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Abstract
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art (Interior symmetry and local bifurcation in coupled cell networks,
Dynamical Systems 19 (4) (2004) 389-407) to obtain states whose lin-
earizations on certain subsets of cells, near bifurcation, are superpo-
sitions of synchronous states with states having spatio-temporal sym-
metries.
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1 Introduction

Recently, a new framework for the dynamics of networks has been proposed,
with particular attention to patterns of synchrony and associated bifurca-
tions. See Stewart, Golubitsky and Pivato [4,11], Golubitsky, Nicol and
Stewart [3], and Golubitsky, Stewart and Torok [9]. Here, a network is rep-
resented 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 ‘identical’ couplings. The ‘input set’ of a cell is the set edges
directed to that cell. Label-preserving bijections between ‘input sets’ of cells
are called ‘input isomorphisms’ and they capture the ‘local’ symmetries of
the network. The set of all these ‘local’” symmetries has the structure of a
groupoid. (A groupoid is an algebraic structure similar to a group, except
that products of elements may not always be defined).

Coupled cell systems are dynamical systems compatible with the archi-
tecture 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 =TI, P.. A vector field f is called ‘admissible’ if its component f. for
cell ¢ depends only on variables associated with the input set of ¢ (domain
condition), and if its components for cells ¢, d that have isomorphic input sets
are identical up to a suitable permutation of the relevant variables (pull-back
condition).

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. Moreover, the coupled cell systems (ODE’s)

are of the form
dx

a:f(x)

where the vector field f is smooth (C'*°) and satisfies

fyx) =~f(z) VreXyel

That is, f is ‘equivariant’ under the action of the group I' on phase space P.



The theory of equivariant dynamical systems (see Golubitsky et al. [6,8])
can be applied to such dynamical systems. In this theory, a central role is
played by the ‘fixed-point spaces’ of subgroups ¥ C I', defined by

Fix(¥) ={r € X :ox =2 Vo € ¥}

Fixed-point spaces have the important property of flow invariance: they are
invariant under every smooth equivariant vector field f, so that

F(Fix(%)) € Fix(%)

See [6, Lemma XIIT 2.1] or [8, Theorem 1.17] for the simple proof and the
implications for symmetry-breaking. In this context, there are two main
local bifurcation theorems. The Equivariant Branching Lemma (see Golu-
bitsky et al. [8, Theorem XIII 3.3]) proves the existence of certain branches of
symmetry-breaking steady states; the Equivariant Hopf Theorem (see Golu-
bitsky et al. [8, Theorem XVI 4.1]) proves the existence of certain branches
of spatio-temporal symmetry-breaking time-periodic states.

In between the class of general networks and the class of symmetric net-
works lies an interesting class of non-symmetric networks, where group theo-
retic 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 co-
ordinates. In other words, the cells in & together with all the edges directed
to them form a subnetwork which possesses a non-trivial group of symme-
try Ys. For example, network G; (Figure 1 (left)) has exact Sz-symmetry,
whereas network G (Figure 1 (right)) has Ss-interior symmetry. This notion
was introduced and investigated by Golubitsky, Pivato and Stewart [4]. The
presence of interior symmetries places some restrictions on the structure of
the network.

The local bifurcations from a synchronous equilibrium can be classified
into two types: ‘synchrony-breaking’ bifurcations and ‘synchrony-preserving’
bifurcations. The synchrony-breaking bifurcations occur when a synchronous
state loses stability and bifurcates to a state with less synchrony. Such bifur-
cations can be considered to be a generalisation of symmetry-breaking bifur-
cations in symmetric coupled cell systems. Golubitsky, Pivato and Stewart [4]
provided analogues of the Equivariant Branching Lemma and the Equivari-
ant Hopf Theorem for coupled cell systems with interior symmetries. The
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Figure 1: (left) Network G; with exact Sz-symmetry. (right) Network G,
with Ss-interior symmetry.

analogue of the Equivariant Branching Lemma is a natural generalisation of
the symmetric case, but the analogue of the Equivariant Hopf Theorem has
novel and rather restrictive features. In particular, instead of proving the
existence of states with certain spatio-temporal symmetries, they prove the
existence of states whose linearizations on certain subsets of cells, near bifur-
cation, are superpositions of synchronous states with states having ‘spatial
symmetries’.

The main result of this paper is the full analogue of the Equivariant Hopf
Theorem for networks with symmetries (Theorem 4.8). We extend the result
of Golubitsky, Pivato and Stewart [4] to obtain states whose linearizations on
certain subsets 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 as a special case and
is in complete analogy with the Equivariant Hopf Theorem (see Theorem 4.8).
Our proof uses a modification of the Lyapunov-Schmidt reduction to arrive
at a situation where the proof of the Standard Hopf Bifurcation Theorem can
be applied. This completes the program of generalising the two main results
from equivariant bifurcation theory to the class of networks with interior
symmetries.

Structure of the Paper Section 2 recalls the formal definition of a coupled
cell network and the associated dynamical systems, and states some basic fea-



tures, including the concept of a balanced equivalence relation (colouring).
We also discuss the symmetry group of a network. Section 3 recalls the defi-
nition of interior symmetry given by Golubitsky, Pivato and Stewart [4] and
gives 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 the subnetwork. We also analyse the structure of these
networks and discuss some features of the admissible vector fields associated
to such class of networks. Section 4 recalls the notion of synchrony-breaking
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 bifur-
cations. The main part of this section gives the statement and proof of the
Interior Symmetry-Breaking Hopf Bifurcation Theorem (Theorem 4.8) for
networks with interior symmetries. We illustrate all the concepts and results
by a running example of the simplest network with Ss-interior symmetry and
the closely related network with exact Ss-symmetry (see Figure 1). Finally,
we present a numerical simulation of the states provided by Theorem 4.8 in
the case of our running example.

