Synchrony-breaking
bifurcations in
networks

Pedro Tiago da Costa Soares

Programa Doutoral em Matematica Aplicada
Departamento de Matematica
2018

Orientador
Ana Paula da Silva Dias, Professora Auxiliar, Faculdade de Ciéncias da
Universidade do Porto

Coorientador
Manuela Alexandrina David de Aguiar, Professora Auxiliar, Faculdade de
Economia da Universidade do Porto






Acknowledgments

I take this opportunity to thank my supervisors Ana Paula Dias and Manuela
Aguiar for enthusiastic encouragement, useful critiques and guidance during
the course of my PhD studies.

I thank my schoolmates for the numerous discussions that we had in
the last years. In particular, I thank Tiago Santos, Filipe Martins, Liliana
Garrido-da-Silva, Juliane Oliveira and Oskar Weinberger.

I thank Professor Mike Field for the hospitality during my visit to the
University of Bristol and for the stimulating discussions. I also acknowledge
the support given by the University of Bristol during my visit.

I would like to thank the continuous support provided by my family.

Thank you.

Financial Support: Fundacao para a Ciéncia e a Tecnologia through
the PhD grant PD/BD /105728 /2014.






Resumo

Sistemas de células acopladas associados a uma rede sdo sistemas dindmicos
que respeitam a estrutura da rede. Um dos objectivos da teoria de células
acopladas é relacionar propriedades das redes e dos seus sistemas de células
acopladas. Um exemplo significativo é a correspondéncia biunivoca entre
as coloracoes balanceadas no conjunto de células da rede e os espagos de
sincronia que sao invariantes para qualquer sistema de células acopladas
associados a esta rede. A restricdo de qualquer sistema de células acopladas a
um espaco de sincronia é também um sistema de células acopladas associado
a uma rede menor. Esta rede menor é designada de rede quociente e a
rede original é dita ser um levantamento da rede quociente. Estudamos
as bifurcacdes que quebram a sincronia com co-dimensao um de pontos de
equilibrio em sistemas de células acopladas num ponto de bifurcacao com
sincronia total e o problema do levantamento de bifurcagoes. Dada uma
rede, uma das suas redes quociente e um problema de bifurcacdo em ambas
as redes, o problema do levantamento de bifurcagdes questiona se todos os
ramos de bifurcagao associados & rede sao levantados dos ramos de bifurcagao
associados & rede quociente. Restringimos a nossa atencao a dois tipos de
redes: redes regulares e redes homogéneas com entradas assimétricas.

Dada uma rede homogénea com entradas assimétricas, a sua rede funda-
mental revela as suas simetrias ocultas. Métodos para o estudo das bifur-
cacoes em redes fundamentais estdo disponiveis na literatura. Damos uma
caracterizagao das redes fundamentais. Provamos a existéncia de ramos de
bifurcacdo de pontos de equilibrio com sincronia maximal e submaximal
para problemas de bifurcacao em redes regulares. Caracterizamos os ramos
de bifurcacao de pontos de equilibrio para problemas de bifurcacdo em re-
des homogéneas com entradas assimétricas com uma condi¢ao de bifurcacao
dada por a valéncia da rede e estudamos o problema do levantamento de
bifurcacdes para estes problemas de bifurcacdo. Descrevemos os ramos de
bifurcacdo de pontos de equilibrio para problemas de bifurcagio em redes
de transicdo adiante e abordamos o respectivo problema do levantamento de
bifurcacoes.

Para caracterizar as redes fundamentais, estudamos a relacao entre redes
e as suas redes fundamentais. Damos condi¢oes para uma rede ser uma rede
quociente da sua rede fundamental e para a rede fundamental ser uma sub-
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rede da rede. Além disso, relacionamos propriedades graficas das redes e das
suas redes fundamentais. Essas propriedades sdo o tamanho dos ciclos numa
rede e a distdncia maxima entre as células e os ciclos da rede.

No estudo de bifurcacées com co-dimensdo um de pontos de equilibrio
que quebram a sincronia em sistemas de células acopladas associados a re-
des regulares num ponto de equilibrio com sincronia total, é conhecido um
resultado semelhante ao Equivariant Branching Lemma que mostra a exis-
téncia genérica de ramos de bifurcacao com sincronia axial. Para além de
estendermos este resultado para ramos de bifurcagao com sincronia maxima,
também damos condicdes necessarias e suficiente para a existéncia de ramos
de bifurcacao com sincronia submaéxima. Estas condicdes apenas dependem
da estrutura da rede. Ademais, apresentamos exemplos de redes que mos-
tram que a estrutura do reticulado dos espacos de sincronia de uma rede nao
é suficiente para determinar quais sdo os espagos de sincronia que suportam
um ramo de bifurcacao.

Para qualquer rede homogénea com entradas assimétricas, a matriz Jaco-
biana de qualquer sistema de células acopladas num ponto de equilfbrio com
sincronia total tem soma das linhas constante. Esta constante é designada
por valéncia da rede. Para caracterizar os ramos de bifurcacdo de pontos
de equilibrio em problemas de bifurcacdo com uma condicdo de bifurcacdo
dada por a valéncia da rede, provamos um resultado semelhante ao Teorema
de Perron—Frobenius. Este resultado mostra que a dimensao do espago pro-
prio associado & valéncia é igual ao ntmero de fontes na rede. No estudo do
problema do levantamento de bifurcacdes para os problemas de bifurcacéo
mencionados anteriormente, verificamos que o aumento do ntmero de fon-
tes numa rede em relacao a uma das suas redes quocientes é uma condicao
necessaria, mas nem sempre suficiente, para a existéncia de um ramo de bi-
furcagdo na rede que nao seja levantado da rede quociente. Apesar disto,
existe uma classe de redes e suas redes quocientes tais que qualquer ramo
de bifurcacao associado & rede é levantado da sua rede quociente se e 86 se
a rede e a sua rede quociente tém o mesmo nimero de fontes.

