated above, the presence of Z, in the decompo-
sition (7.7) always implied particular analysis. The next example illustrates
the effect that Z, has at the existence of special indexes.

Example 7.3.11 Consider the abelian group I' C S;5 of order 18 generated
by

ar = (123)(456)(789)(10 11 12)(13 14 15)(16 17 18),
= (147)(258)(369)(10 13 16)(11 14 17)(12 15 18),
az = (110)(211)(3 12)--- (9 18).

It acts transitively (and faithfully) on the set {1,...,18} and I' = Z3 x Z3 X
Z,. Using the notation of (7.7) we have then that r = 3, ny = ny = 3 and
ng = 2.

Consider S = {ay,a9,a3} and the character table of I' represented in
Table 7.2. Then

= (e (s ) Re (s (@) R (3 (00) = (con 5 con 57, 1)
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81,82 83

al a2 a3 aq (05} as
X1 = X(0,0,0) 1 11 1
X2 = X(1,0,0) ¢ c|1]1
X3 = X(2,0,0) ¢ ¢Gl1]1
X4 = X(0,1,0) ¢ ¢ |1
X5 = X(1,1,0) ¢orte ¢l ¢ |1
X6 = X(2,1,0) (2t ¢Gl¢| 1
X7 = X(0,2,0) G L¢3 1
X8 = X(1,2,0) geitee ¢l
X9 = X(2,2,0) Portae ¢Gl¢t| 1
X10 = X(0,0,1) 1 Iy 1]-1
X11 = X(1,0,1) ¢or(—1)% ¢|1|-1
X12 = X(2,0,1) ¢*1(—1)% ¢Gl1]-1
X13 = X(0,1,1) ¢e2(—1)% Ly ¢|-1
X14 = X(1,1,1) C51+82(_1)83 ¢l ¢|-1
X15 = X(2,1,1) €281+82(_1)83 QZ ¢ | -1
X16 = X(0,2,1) (2 (—1)% 1{¢2| -1
X17 = X(1,2,1) ¢t (—1)ss | ¢ | ¢ 1
Y18 = X(2,2,1) €251+232(_1)53 €2 €2 -1

Table 7.2: Character table of Z3 X Z3 X Zsy. Here ( = e"%w, s1,89 € {0,1,2}
and s3 € {0, 1}.

for i = 5,6,8,9. Because v5 = vg = U7 = Uy, the vectors

vs = (x5 (a1), x5 (a2), x5 (a3)) = (¢, ¢, 1)

v = (X6 (a1), X6 (a2) , x6 (as)) = (€%, ¢, 1)
vg = (xs (a1), xs (a2) , xs (as)) = (¢, ¢3 1)
vy = (xo (1), x0 (a2), xo (a3)) = (¢*,¢*,1)

are the vectors associated with the special index 5 over S. Moreover, because
vg = Ug and vg = U5 we have that vs and vg are the representative vectors of
the vectors associated with the special index 5. The presence of Zs adds the
special index 14 which has

v1g = (X14 (a1) ; x14 (@2) , X14 (a3)) = (¢, (, —1),
v1s = (x15 (a1) , x15 (a2) , x15 (a3)) = (C?, 3 —1),
vir = (xa7 (1), xa7 (a2) , xa7 (as)) = (¢, ¢%, —1),
vis = (x1s (a1) , xas (a2) , x1s (a3)) = (€%, ¢%, —1)

a2

as vectors associated with them. Now, because vi; = 15 and vy = U4 we
have that v14 and v;5 are the representative vectors of the vectors associated
with the special index 14. &

110



Recall the notation introduced above that we use in the next lemmas.
Let
=%, x---x124,,

be a subgroup of the symmetric group S, acting transitively on {1,... ,n}
where n = ny ---n,. Let {a,...,a,} be a set of generators of I" as in (7.8).
Given j € {1,...,n} then

(Sj17 SR Sj’r)

denotes the unique vector such that
asjl ...as]'r(l) — 9
1 r J

(sj, €{0,...,np — 1} for k=1,...,7) and x; is the irreducible character of
I' defined by:

(PP = (PP prs;
X (af' - alr) = wy wyrsr

where p, € {0,...,np — 1}, wyp = e2™/™ fork=1,...,r.

Lemma 7.3.12 Consider I' and the irreducible characters x; of I' described
above. Set S; ={ay,...,a.}. Assume that the indexi € {1,...,n} is special
with multiplicity m > 4 over Sy and that v; = (xj(a1),...,x; (ar)), for
jelIC{l,...,n} are the vectors over S associated with the special indez i.
Thus I has cardinality m.