2 Network Formalism

First, we recall the formal definition of a coupled cell network and the asso-
ciated dynamical systems. For a survey, overview and examples, see [7]. The
initial definition of coupled cell network [11] was modified in [9] to permit
multiple arrows and self-connections, which turns out to have major advan-
tages. More recently, Stewart [10] extended the formalism introduced in [9]
to include a large class of infinite networks — the so called networks of finite

type.

2.1 Coupled Cell Networks

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

Definition 2.1 ([9]) A coupled cell network G comprises:

(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:E - 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:
H(er) ~c Hiea)  T(er) ~c T(er)
for all eq, ey € € with e; ~p es. O

Example 2.2 We can represent abstract networks by labelled directed
graphs. Figure 1 shows two examples. Here the node labels, drawn as the
three circles and the square, 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. O

2.2 Input Sets and the Symmetry Groupoid

Associated with each cell ¢ € C is a canonical set of edges, namely, those that
represent couplings into cell c:

Definition 2.3 ([9]) If ¢ € C then the input set of ¢ is the finite set of edges
directed to c,

I(c)={e€&:He)=c} (2.1)
<&



Definition 2.4 ([9]) The relation ~; of input equivalence on C is defined
by ¢ ~; d if and only if there exists a bijection

B:1I(c)— I(d) (2.2)

such that for every i € I(c),
i ~p B(i) (2.3)

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
Bg = | Ble,d) (2.4)

c,deC

is the symmetry groupoid of the network G. A coupled cell network is homo-
geneous 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 to be a group.

Example 2.5 In our running examples, shown in Figure 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 square in the tail. <

2.3 Admissible Vector Fields

We now explain how to interpret such diagrams as in Figure 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

c~cd = P.=PF

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 = (xc)ce(,’

If D C C is any finite set of cells then we write

PD:HPd

deD
and
Tp = (Teys- .y Te,)

where z. € P.,.
For any 3 € B(c,d) we define the pull-back map

B Priay) — Proe)

by
(B*2)7) = 21(800)) (2.5)
for all 7 € [(C) and z € PT(I(d))-
We use pull-back maps to relate different components of a vector field
associated with a given coupled cell network. Specifically, the class of vector

fields that are encoded by a coupled cell network is given by the following
definition.

Definition 2.6 ([9]) A map f: P — P is G-admissible if:

(a) Domain condition: For all ¢ € C the component f.(z) depends only
on the internal phase space variables z. and the coupling phase space
variables x7(j()); that is, there exists f. : P. X Pr(y()) — P. such that

fe(z) = fc(xwx?’(l(c))) (2.6)

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

~ ~

fa(za, v7100))) = fe(@a, B 2T (1(0))) (2.7)

for all x € P. &



Example 2.7 For the networks G; and G, of Figure 1 the cell phase spaces
P,, P, and Pj are identical and equal to R*, whereas P, = R!. The general
form of the admissible vector fields (ODE’s) encoded by the network G is

T ($1,$2,$3,$4)
o = f(xo, T3, T1,14) (2.8)
T3 = f(x3,T1, 72, 24)
¥y = g(xy,T1, T2, 23)

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 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
(ODE’s) associated with the network G, is

1 = f(x1, 72,73, 24)
Xy = f(xo, T3, 21, 14) (2.9)
¥y = f(xs, @1, T2, 14)
Py = g(xy, 21,19, 23)

where z; € R* (i = 1,2,3), 24, € 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. <&

2.4 Balanced Equivalence Relations

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

={reP:cxd=z.=ux4} (2.10)

A subspace V' of P is called admissibly flow-invariant if f(V) C V for all
admissible vector field f on P.

Definition 2.8 ([9]) An equivalence relation b< on C is balanced if for every
¢,d € C with ¢ > d, there exists § € B(c,d) such that 7(i) pa 7(5(2))

9



for all i € I(c). The associated colouring is called a balanced colouring. In
particular, B(c,d) # () implies ¢ ~; 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:

Theorem 2.9 (Stewart et al. [11]) Let < be an equivalence relation on a
coupled cell network. Then A, is admissibly flow-invariant if and only if >
15 balanced.

The proof of the above result for finite networks is given in [9, 11] and
for networks of finite type in [10]. The dynamical implication of such flow-
invariance is that 0 determines a robust pattern of synchrony: there exist
trajectories x(t) of the ODE such that

cxdd = x.(t) =x4(t) Vvt €R

Such trajectories arise when initial conditions z(0) lie in A. Then the entire
trajectory, for all positive and negative time, lies in A\, 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 [7].

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

NAr={xeP:c~yd=x.= x4}

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

Remark 2.10 Whenever self-connections or multiple arrows do not occur it
will be convenient to revert to the formalism of [11], but now considered as
a specialisation of the multi-arrow formalism. Since no two 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 CxC\{(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. &

10



Example 2.11 We continue with our running examples, the networks G;
and Gy of Figure 1. There is an equivalence relation < for which 1 > 2; its
equivalence classes are {1,2}, {3} and {4}. The corresponding polydiagonal
is

Npwm={x € P a1 =29} ={(z,2,y,2)}

On this subspace the differential equations become

=/

)
YU, T, 2) (2.11)
)

=g

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

I(l) = {(271)7(371)7(471)} and 1(2) = {(172)7(372)7(47 2)}

where (c¢,d) denotes an arrow with tail ¢ and head d (see Remark 2.10).
The bijection § : I(1) — I(2) with ((2,1)) = (1,2), B((3,1)) = (3,2)
and (((4,1)) = (4,2) is an input isomorphism that preserves <-equivalence
classes since 1 > 2, 3 >1 3 and 4 > 4. That is, > is balanced as claimed.
There are two other balanced equivalence relations (different from ~;) on
the networks G; and G,. 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}. <&

2.5 Symmetry Groups of Networks

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

Definition 2.12 ([1]) 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 g preserves edge equivalence, that is, for all ¢ € C and
eef,

Yo(e) ~re  and  yp(e) ~pe (2.12)

11



In addition, the two bijections must satisfy the consistency conditions

vo(H(e)) = H(vele))  and  0(T(e)) = T(yu(e)) (2.13)
for all e € £. The set of all v = (y¢,ve) 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

1e(1(c)) = I(he(c))
where v = (¢, vr) € Aut(G).