Redes de transicao adiante sao redes homogéneas com entradas assimétri-
cas onde o conjunto de células pode ser particionado em camadas. A restri¢ao
de um sistema de transicao adiante a um dos seus espacos de sincronia pode,
ou nao, ser um sistema de transicao adiante. Estudamos os levantamentos
de redes de transicdo adiante que tém uma estrutura de transicdo adiante
e definimos dois tipos desses levantamentos designados por levantamentos
que criam novas camadas e levantamentos dentro de uma camada. Mostra-
mos que os levantamentos de transi¢ao adiante conexos para tras podem ser
decompostos nestes dois tipos de levantamentos. No estudo de bifurcacgoes
com co-dimensao um de pontos de equilibrio em sistemas de transicao adi-
ante num ponto de equilibrio com sincronia total, existem duas condicbes de
bifurcacao possiveis. Dizemos que uma das condicdes de bifurcacao é dada
por a din&mica interna e a outra é dada por a valéncia da rede. Descrevemos



os ramos de bifurcacao para problemas de bifurcacdo com qualquer uma das
duas condicoes de bifurcagdo. Por ultimo, analisamos o problema do levan-
tamento de bifurcacdes em sistemas de transicdo adiante para os dois tipos
de levantamentos. Para a maioria dos levantamentos de transicao adiante,
existe um ramo de bifurcagdo associada & rede que ndo é levantado da rede
quociente se e s6 se a dimensao do espaco central do problema de bifurcacio
aumenta para a rede. Para levantamentos dentro de uma camada, mostra-
mos que o problema do levantamento de bifurcacoes depende genericamente
do sistema de transicdo adiante escolhido. Em particular, damos condi¢tes
sobre sistemas de transicdo adiante, tais que, tomando a condicdo de bifur-
cagao dada por a dindmica interna, alguns levantamentos podem ter ou nao
ramos de bifurcacao que nao sejam levantados da rede quociente.

Palavras-chave: Rede de células acopladas, Sistema de células aco-
pladas, Rede fundamental, Conectividade da rede, Rede circular, Bifurcagao
de pontos de equilibrio, Bifurcacdo com quebra de sincronia, Problema do
levantamento de bifurcagoes, Rede de transicao adiante.






Abstract

Coupled cell systems associated to a network are dynamical systems that
respect the structure of that network. One of the goals in coupled cell the-
ory is to relate properties of the network and of their coupled cell systems.
A thriving example is the one—to—one correspondence between balanced col-
orings on the set of cells of a network and synchrony subspaces which are
flow-invariant subspaces for any coupled cell system. The restriction of any
coupled cell system to a synchrony subspace is again a coupled cell system
but associated with a smaller network. This smaller network is called a
quotient network and the original network is said to be a lift of the smaller
network. We study codimension-one steady-state synchrony-breaking bifur-
cations on coupled cell systems and the lifting bifurcation problem. Given a
lift network, one of its quotient networks and a bifurcation problem on both
networks, the lifting bifurcation problem asks if all the bifurcation branches
associated with the lift network are lifted from the bifurcation branches as-
sociated with the quotient network. We restrict our attention to two types
of networks: regular networks and homogenous networks with asymmetric
inputs.

Given a homogenous network with asymmetric inputs, its fundamental
network reveals the hidden symmetries of the given network. Bifurcation
methods are available in the literature for fundamental networks. We give a
characterization of fundamental networks. We prove the existence of steady-
state bifurcation branches with maximal and submaximal synchrony in bi-
furcation problems on regular networks. We characterize the steady-state
bifurcation branches in bifurcation problems with a bifurcation condition
given by the network valency on homogeneous networks with asymmetric
inputs and we study the lifting bifurcation problem for those bifurcation
problems. We describe the steady-state bifurcation branches in bifurcation
problems on feed-forward networks and we address the respective lifting bi-
furcation problem.

In order to characterize fundamental networks, we study the relationship
between networks and their fundamental networks. We give conditions for
a network to be a quotient network of its fundamental network and for a
fundamental network to be a subnetwork of a network. Furthermore, we
relate architectural properties of networks and their fundamental networks.
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Those properties are the size of cycles in a network and the maximal distance
between the cells and the cycles of a network.

In the study of codimension-one steady-state synchrony-breaking bifur-
cations of coupled cell systems associated to regular networks at a full-
synchrony equilibrium, it is known a similar result to the Equivariant Branch-
ing Lemma showing the generic existence of bifurcation branches with axial
synchrony. We extend this result to the existence of bifurcation branches
with maximal synchrony. We also give necessary and sufficient conditions
for the existence of bifurcation branches with submaximal synchrony. Those
conditions only depend on the network structure. Furthermore, we give
examples showing that the lattice structure of the synchrony subspaces is
not sufficient to determine which synchrony subspaces support a bifurcation
branch.

For any homogeneous network with asymmetric inputs, the Jacobian ma-
trix of any coupled cell system at a full-synchrony equilibrium has constant
row-sum. This constant is called the network valency. In order to charac-
terize the steady-state bifurcation branches in bifurcation problems with a
bifurcation condition given by the network valency, we prove a result similar
to the Perron—Frobenius Theorem. This results shows that the dimension of
the eigenspace associated with the network valency is equal to the number
of source components in the network. In the study of the lifting bifurcation
problem for the previous stated bifurcation problem, we see that increasing
the number of source components in a lift network is a necessary, but not
always sufficient, condition for the existence of a bifurcation branch on the
lift network which is not lifted from the bifurcation branches on the quotient
network. Nevertheless, there exists a class of lift networks and quotient net-
works such that every bifurcation branch associated with the lift network is
lifted from the quotient network if and only if the two networks have the
same number of source components.

Feed-forward networks are homogeneous networks with asymmetric in-
puts where the set of cells can be partition into layers. The restriction of
a feed-forward system to one of its synchrony subspaces may be, or not, a
feed-forward system. We focus on lifts of feed-forward networks that have
a feed-forward structure and we define two types of those lifts called lifts
that create new layers and lifts inside a layer. We show that a backward
connected feed-forward lift of a feed-forward network can be decomposed
using those two types of lifts. In the study of codimension-one steady-state
bifurcations of feed-forward systems at a full-synchrony equilibrium, there
are two different bifurcation conditions. One bifurcation condition is said to
be given by the internal dynamics and the other is said to be given by the
network valency. We describe the bifurcation branches for the bifurcation
problems given by any of the two bifurcation conditions. In the study of
the lifting bifurcation problem on feed-forward systems, we consider the two
types of lifts. For most feed-forward lifts, there exists a bifurcation branch
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associated with the lift network not lifted from the quotient network if and
only if the dimension of center subspace of the bifurcation problem increases
for the lift network. For lifts inside a layer, we show that the lifting bifurca-
tion problem does depend on the chosen feed-forward system. In particular,
we give conditions on feed-forward systems, such that, taking the bifurca-
tion condition given by the internal dynamics, certain lifts may have or not
branches of solutions that are not lifted from the quotient network.