Then there is a special index i € I over

Sy ={ay,...,ap,a"---al}

with multiplicity > 4 and lower or equal m if and only if there exists I' C
I such that i' € I', I' has cardinality > 4 (and lower or equal m) and

(p1,--.,pr) verifies: for all j, t € I,

D1 Dr

n—l(sjl—8t1)+"'+n—r(3jr—8tr) =k (7.16)
or p P

(s, A+ s) o (s, +sn) =k (7.17)

nq ny

for some k € Z.

Proof:  Suppose that i’ € I is special over S;. Say with multiplicity m/'.
Then there must exist a set I’ such that i’ € I’, with cardinality m’ and such
that the vectors

(Re (xi (a1)) ;- - Re (xi (ar)) , Re (i (" - - 7))
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for [ € I' are equal. Moreover, i’ is the lowest index of I’. Because i’ € I,

(Re (xr (1)) -, Re (xir (a,))) = (Re (i (@), -+, Re (xa (@)

for l € I. Thus I’ C I, as I is the largest set of indexes containing i’ that
make (Re(x;(a1)),...,Re(xi(a.))) be equal.

As
.2
X; (alfl .. .a?) —e n1p15]1 .. _ezﬁprsjr
and
xi (@t ---alr) =e il e ny Prote
then

Re (x; (a7" - --a7")) = Re (x¢ (a7 - - - @)
for all j,t € I’ if and only if

coS [27r (&sj1 +-+ &Sjr):| = cos |:27T (Estl +-+ p—rstr)]
nq n, s ny

for all j,¢t € I'. Solving these equations we obtain the conditions (7.16) and
(7.17).

Suppose now that exists I’ C I such that for each j,t € I, (p1,...,p,) ve-
rifies at least one of the conditions (7.16) or (7.17). Then Re (x; (af* - --a?")) =
Re (x¢ (a}* - -aPr)) for all j,t € I'. As I’ C I we have the result. That is,
there is a special index i € I’ C I over S,. a

Lemma 7.3.13 Consider I' and the irreducible characters of I' as described
above. Let S1 ={ay,...,a,}. Assume that

Uy = (Xz (al) v Xi (ar)) (718)

is a special vector over Sy with multiplicity m. Then the vector
(Xi (1) s, xi(ar) s xa (@)") 5oy xa (@) (7.19)
corresponds to a special vector over So = {ay,...,a.,ai", ... aP} associated

with the special index i with multiplicity m. Here p, € {0,...,n; — 1}.

Proof: Denote by I the set of indexes associated with the special index ¢
over S;. Then Re (x; (ax)) = Re (xt (ar)) = cos <—sjk> for all 5,¢t € I and
k=1,...,r. It turns out that because y; (at*) = (xi (ax))”*, Re (x; (at¥)) =
Re (x: (af )) = cos <n—ksjkpk) for all t € I and the result follows. 0
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As we saw above, the study of the existence of special characters involves
complicated conditions even when S is a set with few elements. Observe that
in some of the previous results we consider S = {ay, ..., a,}. It is the simplest

set that generates I'. The following algorithm determines the sets I, ..., I;

of indexes associated with the special indexes min{/;},..., min{/;} over a

general set S C I' such that < S >= I' and the respective sets Iy,...,;

of representative indexes. For k = 1,...,j, each set I corresponds to the
special index min{l;} and to #I; > 4 equal rows on the table of the real
parts of the character table of T" restricted to S.

Algorithm 7.3.14 Given a group I' C S,, of order n described by (7.7) and
(7.8) for a given choice ay,...,a, of generators of I', S = {by,...,b,} C T
such that < S >=T, this algorithm finds the special indexes over S, the set
of special indexes associated with each one of them and the respective sets
of representative indexes.

1. [Character table restricted to S| Make the character table of I' restricted
to S enumerating the irreducible characters of I' as in (7.13).

2. [Character table of real parts restricted to S] Make the table of real
parts of the table of step 1.

3. [Define a matrix corresponding to the table of step 2] Fori =1,...,n
set

vi = (Re (xi (b)), -, Re (xi (b)) -

Let A be the n x ¢ matrix with rows vy, ..., v,.
4. [Initialize] Set p =0, j =1, 1, =0, CA={2,...,n}.
5. [Compute the sets of special indexes] Set & = min CA. Set v = vy.

For [ € CA do
If v, = v then set I; = I; U {l}.

Set CA = CA\I;
If #1; > 4 thenset j =j+ 1, p=p+ 1. Else set I; = 0