Remark 2.13 When the network G has no self-connections and multi-
arrows there is a simplification of the notion of symmetry due to the following
observation. Given a vertex permutation 7¢, there is a unique edge permu-
tation g satisfying the consistency condition (2.13), that is, yg is implicitly
defined by ~¢ since, by Remark 2.10, 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
v of C such that

(a) v(c) ~y cfor all c €C.
(b) (v(a),¥(b)) € € < (a,b) € E.

(¢) (v(a),y(b)) ~g (a,b) ¥(a,b) € E.

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 paper whenever
the network under consideration has no self-connections and multi-arrows.

&

Example 2.14 Since the networks G; and G; of our running example of Fig-
ure 1 do not have multiple arrows and self-connections Remark 2.13 applies.
The group S3 C S, 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. On
the other hand, the network G, has only the identity permutation as a sym-
metry because the arrows (1,4), (2,4) and (3,4) are all different amongst
each other. <&

12



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 Gs.

3 Interior Symmetry

We present the notion of interior symmetry following Golubitsky et al. [4]
and give an alternative characterisation in terms of the symmetries of a sub-
network.

3.1 Interior Symmetry Groups of Networks

Definition 3.1 ([4]) Let G be a coupled cell network. Let S C C be a subset
of cells and put I(S) = {e € £ : H(e) € S}. A pair of bijections o¢ : C — C
and op : € — £ is an interior symmetry of G (on the subset §) if:

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

(¢) the consistency condition
oc(H(e)) = H(og(e)) and  oc(7(e)) = T(og(e)) (3.1)
is satisfied for every e € I(S).

The set of all interior symmetries of G (on the subset S) forms a finite group
Y.s called the group of interior symmetries of G (on the subset S). <&

Note that in Definition 3.1 if S = C then ¥s = Aut(G). Hence, the
definition of interior symmetry of a network is a generalisation 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 X
is non-trivial for some S.

13



Example 3.2 We continue with our running example, the two networks
networks G; and Gy of Figure 1. We have seen that the network Gy is Ss-
symmetric and the network G, has only the trivial symmetry. However, the
group of permutations

Sy = {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 S; 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 Sz act as identity on the set of arrows

& \ I(S) = {(174)7 (274)7 (374)}

then Sz is the group of interior symmetries of the network G, on the subset
S =1{1,2,3}. &

There is an alternative characterisation of interior symmetries using the
notion of symmetry of a network. The main idea is the following: by “ignor-
ing” 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),~¢,~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 3.3 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:

25 = Aut(gg)

Proof. We start by proving that s can be canonically identified with a
subset of Aut(Gs). Let 0 = (0¢,0r) € s be an interior symmetry of G
(on the subset S) as in Definition 3.1. Then, because both oo and op are,
respectively, the identity map on C\ S and € \ I(5), it follows that o is a

14



symmetry of Gs, according to Definition 2.12. 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 2.12), that is, vg is a permutation on the set 1(S).
Now we can extend g to a permutation og on £ which acts as identity on
EN\I(S). The pair 0 = (0¢,0g) where oo = ¢ is an interior symmetry of G
(on the subset §) according to Definition 3.1. O

The characterisation of interior symmetry provided by Proposition 3.3 is
particularly useful when the network does not have multiple arrows and/or
self-connections, since by Remark 2.13, a symmetry is simply a permutation
on the set vertices of the underlying graph.

Example 3.4 Consider the two networks G; and G, of Figure 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 2 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 &

/ -_\ : / \ !
I | / Iy

®<—'—>@ T @<—H—>@

NN N

Figure 2: (left) Network G;. (center) Network Gs where S = {1, 2,3}. (right)
Network Gs.

Let G be a network and fix a phase space P. Suppose that G admits non-
trivial interior symmetries ¥ on a subset of cells S. Then we can decompose
the phase space P as a cartesian product P = Ps X FPp\s where

Ps=[[P. and Pos= ][] ~
seS ceC\S

For any z € P we write 2 = (xs,7c\s) where zs € Ps and zo\s € Povs. If
o= (0c,0r) € Xs then oo permutes the cells of S and induces an action of

15



Y.s on P by permuting the cell coordinates
O-(xc)ce(,’ - (xgal(c))ce(,’
Since Yg fixes all cells in C \ S we can write

O'(Is,xc\g) = (O’I‘S,xc\g) (32)

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 Y is a subgroup. Then

FiXp(K) = {(.TS,.TC\S) coxs =xs Vo€ K}
Define the relation < on the cells in C by
cxXgd < Jdo=(oc,0p5) €K :0c(c)=d

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

The following proposition from Golubitsky et al. [4, Proposition 1, p. 397]
is fundamental in the study of coupled cell networks with interior symmetries.