Keywords:  Coupled cell network, Coupled cell system, Fundamen-
tal Network, Network Connectivity, Ring Network, Steady-state bifurcation,
Synchrony-breaking bifurcation, Lifting bifurcation problem, Feed-forward
network.






Contents

Acknowledgments
Resumo
Abstract

1 Introduction

1.1 Networks and coupled cell systems . . .. ... ... ... ..
1.2 Balanced colorings, quotient networks and lift networks

1.3 Network fibrations and symmetries . . . . . .. ... ... ..
1.4 Coupled cell systems . . . . . .. .. ...
1.5 Bifurcation theory . . . . ... ... ... ... ...
1.6 Equivariant bifurcation . . . . . . . ... ... ... ... ...
1.7 Coupled cell bifurcations . . . . . . . ... ... ... ..
1.8 Outline and main contributions . . . . . . ... ... ... ..
Bibliography . . . . . . ..o

Characterization of Fundamental Networks
2.1 Introduction . . . . . . . . .. ...
2.2 Coupled cell networks . . . . . ... ... oL
2.3 Fundamental networks . . . . . . . .. ... ... ... ...
2.4 Network fibrations . . . . . . . . .. ... ... ... ... .
2.4.1 Surjective network fibrations . . . .. ... ...
2.4.2 Injective network fibrations . . . ... ... ... ...
2.5 Fundamental networks and network fibrations . . . . . . . ..
2.5.1 Fundamental networks and lifts . . . . . ... .. ...
2.5.2 Fundamental networks and subnetworks . . . . . . ..
2.5.3 Networks which are fundamental networks . . . . . . .
2.6 Architecture of networks: rings and depth . . . . . . . .. ..
2.7 Architecture of fundamental networks . . . .. ... .. ...
2.7.1 Depth of fundamental networks . . . . . . . ... ...
2.7.2 Rings of fundamental networks . . . . . . ... . ...
Bibliography . . . . . . ..o

x1



Contents xii

3 Synchrony branching lemma for regular networks 51
3.1 Introduction . . . . . . . .. ... L 52
3.2 Settings . . . . ... o4
3.2.1 Regularnetworks . . . . . . ... ... L. 54
3.2.2 Coupled cell systems . . . . ... ... 26
3.2.3 Steady-state bifurcation on regular networks . . . . . . 58
3.3 Synchrony branching lemma . . . . . ... ... ... ... .. 29
3.4 Synchrony branching lemma — odd dimensional case . . . . . 68
3.5  Synchrony branching lemma — two dimensional case . . . . . 71
Bibliography . . . . ... 7

4 The Steady-state Lifting Bifurcation Problem Associated with
the Valency on Networks 81
4.1 Introduction . . . . . . . ... 82
4.2 Coupled cell networks . . . . . . . ..o 85
4.3 Coupled cell systems . . . .. .. .. ... oL 89
4.4 Steady-state bifurcations . . . . . . ... L0000 91
4.5 Steady-state bifurcations associated to the valency . . .. .. 92
4.6 The lifting bifurcation problem associated to the valency . . . 104
Bibliography . . . . . . . 107
5 The Lifting Bifurcation Problem on Feed-Forward Networks111
5.1 Introduction . . . . . . . .. ... Lo 112
5.2 Feed-forward networks . . . . . .. ... 117
5.3 Lifts of feed-forward networks . . . . .. ... ... ... ... 118
5.4 Feed-forward systems . . . . . . .. ... L. 125

5.5 Steady-state bifurcations for FFNs associated with the valency 129
5.6 Steady-state bifurcations for FFNs associated with the inter-

nal dynamics . . . . .. ..o 131
5.7 Lifting bifurcation problem on FFNs . . . . . .. .. ... .. 140
5.7.1 Lifting bifurcation problem on FFNs associated with
thevalency . . ... ... ... ... ... ... 142
5.7.2 Lifting bifurcation problem on FFNs associated with
the internal dynamics . . . . . . . ... 144
5.8 Discussion . . . . . ... oL 152
Bibliography . . . . . . o 153

6 Conclusions and future work 157



1. Introduction

This thesis focus on the study of synchrony—breaking bifurcations in coupled
cell systems. In the present introduction, we give an overview of the defini-
tions and terminology that are relevant for the work developed here. We also
describe the current state of the art for bifurcations in coupled cell systems
and some related areas. In the last part of this introduction, we describe the
main contributions of the four articles that constitute the thesis and how it
is organized.

1.1 Networks and coupled cell systems

We follow the formalism proposed by Golubitsky, Stewart, and collaborators
in [107, 76] for (coupled cell) networks and coupled cell systems. A network
is a directed graph where the cells and edges are labeled with types. The
directed graph can include self-loops and multiple edges from the same out-
put cell to the same input cell. Moreover, the type of cells and edges satisfy
the following conditions. If two edges have the same type then their starting
cells have the same type and their targeting cells also have the same type.
If two cells have the same type then there exists a bijection between the
input edges of each cell respecting the edges’ types. This condition is also
called input equivalence in [107, 76] and we include it here in the definition
of network. An adjacency matrix is a square matrix of dimension equal to
the number of cells where its entries represent the number of connections.
Networks are defined by adjacency matrices corresponding to each type of
edge. Figure 1.1 is an example of a network. In general, different arrows
represent the different types of edges.

Coupled cell systems associated to a network are dynamical systems that
respect the network structure in the following way. First, a phase space is
assigned to each cell such that cells with the same type have the same phase
space. The network phase space is the product of the cells phase spaces.
A vector field on the network phase space is admissible for a network if
the component of the vector field corresponding to any cell depends on the
state of that cell and on the state of the cells with edges directed to it.
Moreover, the admissible vector fields respect the cells and edges types. The
components of an admissible vector field corresponding to cells of the same
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Figure 1.1: A homogeneous network with four cells of the same type and
two types of edges. Different arrowheads correspond to different edge types.
Each cell receives exactly one input of each type.

type are determined by the same function. If a cell receives two edges of
the same type, then the component of the vector field corresponding to that
cell does not change by interchanging the state variable of the starting cells
of those two edges. A coupled cell system is a dynamical system given by
an admissible vector field. Discrete coupled cell systems can be defined in a
similar way, but they are not treated in this text.

For illustration purposes, a coupled cell system associated with the net-
work in Figure 1.1 has the following form

7 = f(z1,71,73)

Ty = f(w2,71,21) (11)
@3 = f(z3,21,32)

4= f(x4,74,73)

where z; belongs to the phase space of cell ¢ and f(xz;, z;, z1) belongs to the
tangent space of the cell phase space at the point z; for 1 <1, 5,k < 4.

Coupled cell systems have been used to describe real-world phenomena.
In applications, the studied objects and their dependencies can be naturally
represented using, respectively, the cells and edges of a network. Studied
applications include binocular rivalry [46, 47, 45|, coupled oscillators [83],
homeostasis |74] and locomotion patterns [32, 96]. An overview of networks,
coupled cell systems, and their applications can be found in [103, 70, 71]. Def-
initions of networks and coupled cell systems have appeared in the literature
using combinatorial [51], categorical [39] and functional [26, 27| approaches.
In [10], an extension of networks and coupled cell systems to weighted di-
rected graphs is presented.

1.2 Balanced colorings, quotient networks and lift
networks
One of the main goals of the coupled cell networks theory is to connect prop-

erties of a network and dynamical properties of the associated coupled cell
systems. A striking example of that is the existence of subspaces which are



3 Balanced colorings, quotient networks and lift networks

flow—invariant for every coupled cell system associated with a given network.
Those subspaces are called polydiagonal and are given by the equality of
some cell coordinates. Each polydiagonal subspace corresponds to a coloring
on the set of cells of the network where two cells share the same color only if
we have equality of the corresponding coordinates in that subspace. In the
other direction, each coloring of cells defines a unique polydiagonal subspace.
In [76], the authors prove that a polydiagonal subspace is flow—invariant for
any coupled cell system if and only if the corresponding coloring is balanced.
Those flow—invariant polydiagonal subspaces are called synchrony subspaces.
A coloring of cells is balanced if given any two cells with the same color there
exists a bijection between their input edges preserving the type of edges and
the color of the corresponding starting cells. A relevant fact is that, the
restriction of a coupled cell system associated with a network to a synchrony
subspace is a coupled cell system associated with a new network called the
quotient network. The quotient network is a smaller network obtained by
merging cells with the same color. In the other direction, splitting some cells
of the network leads to a larger network. In this case, the larger network
is said to be a lift of the original network when the splitting satisfies the
rules for the original network to be a quotient network of the lift. Trivially,
any solution of a coupled cell system associated with the quotient network
is lifted to a solution of a coupled cell system associated to the lift network.

Recall the network presented in Figure 1.1 and the form of the respective
coupled cell systems (1.1). Note that {z1 = x4} is flow-invariant for any
system of the form (1.1) and so it is a synchrony subspace. The restriction
of (1.1) to {z1 = x4} is equivalent to the following system

71 = f(z1,71,73)
afg = f(xg,xl,xl) . (1.2)

23 = f(x3,21,22)

The coloring associated to {x1 = x4} is given by the following three classes:
{1,4}, {2} and {3}. Cells 1 and 4 receive an edge with one arrowhead from
themselves and an edge with two arrowheads from cell 3. Then this coloring
is balanced and the quotient network is obtained by merging cells 1 and 4.
See Figure 1.2. Furthermore, any coupled cell system associated with the
quotient network has the form given in (1.2). The network in Figure 1.1 is
said to be a lift of the network in Figure 1.2.

Balanced colorings and synchrony subspaces have received much atten-
tion. The set of synchrony subspaces associated with a given network forms
a finite lattice, partially ordered by the inclusion. Since each synchrony
subspace corresponds to a unique balanced coloring, the set of balanced col-
orings is a lattice taking the refinement relation, [104]. Different authors
have developed methods to calculate those lattices, see [18, 80, 82, 6, 90, 3].

Aguiar and coworkers have studied the impact on the set of balanced col-
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Figure 1.2: Quotient network of the network in Figure 1.1 obtained by merg-
ing cells 1 and 4. In the quotient network, the merged cell is labeled by 1.
Note that in the network of Figure 1.1 cells 1 and 4 receive an edge with one
arrowhead from themselves, so the merged cell receives an edge with one ar-
rowhead from itself. Also cells 1 and 4 receive an edge with two arrowheads
from cell 3, and so the merged cell in the quotient network receives an edge
with two arrowheads from cell 3.

orings by some network operations such as join and coalescence [17], products
[7], addition and removing of cells and edges in a network [14] and the com-
plement of a network [9]. Also, the lattice of synchrony subspaces associated
with networks having a prescribed structure is known. This is the case for
grid networks with coupling to the nearest neighbors [112, 19, 20, 21, 42, 43|
and feed—forward networks, [11].

There exists an intrinsic relation between robust patterns of synchrony
of hyperbolic bounded solutions of coupled cell systems and balanced col-
orings of the network’s cells, [108, 109, 65, 72|. The synchrony pattern of
a solution is the lower-dimensional polydiagonal subspace that contains this
solution. Given a hyperbolic equilibrium point or a hyperbolic periodic orbit
of a coupled cell system, any small perturbation of that coupled cell system
has a unique perturbed bounded solution associated to the given solution.
Consider perturbations of a coupled cell system that preserve the relation
with the same network. A pattern is robust if any perturbed solution of such
small perturbations of the coupled cell system has the same synchrony pat-
tern. In [108, 109, 65, 72|, the authors prove that a hyperbolic equilibrium
point or a hyperbolic periodic orbit of a coupled cell system has a robust
pattern of synchrony if and only if the corresponding coloring is balanced.

1.3 Network fibrations and symmetries

A network fibration from a network to another is given by a cell function
from the set of cells of the former network to the set of cells of the latter
and an edge function from the set of edges of the former network to the set
of edges of the latter. The cell and edge functions preserve the source cells
and target cells of edges, [31], that is the source (target) cell of an edge is
sent by the cell function to the source (respectively, target) cell of the edge
image by the edge function. Moreover, the cell and edge functions respect
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the types of cells and edges, respectively. Each network fibration induces a
phase space function from the phase space of the latter network to the phase
space of the former one. Furthermore, the phase space function conjugates
coupled cell systems associated to those networks [38].