Proposition 3.5 (Golubitsky et al. [4]) Let G be a network admitting a
non-trivial intertor symmetry group Xs and fix a phase space P. Let K be
any subgroup of Xs. Then < is a balanced relation on G. 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¢,0p) of K such that oc(s;) = sy and by the consistency
condition (3.1) it follows that the restriction

oBl1(sy) 1 1(s1) = 1(s2)

is an input isomorphism. Since the xig-equivalence classes are exactly the
K-orbits on C it follows that the input isomorphism o | I(sy) Preserves the p<ig
equivalence relation. Hence, by Theorem 2.9 it follows that Ay = Fixp(K)
is a flow invariant subspace for all G-admissible vector fields. a

16



Example 3.6 Consider the networks G; and G, of Figure 1 and fix a phase
space P for both networks. There are two non-trivial conjugacy classes of
subgroups of S3. The first conjugacy class is represented for example 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 three orbits of Zj on the set of cells C. The fixed-point
subspace of Zs is

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

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

Z, = {(12))

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

FiXP(ZQ) = {('T?x>y>z):x7y€PS>Z€PC\S}

The other two subgroups in the conjugacy class of <(1 2)> are the ones gener-
ated by (13) and (23). Observe that these three balanced equivalence rela-
tions given by orbits of subgroups are exactly the same balanced equivalence
relations previously found by direct methods (Example 2.11). Therefore, in
our running example all flow-invariant subspaces can be given as fixed-point
subspaces of subgroups. O

Remark 3.7 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 [1,2]. <&

3.2 Admissible Vector Fields with Interior Symmetry

Let G be a network with a non-trivial interior symmetry group s on a subset
of cells § and fix a phase space P. We have a natural decomposition

P=Ps® PC\S (33)
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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, fo\s) where fs : P — Ps and fo\s : P — Pos.
Groupoid-equivariance of the coupled cell system implies that

ofs(zs,ze\s) = fs(oxs, Te\s) (3.4)

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

fs(xs, re\s) ] [ 0 ]
TS, T = |2 + 3.5

f@s,zes) |:f(,’\$(x87 Te\s) h(zs, ze\s) (3:5)
where fo\s, h: P — Pes and foys = fevs+h. The vector field f = (fs, fe\s)
is the YXs-equivariant part of f, that is, for all o € ¥g

of(x) = f(ox)

or more explicitly,

Ffs(xs,xc\g)} _ [fswxs,ms) } (3.6)

fos(zs, vo\s) Jes(0xs, we\s)

since Yg acts trivially on Pe\s. Equation (3.5) can be seen as a decomposition
of the vector field f as the sum of a Ys-equivariant vector field and a non-
equivariant “perturbation” with null components in S.

Example 3.8 Consider the network G, of Figure 1. Recall from Example
2.7 the general form of the ODFE’s associated with the network Gs. Using the
decomposition (3.3) we have zs = (21, 2, 23) and ze\s = (24) where z; € R”
(i =1,2,3), x4, € R Then by (3.5) we can write a general ODE for the
network G, as

T f( )
Ty = f(.T ’m>374)
f( )

2
X3, X1, T2, Ty

L1, T2,T3, Ty
T3 =
Zy = g(x4,71, T2, T3) + h(z4, 21, T2, 23)

where f : R%* x R! — RF is a smooth map invariant under permutation
of the second and third argument, ¢ : R! x R3%* — R! is Ss-invariant with
respect to (xy, 1y, 23) 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 3.5 the subspace Fixp(Xs)
is flow-invariant. Since Fixp(Xs) is Xs-invariant and g acts trivially on the
cells in C \ S we have that FPo\s C Fixp(Xs). Let

U = Fixp(Xs) (3.7)
The action of the group ¥s decomposes the set S as
where the sets S; (i = 1,..., k) are the orbits of the ¥s-action. Let
W:{xGP c2.=0VeelC\S and Z rs =10 forlgigk} (3.8)
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 ¥ g-invariant subspaces

P=WaU (3.9)

In particular, (3.8) 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 (3.9) and write any admissible vector field f as

ol el oo
where fy, h: P — U and fy : P — W satisfies
ofw(w,u) = fiy(ow,u) Voels

With respect to the decomposition (3.9), the equivariant part of f is written
as f(w,u) = (fw(w,u), fu(w,u)) and for all o € X5 we have

i | = o)

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

(3.11)
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Example 3.9 Consider the network Gy of Figure 1. With respect to the
decomposition (3.3) adapted to the network structure, the total phase space
P has coordinates xs = (21,%2,23) and wo\s = (1) where z; € RF (i =
1,2,3), 4 € R.. Now with respect to the decomposition (3.9) adapted to
the Ss-action on P we have that

W = {(wl,wg, —wp — ’LUQ,O) Wi, W € Rk}

and
U= FiXP(Sg) = {(ul,ul,ul,w) U € Rk, Uy € Rl}
<&

In the linear case, we may choose a basis of P adapted to the decom-
position (3.9) and then a G-admissible linear vector field L can be written

) L— [é g} (3.12)

where B=L|y: U - U, C:W — U and A: W — W satisfies (by (3.11))
Ao =0cA Voels

The spectral properties of L in (3.12) are given by Golubitsky et al. [4,
Lemma 1, p. 399]. Since we will use these results several times we reproduce
it here.

Lemma 3.10 (Golubitsky et al. [4]) Let G be a network admitting a
non-trivial group of interior symmetries s and fix a total phase space P.
Let L : P — P be a G-admissible linear vector field and consider the decom-
position of L given by (3.12). Then

(i) The eigenvalues of L are the eigenvalues of A together with the eigen-
values of B.

(ii) A wvector u € U = Fixp(3s) is an eigenvector of B with eigenvalue v
if and only if u is an eigenvector of L with eigenvalue v.

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

v=w+u

where u € U = Fixp(g).
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(iv) All eigenspaces of A are Ys-invariant.