It is known that the symmetries of a network have an impact at the
admissible vector fields and the corresponding coupled cell systems. The
symmetries of a network correspond to the bijective network fibrations from
a network to itself. The set of phase space functions given by those network
fibrations forms a group action that commutes with any coupled cell system.
A dynamical system is called equivariant, under a group action, if it com-
mutes with that group action. The vast literature on equivariant dynamical
systems provides tools to understand coupled cell systems, see for example
[110, 67, 75, 69, 34, 52|, and it is a source of inspiration for their study. For
example, it is known for equivariant dynamical systems that the spatiotem-
poral symmetries of periodic solutions are described by cyclic groups, see
[69]. For coupled cell systems, it is known that the robust phase—shifts of a
hyperbolic periodic orbit are given by the symmetries of a quotient network,
[66, 72]. Nevertheless, network symmetries do not explain every feature of
the dynamics of coupled cell systems. The natural flow—invariant subspaces
of an equivariant system are the fixed point subspaces defined by the sub-
groups of the given group. Recall that the fixed point subspace defined by
a subgroup is the set of points fixed by the action of every element of that
subgroup. For network symmetries, the fixed point subspaces are polydiago-
nal subspaces. So every fixed point subspace associated to a subgroup of the
network symmetries is a synchrony subspace. However, for generic networks
there can be other synchrony subspaces that are not fixed point subspaces
of the network symmetries. In [62, 22, 23, 24|, the authors present examples
of such networks.

In general, there are network fibrations from a network to itself that are
not bijections but that also have an impact at the dynamical properties of
the coupled cell systems associated to that network. In [92], the authors
studied homogeneous networks with asymmetric inputs, i.e., networks where
every cell has the same type and each cell receives exactly one edge of each
type. For any such network, they prove that there exists a network, called
fundamental network, that reveals the hidden partial and full symmetries of
the original network. For illustration purposes, the fundamental network of
the network in Figure 1.2 is given in Figure 1.3. The fundamental network is
essentially the Cayley graph of a semigroup. The fundamental network has
a large degree of symmetries. This large degree of symmetries can improve
the understanding of the corresponding coupled cell systems.
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Figure 1.3: Fundamental network of the network in Figure 1.2. The funda-
mental network is a homogenous network with the same asymmetric inputs.

1.4 Coupled cell systems

Before we head to the main topic of this work, synchrony-breaking bifurca-
tions in coupled cell networks, we overview two topics of research in networks
and coupled cell systems.

Two non—identical networks can have equivalent coupled cell systems
and, in that case, the two networks are said to be dynamical equivalent. In
[44], the authors prove that the dynamical equivalence between two networks
only depends on the equivalence of the linear coupled cell systems of both
networks. A different approach, more combinatorial and based on the inputs
and outputs sets of the networks, to study the dynamical equivalence between
networks is presented in [1, 2]. Two dynamical equivalent networks have the
same number of cells but the number of edges can vary. The network with
fewer edges inside a class of dynamical equivalent networks is called the
minimal network. In [5], the authors describe and give a method to obtain
the minimal network.

Coupled cell systems display some particular properties such as robust
heteroclinic networks, see for example [4]. Roughly speaking, a heteroclinic
network is a collection of equilibrium points (or other invariant sets) in
a dynamical system and trajectories of that dynamical system connecting
those equilibrium points. In general, heteroclinic networks do not persist
under small perturbations. However, heteroclinic networks can be robust
for equivariant and coupled cell systems. For example, methods to construct
heteroclinic networks using networks are presented in [53, 25, 54|. Given two
networks and respective coupled cell systems supporting robust heteroclinic
networks, the product of those two networks admits coupled cell systems
that robustly support the product of the given heteroclinic networks [8].

1.5 Bifurcation theory

Given a manifold X and a smooth family of vector fields on that manifold,
F: X xRP - TX, which depends on the parameter A € R, consider the
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following differential system
T =F(xz,\), (1.3)

where x € X, A € RP and F(z,\) € T, X. A codimension-p bifurcation on
(1.3) occurs at A\g € RP if for any neighborhood U of X\ there exists \; € U
such that the system (1.3) at \g is not topologically equivalent to the system
(1.3) at A\;. Two dynamical systems are topologically equivalent if there
exists a homeomorphism (a continuous function with a continuous inverse
function) mapping the trajectories of one dynamical system into trajectories
of the other system.

Here, we consider local bifurcations at a point (xg, Ag) and local topo-
logical equivalence which is the restriction of the topological equivalence to
a sufficiently small neighborhood of zg in X. Using a local coordinate chart,
we assume that X = R"™ for some n > 0, (xo, Ag) is the origin and

F:R" xR — R".

We say that the system (1.3) is (locally) structurally stable at (xg, Ao) if
there is no local bifurcation at the point (xg, Ag), i.e., the system (1.3) at Ay
is locally topologically equivalent to the system (1.3) at Ao for any A; in a
sufficiently small neighborhood of Ag.

If 2 is a regular point of F(z, o), i.e., F(xg,Ag) # 0, then the sys-
tem (1.3) is structurally stable at (zg, Ag), by the Tubular Flow Theorem
[95, Theorem 1.1]. Suppose that z( is a singular point of F(z, ), i.e.,
F(zg,\o) = 0 and zg is an equilibrium point of (1.3) at A\gp. We say that
the equilibrium point xq is hyperbolic if the real part of every eigenvalue of
DF(x0,A\o) is not zero, where DF'(zg, \o) is the Jacobian matrix of F' with
respect to z at the origin. By the Hartman—Grobman Theorem [95, Theo-
rem 4.1], we know that the system (1.3) is structurally stable at (zg, Ag), for
any hyperbolic equilibrium point xg of (1.3) at Ag. In order to have a local
bifurcation, we need to have a non-hyperbolic equilibrium point xg of (1.3)
at )\0.

Suppose now that xg is a non-hyperbolic equilibrium point of (1.3) at Ag
and the parameter space is one dimensional, p = 1. For generic vector fields
F(z,\), we know that the eigenvalues of DF(zg, \g) are simple [33]. So, in
general, DF (xg, A\g) has a zero eigenvalue or a conjugated pair of imaginary
eigenvalues. If DF(z9, \g) has a zero eigenvalue, a generic system (1.3) has
a saddlenode (or fold) bifurcation at (zo,Ao), i.e., in one side of A = 0
there are two equilibria points that merge at A = 0 into zg and there is no
equilibrium on the other side of A = 0. See for example [111, Section 3.2|. If
DF(xg, \o) has a pair of conjugated imaginary eigenvalues, then DF(x, \o)
is invertible. It follows from the Implicit Function Theorem that there exist
a neighborhood U of A = 0 and a function z : U — X such that z(0) =0
and z is the unique solution of

F(z,\) =0 (1.4)
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in a sufficient small neighborhood of the origin. Hence the number of equi-
librium points does not change when we vary the parameter A\. However,
a periodic orbit appears when we cross the bifurcation parameter A = 0.
This is a well-known bifurcation called Hopf bifurcation, see, e.g., [111, Sec-
tion 3.2|, [84, Section 3.5|. We say that the system (1.3) at (2o, \o) has a
steady—state bifurcation if the number of equilibrium points in the system
(1.3) changes for any small neighborhood of (zg, \g). Clearly, if the num-
ber of equilibrium points changes then the two systems are not topologically
equivalent. A steady—state bifurcation can only happen if DF(xg, Ag) is not
invertible. Understanding steady-state bifurcations in the system (1.3) at
(2o, Ao) is given by the solutions of the equation (1.4).

We briefly describe some well-known methods in bifurcation theory. The
Lyapunov—Schmidt reduction reduces the dimension of the steady—state bi-
furcation equation given by (1.4), [67, Chapter VII|. Using the Lyapunov—
Schmidt reduction, we know that the solutions of (1.4) are in a one-to—one
correspondence with the solutions of a new equation,

9(y, A) =0, (1.5)

where g : R¥ x R? — R¥ and k is the dimension of the kernel of DF(0,0).
The center manifold reduction also reduces the bifurcation problem to the
study of a flow—invariant manifold that includes all trajectories which are
close to xg at any time. This flow—invariant manifold is called the center
manifold and it is tangent to the center subspace of DF(0,0), the subspace
generated by the generalized eigenvectors of the eigenvalues with zero real
part. After reducing the bifurcation problem using one of the previous meth-
ods, it is desirable to determine the generic vector fields up to topological
equivalence. Normal forms [91] and singularity theory [60] are two different
methods to obtain the generic vector fields. In normal forms, the Taylor
series of a vector field is simplified up to some (arbitrary) degree using coor-
dinate changes close to the identity. Choosing a class of coordinate changes
and an appropriate Lie bracket, we can define and calculate the normal form,
up to some degree, of a vector field. Next, we can truncate the vector field
to that degree and study the truncated system. However, it is not trivial to
see, and it is not always the case, that the truncated system is topologically
equivalent to the original system. In singularity theory, the vector fields are
classified according to their type of singularity in such a way that the vector
fields of the first type are the most common, the vector fields of the second
type are the most common vector fields which are not of the first type, and
so on. In the beginning of this section, we looked at regular points which
are the most common points of a generic vector field, then we look to hy-
perbolic equilibrium points that are the most common non—regular points of
a generic vector field. The same idea is used in singularity theory and the
vector fields are studied according to their type of singularity. In this way,
we can determine the generic vector fields and how bifurcations can appear.
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1.6 Equivariant bifurcation

As noted before, the equivariant theory is a source of inspiration for the
study of coupled cell systems. In this section, we recall some well-known
results and techniques for bifurcations in equivariant systems. In the next
section, we see that some of those results and techniques have been adapted
to the study of bifurcations in coupled cell systems.

Given a finite group action on a manifold, the symmetries of a point are
given by the elements of the group fixing that point. The set of those ele-
ments is a subgroup of the given group and it is called an isotropy subgroup.
A point has full symmetry if its isotropy subgroup is the complete group.
Up to conjugacy, the set of isotropy subgroups is a lattice, partially ordered
by inclusion. For any dynamical system equivariant under a group action,
the set of points fixed by a subgroup is a flow—invariant subspace which is
called the fixed point subspace given by that subgroup. The set of fixed point
subspaces, up to conjugacy, of the isotropy subgroups is a lattice partially
ordered by inclusion.

Usually, the bifurcation point of an equivariant bifurcation is assumed to
have the full symmetry. One of the main questions in equivariant bifurcation
theory asks about the symmetries of the new bounded solutions, such as
equilibrium points and periodic orbits. Whenever the new solutions have less
symmetry than the bifurcation point, the bifurcation is said to be symmetry—
breaking. Those bifurcations have been extensively studied, see e.g. [75, 50,
34, 52].

One of the first results in symmetry—breaking bifurcations is the Equiv-
ariant Branching Lemma |35, 36]. Assume that there is a unique point with
full isotropy, which is the origin and that this point is the bifurcation point.
For isotropy subgroups with one-dimensional fixed point subspace, there are
generic bifurcations problems in equivariant systems that have solutions with
the symmetry of those isotropy subgroups. A non—trivial isotropy subgroup
is said to be maximal if it is not contained in any other isotropy subgroup
except the full group. The Equivariant Branching Lemma also holds for
maximal isotropy subgroups which have odd dimensional fixed point sub-
spaces. Moreover, it is known that some non—maximal isotropy subspaces
support symmetry—breaking bifurcations, [55, 58, 86, 85|. For generic Hopf
bifurcation in equivariant systems, there is an analogous result to the Equiv-
ariant Branching Lemma leading to the appearance of a symmetry-breaking
periodic orbit, [68].

The two reduction methods described above, Lyapunov—Schmidt reduc-
tion and center manifold reduction, have adaptations to equivariant systems.
The reduction obtained by those methods can preserve the symmetries of
the original system, [110, 34]. So it is usually assumed that one of those
two methods have been applied before the study of equivariant bifurcations.
Singularities of equivariant systems and equivariant unfolding theory have
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been studied, see e.g. |28, 67, 75]. The unfolding theory describes the generic
small perturbations of a dynamical system and it helps the understanding
of the possible bifurcations.

Bierstone [29] and Field [49] define equivalent notions of transversality
for equivariant systems. A function is transverse to a submanifold at a point
if its evaluation at that point does not belong to that submanifold or the
linearization of the function together with the tangent submanifold gener-
ate the tangent manifold at that point. In the space of functions without
symmetries, the functions transverse to a submanifold are dense. This leads
to the fact that the set of solutions of (1.4) is a manifold. However, this is
not the case for equivariant functions. For example, it is well-known that
the generic bifurcations of equivariant systems with Zs—symmetry is a pitch-
fork bifurcation. In this case, the set of solutions of (1.4) is not a manifold.
Therefore the usual concept of transversality cannot be applied to equivari-
ant functions. The set of equivariant functions is a finitely generated module
over the set of invariant functions. This fact is essential in both definitions
of transversality for equivariant systems. Those definitions lead to density
results on the set of equivariant functions similar to the ones established for
generic functions. Later, equivariant transversality prove to be useful in the
study of equivariant bifurcations [56, 57, 52].

Another line of research in equivariant systems is the equivariant degree
theory. Roughly speaking, the degree theory estimates the number of so-
lutions given by some equation. As in the case of transversality, the usual
degree theory cannot be applied to equivariant systems. An adaptation of
degree theory to equivariant functions can be found in [78, 79]. The estima-
tion of the number of solutions is useful in bifurcations, when proving the
existence of bifurcation branches on steady—state bifurcations.