Proof. Parts (i) (ii) and (iii) are consequences of the block form (3.12) of
L. Part (iv) follows from the ¥g-equivariance of A. O

Example 3.11 We continue our running example, the networks G; and G,
of Figure 1. The general form of the admissible linear mappings associated
with the networks G; and Gy of Figure 1 are (in cell coordinates)

a b b d a b b d
b a b d b a b d
o=y 4 4 4 and Ly = | oy
e e e ¢ €1 €2 €3 C

where a,b are k x k matrices, ¢ is a [ X [ matrix, d is a £ X [ matrix and
e, e1, 6,63 are | X k matrices. Choosing adequate bases for W and U the
linear mappings L; and Ly can be written as

a—2b 0 0 0

L, = 0 a—2b 0 0

0 0 a+2b d

0 0 3e c

and

a—2b 0 0 0
L, — 0 a—b 0 0
0 0 a+2b d
€1 —e3 e9g—e3 e1+e+e3 ¢

4 Synchrony Breaking Bifurcations

Now we study local bifurcations in coupled cell networks with non-trivial in-
terior symmetries. We are interested in codimension-one synchrony-breaking
bifurcations. Steady-state and Hopf of bifurcations in coupled cell networks
with interior symmetries were studied by Golubitsky et al. [4].
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4.1 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
dx

a = f($, /\) (41)

has a synchronous equilibrium xy in A; (the polydiagonal subspace of P
associated with the input equivalence relation ~;). In the present context
we may assume that

f(.flfo, )\) = 0

and that a bifurcation occurs at A = 0. Let L = (df)(4,,0) be the linearization
of f at (x0,0) 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 A;.

Definition 4.1 We say that a coupled cell system (4.1) undergoes a
synchrony-preserving bifurcation at a synchronous equilibrium in Aj if
E¢ C Ay and that (4.1) undergoes a synchrony-breaking bifurcation if
Ec ¢ A <&

Now we specialise 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 eigen-
values). The new steady-states and periodic solutions that emanate from the
synchrony-preserving bifurcations are themselves synchronous solutions. For
the remainder of this paper we will focus on codimension-one synchrony-
breaking bifurcations from a synchronous equilibrium.

4.2 Local Bifurcations with Interior Symmetry

Interior symmetries introduce genuine restrictions on the form of the lin-
earization 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 non-trivial group of interior symmetries
Ys on S and fix a phase space P. First, note that the polydiagonal subspace
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A associated to the input equivalence relation ~; satisfies
AN I Q FiXP(ZS)

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

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
have a situation where some critical eigenvectors belong to Fixp(Xs) and
the others are outside Fixp(Xs). Indeed, it is well known [3] that (non-
symmetric) coupled cell systems generically can exhibit mode interaction in
codimension-one bifurcations. In this paper we make a stronger assumption.
We assume

E¢(L) N Fixp(Xs) = {0} (4.3)
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 4.2 Let f : P — P be a G-admissible vector field and let L =
(df) () be the linearization of f at x. Consider the decomposition (3.9) of
P adapted to the Ys-action and write L in block form as

A 0
r=le s
Then the matrix A is called the Xs-equivariant sub-block of L. &

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

A= (dfw) (wo)

then

where xy = (wy, ug) and

(A fw) () - w0 = (dfw) - (w,0)

(wo,u0)

for all w e W.
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Remark 4.3 It can be shown that the following three conditions are equiv-
alent:

(a) E°(L)NFixp(Xs) = {0}.
(b) dim E¢(L) = dim E°(A).

(c¢) All the critical eigenvalues of L come from the Yg-equivariant sub-
block A of L.

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 3.10 (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 generalised eigenvector associated
to an eigenvalue coming from sub-block A belong to Fixp(Xs). &

In general f is not X g-equivariant and L does not commute with >Xs. In
particular, £°(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 Xg x S' on E¢(A), where S! acts by
exp(sAY).

Definition 4.4 Consider a 1-parameter family of coupled cell systems (4.1)
with interior symmetry group Xs on S undergoing a codimension-one
synchrony-breaking bifurcation at a synchronous equilibrium xg when A = 0.
We say that f undergoes a codimension-one interior symmetry-breaking bi-
furcation if the following conditions hold:

(a) All the critical eigenvalues p of L come from the ¥g-equivariant sub-
block A of L.

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

(¢) The eigenvalue crossing condition:

d

I Relr(V) - 70 (4.4)

More specifically, the bifurcation problem (4.1) is called
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(1) 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) (4.5)

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

Ei(A)={z e P:(A*+ 1)z =0} (4.6)
O

Example 4.5 Consider the networks G; and G, of Figure 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 = {(wq, wy, —wy — wy,0) : wy,wy € C},

U = Fixp(S3) = {(u1, uy, uy, us) : ug,us € C}

and W is a Sz-simple representation (W = W) & 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 equilib-
rium point g when A\ = 0. Since W is a Ss-simple representation, one
necessarily have 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,

O2) (4.7)

for all 6 € S' and 2, 2, € C. O

0-(z1,2) = (ewzl,ei

4.3 Interior Symmetry-Breaking Hopf Theorem

The Hopf Bifurcation Theorem concerns periodic solutions to differential
equations near a point where the linearization has purely imaginary eigen-
values.

25



Let G be a coupled cell network admitting a non-trivial group of interior
symmetries Ys on a subset S of cells and choose a total phase space P.
Consider a smooth 1-parameter family f : P x R — P of G-admissible
vector fields on P and assume that

dx
— = f(x, A 4.8
= f ) (1)
has an equilibrium zy, such that for A = 0 the linearization L = (df),,0) of
f at (xo,0) is non-singular but has purely imaginary eigenvalues.