1.7 Coupled cell bifurcations

We describe now some of the work that has been done concerning bifurcations
in coupled cell systems. As most of the work in the literature, we focus on
homogeneous networks, i.e., networks where there is only one type of cells.
Given a network and a choice of phase space, the synchrony of a point is
given by the balanced coloring corresponding to the lower-dimensional syn-
chrony subspace that contains that point. For homogeneous networks, the
diagonal subspace is always a synchrony subspace called the full-synchrony
subspace and the points on the diagonal are said to have full-synchrony.
Assume from now on that the bifurcation point has full-synchrony and that
the bifurcation problem has codimension—one. In bifurcations of coupled
cell systems at a full-synchrony point, new bounded solutions (equilibrium
points or periodic orbits) can have less synchrony than the bifurcation point,
i.e., they belong to a synchrony subspace bigger than the full-synchrony sub-
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space. Analogously to equivariant bifurcations, this phenomenon is called a
synchrony—breaking bifurcation. It is clear that the symmetries of a network
have direct consequences in the bifurcations of coupled cell systems, [63].

There exists an analogous result to the Equivariant Branching Lemma
for steady—state bifurcations in coupled cell systems with a bifurcation con-
dition given by a simple eigenvalue [61]. This result proves the existence of
synchrony-breaking bifurcations on coupled cell systems. The structure of
the network imposes restrictions on the bifurcation problems. In particular,
it can force the degeneracy of a steady—state bifurcation problem in coupled
cell systems to be arbitrary high [106, 105].

The structure of a network can also impose that the Jacobian matrix of
a generic coupled cell system at a full-synchrony equilibrium has a nilpotent
part. This leads to surprising features of the bifurcations occuring on coupled
cell systems. In particular, the bifurcation branches of a bifurcation problem
on coupled cell systems with a nilpotent part have an exceptional growth
rate, [62, 48, 64, 97, 59, 77|. This is the case for the bifurcations in coupled
cell systems associated with the feed—forward networks. The set of cells
in a feed—forward network can be partition into disjoint subsets: the edges
targeting a cell in a layer start in the previous layer, except for cells in
the first layer which only receive self-loops. For homogenous feed—forward
networks, the Jacobian matrix of any coupled cell system at a full-synchrony
equilibrium has a nilpotent part. The rank of the nilpotent part increases
with the number of layers. Furthermore, the exceptional growth rate of the
bifurcation branches increases with the number of layers.

The exhaustive study of regular networks with three cells and two inputs
edges for each cell can be found in [87]. A homogenous network is said to
be regular if there is exactly one type of cells and one type of edges. The
authors enumerate all such networks and study the steady—state and Hopf
bifurcations of the corresponding coupled cell systems. They find features
of equivariant bifurcation, such as transcritical and pitchfork bifurcations.
For some networks, those features can be explained by the network sym-
metries. However, this is not always the case. In [81], the author studies
network synchrony—breaking bifurcation when the adjacency matrix of the
network only has simple eigenvalues. Using the lattice of synchrony sub-
spaces, the author is able to characterize the synchrony subspaces that sup-
port a synchrony—breaking bifurcation.

Methods of bifurcation theory have been adapted to bifurcations in cou-
pled cell systems, in particular, for homogeneous networks with asymmetric
inputs, see [98, 99, 93]. A homogeneous network has asymmetric inputs if
every cell receives exactly one edge of each type. The edges of those net-
works can then be represented using functions between the set of cells with
one function for each type of edges. The coupled cell systems form a Lie al-
gebra, whenever their representative functions define a monoid, [99]. In this
case, normal forms of coupled cell systems can be defined and computed.
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In [98], the authors prove that the Lyapunov—Schmidt reduction preserves
the symmetries of the network including the partial symmetries. They prove
this result for fundamental networks such that their representative functions
define a monoid. Furthermore, the center manifold reduction of coupled cell
systems associated with those networks is studied in [93]. They show that
the center manifold reduction can be made such that it also preserves the
partial and total symmetries of the network.

Since coupled cell systems respect a prescribed network structure, there
are some changes of coordinates that destroy the relationship between the
coupled cell system and the network. In order to study singularities in cou-
pled cell systems, it is vital to recognize the changes of coordinates that
preserve this relation. In [73], the authors describe those changes of coor-
dinates for heterogeneous networks — a network is said to be heterogeneous
if each cell and each edge have a different type. Using the symmetries of
a network and/or of its quotient networks, a degree theory for coupled cell
systems is presented in [100].

Given a (lift) network and a quotient network of it, any solution of a
quotient coupled cell system lifts to a solution of the respective coupled cell
system associated to the (lifted) network. In the same way, the bifurca-
tion branches of a bifurcation problem in a quotient coupled cell system lift
to bifurcation branches of the respective bifurcation problem in the lifted
network. However, there are networks such that some bifurcation branches
associated with the lift network are not lifted from the branches associated
to the quotient network. In [12, 13|, the authors gave such examples. The
lifting bifurcation problem asks if every bifurcation branch associated to a
lift network is lifted from a bifurcation branch associated to the quotient net-
work. This problem is related to the classification of synchrony subspaces
that support a synchrony—breaking bifurcation in the following sense. If
there exists a synchrony subspace that contains every bifurcation branch as-
sociated to the lift network, then every branch associated to the lift network
is lifted from a branch associated to the quotient network associated to that
synchrony subspace.

If the dimensions of the center subspaces associated with the bifurca-
tion problem in the lift network and the quotient network are the same,
then every branch on the lift network is lifted from the quotient network.
This observation motivates the comparison between the spectrum of coupled
cell systems associated with the quotient and the lift networks. In [40], the
authors address this issue for a class of networks and lifts. Moreover, the lift-
ing bifurcation problem is studied in [89, 94]. In [41], the authors study the
decomposition of network lifts. In some cases there exists an intermediate
network between a lift network and a quotient network such that this inter-
mediate network is a quotient network of the lift network and a lift network
of the quotient network. In those cases, the lift network is obtained by the
composition of the lift from the quotient network to the intermediate net-
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work and the lift from the intermediate network to the lift network. A lift is
said to be direct if there is no such intermediate network. In [41], the authors
characterize the direct lifts and how to decompose network lifts. Moreover,
they show how this decomposition can be used to compare spectrums.