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

Definition 4.6 Let G be a coupled cell network admitting a non-trivial
group of interior symmetries ¥s on a subset S. Let P denote the total phase
space and consider the decomposition (3.9) of P adapted to the ¥s-action.
Suppose that there is an action of circle group S' on W which commutes
with the action of ¥g. Let E C W be a Xg x Sl-invariant subspace. An
isotropy subgroup A C s x S! is called interiorly C-axial (on E) if

%

Now suppose that the family (4.8) undergoes a codimension-one interior
symmetry-breaking Hopf bifurcation at the equilibrium zy when A = 0. Then
the center subspace E(A) of the Yg-equivariant sub-block of the linearization
L = (df) @0 of f at (z9,0) is a Xg-invariant subspace of W. Therefore, the
action of the circle group S! defined by exp(sA®) commutes with the action
of ¥5 and so there is a well-defined action of ¥s x S' on W and E(A) is a
Y5 X Sl-invariant subspace.

Example 4.7 Consider the networks G; and G, of Figure 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 xq = 0
when A = 0. Then E;(A) = W, where A is the ¥s-equivariant sub-block of
the linearization L = (df),0 of f at (0,0). In Example 4.5 we observed
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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 S3 x S! acting on W. The first conjugacy class of
subgroups is represented for example by the subgroup

The fixed-point subspace of Zs is
Fixy (Z2) = {(—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 (Z) = {(w, —w,0,0) : w € C}
The third conjugacy class of subgroups is represented for example by the

subgroup .
73 = <((1 23)’ 2?#»

The fixed-point subspace of Zs is

Fixy (Zs) = {(w, e Fw, e’ 5 w,0) : w € C}
<&

The main result of this paper is the interior symmetry-breaking Hopf
bifurcation Theorem.

Theorem 4.8 Let G be a coupled cell network admitting a non-trivial group
of interior symmetries Xg relative to a subset S of cells and fix a phase
space P. Consider (4.8) 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 4.4) occurs at
an equilibrium point o € Fixp(Xs) when X = 0. Let A C Y x S! be
an interiorly C-azial subgroup (on E°(A)). Then generically there ezists a
family of small amplitude periodic solutions of (4.8) bifurcating from (xq,0)

27



and having period near 2mw. Moreover, to lowest order in the bifurcation
parameter X, the solution x(t) is of the form

x(t) = w(t) + u(t) (4.9)

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 Yg-orbits of cells in S.

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

Remarks 4.9

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

(b) Theorem 4.8 generalises the interior symmetry Hopf Theorem of Golu-
bitsky et al. [4, Theorem 3]. Given a subgroup A C Yg x S! we define
the spatial subgroup of A to be K = AN Xs. A subgroup A is called
spatially C-axial if

dimg Fixg,(4)(A) = dimg Fixg, ) (K) = 2

where K is the spatial subgroup of A. Obviously every spatially C-axial
subgroup is interiorly C-axial. Since the Hopf Theorem of [4] is proved
for all spatially C-axial subgroups, it is a special case of Theorem 4.8.

(¢) Theorem 4.8 holds if the assumption (4.6) is generalised 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). &

The proof of Theorem 4.8 follows from a couple of lemmas that we state
and prove below. We start by setting up the framework.

Let CY_(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 27-periodic mappings from R to P endowed
with the C! norm.

By introducing a perturbed period parameter 7 we can re-scale time
again, from ¢ to s(1 + 7)t, and consider the operator F : C1 (P) x R xR —
CY_(P) given by

dx

Flr,\7)=(1+ T)g(s) — f(z(s),\) (4.10)
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The 27-periodic solutions of the equation F(x,\,7) = 0 near (0,0,0) cor-
respond bijectively to the small amplitude periodic solutions of (4.8) near
xo and with period near 2w. 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) =z(s+0)

and thus
0-F(x,7,\)=F(O x,1,\)

The linearization of F about the origin is

L£(z) = %(5) ~ Las) (4.11)

and ker(L) consists of all functions Re(e”v) where v is an eigenvector of L
associated to the eigenvalue i.

In the standard Hopf Bifurcation Theorem [5, Theorem VIII 3.1] ker(L) is
two-dimensional and Lyapunov-Schmidt reduction in the presence of symme-
try 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. In the
equivariant context, ker(£) may be higher-dimensional — generically ker(L)
is a [-simple representation. The proof of the Equivariant Hopf Bifurcation
Theorem [8, Theorem X VI 4.1] proceeds by restricting the Lyapunov-Schmidt
reduced equation to the fixed-point subspace Fixg,(1)(A) of a C-axial sub-
group A, 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 X5 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 Lyapunov-Schmidt procedure” that does work in the
context of interior symmetries.

The decomposition in (3.9) induces the decompositions

and

Cor(P) = Cyre (W) & Cy, (Fixp(Es))
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Lemma 4.10 For any subgroup A of ¥s x S we have the decompositions
Fixgg (p)(A) = O3, (Fixw (A)) @ Cy, (Fixp(Es))

and

Fixcy (p)(A) = C (Fixw (A)) @ Cy, (Fixp(Ls))

Proof. Let z € CY (P) be written as z(s) = (w(s), u(s)) where w € C9_(W)
and u € CY (Fixp(Xs)). If w(s) € Fixy (A) for all s then it is clear that

Co, (Fixw (A)) ® Cy, (Fixp(Ls)) C Fixeg (p)(A)
On the other hand, let (4,0) € A and suppose z € Fixgg (p)(A). Then
(0,0) - x(s) = (0x)(s + 0) = x(s)
for all s. The decomposition z(s) = (w(s), u(s)) yields
((w)(s+0),u(s +0)) = (w(s),u(s))
that is, w(s) € Fixy (A) and so we have
Fixce (p)(A) € Oy (Fixw (A)) © Cy, (Fixp(Zs))
Therefore,
Fixcg (p)(A) = O3 (Fixw (A)) @ Oy, (Fixp(Ls))

The same argument with C}_ instead of CY_ gives the other equality. O

Lemma 4.11 Let L : P — P be a G-admissible linear mapping. Let L :
Cs (P) x R x R — CY (P) be the linear operator given by equation (4.11)
and A C Ys x S be a subgroup. Then we have that

L(Coq(Fixp(Ss))) S Cor(Fixp(Ss))
L(C3 (Fixw(A))) C (C2(Fixw (A)) @ C3 (Fixp(Ss)))

and

In particular, we can define a linear operator
ﬁA : FiXCQIﬂ,(P) (A) — FiXCgﬂ,(P) (A) (413)

by restriction.
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Proof. Note that since the circle group S* acts on the domain of the map-
pings all the decompositions above are S'-invariant.
First suppose z(s) = (0, u(s)) with u(s) € C}_(Fixp(Xs)). Then

If 0 € X5 then

The second equality above follows from the fact that
o(L(0,u)) =L (0,u)
for all o € YXs. Therefore, we have L(z(s)) € CY_(Fixp(Xs)).
Next suppose that z(s) = (w(s),0) with w(s) € C; (Fixy (A)). Since
w(s) € W for all s € R, we have that
(0,0) - w(s) = dw(s+6) =w(s)

for all (6,0) € A, s € R. Write

with
[L(x)]1(s) e W forall s e R
and
[L(x)]2(s) € Fixp(Xs) forall s € R
Then

_dw

[L(@)la(s) = 4 (5) — Aw(s)
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and
[L(x)]2(s) = =[Cw(s) + B0O] = —Cw(s)

Clearly, [£(2)]2(s) € Fixp(Xs). Let (9,0) € A then

(5.6)- 1)1 () = (5.6) - S2(5) — (5.6) - Au(s)
:5%(s+9) —0Aw(s+0)
= d(f—;U(s—i-Q) — Adw(s+0)

dw
= E(S) — Aw(s)
= [£(@)]i(s)

and thus [£(z)]1(s) € Fixy (A). Therefore
L(z) € Oy (Fixw (A)) & C.(Fixp(Ls))
Thus by linearity of £ and Lemma 4.10 we have
L(Fixcy p)(A)) € Fixeg (p)(A)

O

Consider now a l-parameter family of G-admissible vector fields f(x, \)
such that L = (df),,0) satisfies the conditions of the definition of interior
symmetry-breaking Hopf bifurcation (Definition 4.4 (2)), where A is the ¥s-
equivariant sub-block of L.

Lemma 4.12 Let La : Fixcy (p)(A) — Fixeg (p)(A) be the operator given
by formula (4.13), where L = (df)(z00)- Let A C Xg x S' be a subgroup.
Then

diIIlR ker(EA) = dlIIlR FlXEl(A)(A)

Proof. By Lemma 3.10 and assumption (4.6), ker(L£a) consists of all func-
tions Re(e*vy) where vy is an eigenvector of L associated to the eigenvalue i
which can be decomposed as

vozw0+u0
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where uy € Fixp(Xs) is uniquely determined by an eigenvector wy € Fixy (A)
of A with purely imaginary eigenvalue and

(6,0) - Re(e”wg) = Re(e’™T swy) = Re(ewy)
for all (4,0) € A. Hence

By uniqueness of the decomposition vy = wy+ug and the dimension condition
(b) of Remark 4.3 we have

diIIlR ker(EA) = dlIIlR FlXEl(A)(A)

O

Lemma 4.13 Let us write the 1-parameter family of admissible vector fields
f(z,\) in the form

o) {ffﬁfi)} + {h(:co, A)} (4.14)
where fla,\) = Mfﬁﬁ A))]

is the Yg-equivariant part of f. Let F, F be operators on C; (P)xRxR —
CY (P) defined by formula (4.10) using f and f, respectively. Define
H(z,7,\) = h(z(s),\)

so that

Flx,m,\) = F(z,7,\) — H(z, T, \)

Then
F(FiXCQlTr(P) (A) X R X R) g FlXCgW(P)(A)

In particular, we may define the operator
.7:A . FIXC%W(P)(A) xRxR — FlXCgW(P)(A) (415)

by restriction and the linearization of Fa about the origin is the linear oper-
ator La given by the formula (4.13), where L = (df)(x0,0)-
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Proof. The Ys-equivariance of f implies that F is Y5 x Sl'-equivariant
(see [8, Lemma XVI 3.2]). It follows then that

F(Fixgy (p)(A) x R x R) € Fixeg (p)(A)
Then it is enough to show that
H( FiXCQITr(P) (A) X R x R) - FiXng(P)(A)

Now let z(s) € Fixcy (py(A). Recall that h : P — Fes and Poys C
Fixp(3s). Therefore,

H(z, 7, A)(s) = h(z(s),\) € Fixp(Xs) (s €R)
for all A\,7 € R. By Lemma 4.10 we have that
Cy (Fixp(Ss)) C Oy, (Fixw (A)) @ Oy, (Fixp(Es)) = Fixeg (p)(A)

and the result follows. O

Remark 4.14 Equation (4.12) of Lemma 4.11 can derived directly from the
above lemma. &

Proof of Theorem 4.8. Consider the operator
VINE FiXC%W(P) (A) xRxR— FiXCgW(P) (A)

The linearization of Fa about the origin is the linear operator LA. Now we
invoke the assumption that A is C-axial for the natural s x S'-action on
E;(A), which together with Lemma 4.12 implies that

dimg ker(La) = 2

Now we may proceed as in the proof of the standard Hopf Bifurcation The-
orem. If we identify ker(£A) = C and then the action of S' on ker(L,) is
equivalent to the standard the action of S' on C. The Lyapunov-Schmidt
reduction applied to Fa yields a S'-equivariant bifurcation equation

p:CxRxR—C

Moreover, the assumptions of the definition of codimension-one interior
symmetry-breaking bifurcation are exactly the conditions necessary to carry
out the proof. O
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Example 4.15 Consider the network G, of Figure 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 l-parameter family f :
P x R — P of G-admissible vector fields on P undergoes a codimension-
one interior symmetry-breaking Hopf bifurcation at the equilibrium xq = 0
when A = 0. Then E;(A) = W, where A is the ¥s-equivariant sub-block
of the linearization L = (df)q, of f at (0,0). By Theorem 4.8 there are
three branches of synchronously modulated A-symmetric waves associated
to the three conjugacy classes of interiorly C-axial subgroups of ¥g x S! (see
Table 1). Observe that the first periodic state of Table 1 is associated to a
spatially C-axial subgroup and so is predicted by [4, Theorem 3|. The third

periodic state of Table 1 is an approximate rotating wave. &
Subgroup Form of solution to lowest order in A
Z, (w1 (t) + w(t), wi(t) + u(t), wa(t) + u(t), v(t))
Z, (wi(t) +u(t), wi(t+ 1) +u(t), o) +u(t),v(t))
Zs (wi(t) +u(t), wi(t+ 3) + ut), wi(t + 2) + u(t),v(t))

Table 1: Branches of synchronously modulated A-symmetric waves sup-
ported by the network G,. The hat * indicates that w has twice the frequency.

4.4 Numerical Simulation

In this last section we illustrate the conclusions of Example 4.15 with a
numerical simulation. In order to write down an explicit coupled cell system
associated to network G, we choose the internal phase space of all four cells
to be P. = C =2 R

Consider the coupled cell system

1 = g(x1, 22, 23) + 224

Ty = g(xo,23,71) + 22

.2 9( 2,13 1) 4 (4.16)
T3 = g(x3,71,19) + 24

1:4 = — x4+ e+ o + €373
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where ¢ : (R?)? — R? is given by
g(w,y.2) = —x+(a—20) xfzl* + b (y + 2) + b2 (yllyl]* + 2[12]*)
+a (zllyl* + 2ll2[1*) + bs (yllyllI* + zl|=]1")

and a, by (), b, b3, €1, €9, e3 are 2 X 2 matrices with b; depending smoothly on
a parameter \. Let f be the vector field defined by (4.16). Observe that the
origin is an equilibrium point for all A

f(0,A) =0
The linearization of f at (0, \) is given by (as 2 x 2 block matrix)
-1 b b 1
L(\) = Zi ;11 o
e; ey es —1

where +1 represents £(§9).

We need to choose the coefficients by and ey, es, e3 in order to have purely
imaginary eigenvalues for some A\ coming from the sub-block A when L is
written in the form (3.12). The following values will do the work:

—1-X —1.5
b(d) = < 15 -1 )
and any values between —1 and 1 for the entries of the matrices ey, es, e3.
The spectrum of the matrix L(A) 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 re-
maining eigenvalues have negative real parts. Moreover, the eigenvectors
associated to the purely imaginary eigenvalues are not in Fix(S3).

(3) For A > 0 all eigenvalues of L(A) whose associated eigenvectors are in
Fix(S3) have negative real parts and the remaining eigenvalues have pos-
itive real parts.
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Thus (4.16) undergoes a interior symmetry-breaking Hopf bifurcation when
A = 0 giving rise to one branch of periodic solutions for each one of the three
interiorly C-axial subgroups of Sz x S* as in Table 1, when A > 0. However,
depending on the choice of the coefficients a, by and b3 of g, one can make
at least of these periodic solutions to be stable. In our simulations we have
chosen the following coefficients:

(=05 0
“=\ 0o -o0s5

(1) to obtain the solution with symmetry Zs:

0.6 2 00
622(2 0.6)’ b?’:(o 0)

(2) to obtain the solution with (interior) symmetry Zs:
y _ (06 1 y (02 —07
>~ \1 -06) 7 \-07 02

(3) to obtain the solution with (interior) symmetry Z,:

—0.6 0 0 0.7
62_( 0 —0.6)’ b3_<0.7 0)

The coefficients e, es and ez represent the coupling that break the Ss-
symmetry. If e; = ey = ez then the coupled cell system (4.16) is admissible
for the network G; of Figure 1 and so it is Sz-symmetric. On the other hand,
if e; # ey # e3 then the coupled cell system (4.16) is admissible for the
network G, of Figure 1 and have genuine Ss-interior symmetry.

In the following we present the results of numerical simulations obtain-
ing the three types of periodic solutions mentioned above, for both of the
networks G; and G, of our running example. In Figures 3, 4 and 5 we super-
impose the time series of all four cells, which are identified by colours:

in all simulations and

1 = blue 2 =red 3 = green 4 = black
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Figure 3: Solutions with Zs (interior) symmetry. (left) Network G, with
exact Sz-symmetry. (right) Network G, with Sz-interior symmetry.
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Figure 4: Solutions with Z, (interior) symmetry. (left) Network G, with
exact Sz-symmetry. (right) Network G, with Sz-interior symmetry.

The upper panels show the first components and the lower panels show
the second components. The left panels refer to network G; with exact Ss-
symmetry and the panels on the right refer to network G; with Ss-interior
symmetry. Figure 6 present the solution with interior symmetry Zs of net-
work Gy, i.e., the approximate rotating wave from Figure 3 (right), viewed in
difference coordinates: blue = x1 — x5, green = x5 — 23 and red = x5 — .
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Figure 5: Solutions with Z, (interior) symmetry. (left) Network G; with
exact Sg-symmetry. (right) Network G, with Ss-interior symmetry.

Figure 6: Approximate rotating wave in network G,, viewed in difference
coordinates: 1 — xo, r9 — x3 and x3 — 1.
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