1.8 Outline and main contributions

Here, we give an outline and the main contributions of this thesis which
consists of four research articles.

The main focus of this thesis is the study of codimension—one steady—
state synchrony breaking bifurcations on coupled cell systems. In particular,
we aim to understand the relations between the network structure and those
bifurcations, and the lifting bifurcation problem. We restrict our attention
to homogeneous networks.

For regular networks, we study codimension-one steady-state bifurca-
tions in maximal and submaximal synchrony subspaces. This leads to a gen-
eralization of one of the results obtained in [61]. For homogeneous networks
with asymmetric inputs, there exists the concept of fundamental network.
Moreover, bifurcation methods for applying to those networks can be found
in the literature [98, 99, 93|. We give a characterization of fundamental net-
works. Moreover, we study the codimension—one steady—state bifurcations
and the lifting bifurcation problem on coupled cell systems corresponding
to homogeneous networks with asymmetric inputs and the bifurcation con-
dition given by the network valency. We also study the codimension—one
steady—state bifurcation and the lifting bifurcation problem on feed—forward
systems.

This thesis is organized as follows. In Chapter 2, the accepted version for
publication of the paper “Characterization of fundamental networks” [15] is
reproduced. Chapter 3 is the reproduction of the published paper “Synchrony
branching lemma for regular networks” [101]. Chapter 4 is the submitted ver-
sion of the article “The steady—state lifting bifurcation problem associated
with the valency on networks” [16]. In Chapter 5, we reproduce the sub-
mitted version of the paper “The lifting bifurcation problem on feed—forward
networks” [102|. Finally, Chapter 6 includes a short discussion of the results
obtained in this work and some directions of research.

Characterization of fundamental networks

We consider homogeneous networks with asymmetric inputs. In [92], the
authors define the fundamental network of a given network.

In this paper, we study the relations between networks and their fun-
damental networks. We define two properties on networks: backward con-
nectivity and transitivity. A network is backward connected if there exists
a cell that has a backward walk to any other cell. A network is transitive
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if there is a cell such that any cell is the evaluation at the former cell of a
self-fibration. We show that a backward connected network is a quotient
network of its fundamental network. We also prove that the fundamental
network of a transitive network is a subnetwork of it. Hence, a network is
fundamental if and only if it is backward connected and transitive (Theo-
rem 2.5.16). Moreover, the construction of fundamental networks preserves
the quotient relation between networks (Proposition 2.5.2). The construc-
tion of fundamental networks transforms the subnetwork relation into the
quotient relation (Proposition 2.5.6).

Two important properties of networks are the size of their cycles and the
distance of their cells to a cycle. In [59, 89], the authors study the relation
between bifurcations on coupled cell systems and those two properties. For
a homogeneous network with asymmetric inputs, we consider the networks
given by the restriction of that network to each type of edges. The maximal
distances between any cell and a cycle in a restricted network and in the re-
striction of its fundamental network are equal (Proposition 2.7.2). Moreover,
the size of the cycles on the restricted fundamental network is given by the
least common multiple of the size of some cycles on the restricted network
(Proposition 2.7.4).

Synchrony branching lemma for regular networks

We consider regular networks, i.e., homogenenous networks with one type
of cells and one type of edges. We assume that the cells phase space is the
real line and study codimension—one steady—state bifurcations on coupled
cell systems at a full-synchrony equilibrium. The Jacobian matrix of such
a coupled cell system at a full-synchrony equilibrium is determined by the
adjacency matrix of the network. Thus the eigenvalues of the Jacobian ma-
trix are characterized directly from the eigenvalues of the adjacency matrix,
including their multiplicities. For axial synchrony subspaces, Golubitsky and
Lauterbach prove a result analogous to the Equivariant Branching Lemma
in [61]. A synchrony subspace is axial for an eigenvalue if the intersection of
that synchrony subspace and the correspoding eigenspace is one dimensional.
They prove that the bifurcation of coupled cell systems with a bifurcation
condition given by such eigenvalue leads to a bifurcation branch inside that
axial synchrony subspace. For a network such that the eigenvalues of its ad-
jacency matrix are all simple, Kamei gives a classification of the synchrony
subspaces which support a synchrony—breaking bifurcation [81]. In order to
obtain this result, the author uses the previous result and the lattice struc-
ture of the synchrony subspaces.

We generalize the previous result of Golubitsky and Lauterbach to maxi-
mal synchrony subspaces where the bifurcation condition is given by a semi—
simple eigenvalue. A synchrony subspace is maximal for an eigenvalue if
the intersection of that synchrony subspace with the respective eigenspace
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is not trivial and the intersection of any synchrony subspace contained in
that synchrony subspace with that eigenspace is trivial. We prove that a
maximal synchrony subspace supports a synchrony—breaking bifurcation if
the previous intersection has odd dimension (Theorem 3.4.1). We proceed to
the study of synchrony—breaking bifurcations for submaximal synchrony sub-
spaces. A non—maximal synchrony subspace is submaximal for an eigenvalue
if the intersection of that synchrony subspace with the respective eigenspace
is not trivial and the intersection of that eigenspace with any smaller syn-
chrony subspace is at most one dimensional. When the intersection of a
submaximal synchrony subspace with the eigenspace is two dimensional, we
give necessary and sufficient conditions for the existence of a bifurcation
branch with exactly that submaximal synchrony (Theorem 3.5.2). Those
conditions only depend on the network. Moreover, we present examples of
networks with the same lattice structure but different synchrony—breaking
subspaces.

In order to prove the previous results, we use a well-known technique
of coordinates changes called blow—up. For the existence of bifurcation
branches in maximal synchrony subspaces, we use a standard argument in
degree theory. In the study of submaximal synchrony subspaces, we obtain
the mentioned conditions by direct computations.

The steady—state lifting bifurcation problem associated with
the valency on networks

We consider homogeneous networks with asymmetric inputs and we assume
that the cells phase space is the real line. For such networks, the Jacobian
matrix of any coupled cell system at a full-synchrony equilibrium has con-
stant row—sum. This constant is called the valency of the network and it is an
eigenvalue of the Jacobian matrix. We study codimension—one steady—state
bifurcations on coupled cell systems at a full-synchrony equilibrium where
the bifurcation condition is given by the network valency.

In graph theory, the spectrum of adjacency matrices is an active area of
study, see e.g. [30, 37, 88]. A graph is said to be regular if the number of
edges targeting each cell is constant. The number of edges targeting a cell
is called the valency of the graph. It is well-known that the valency of a
regular graph is the adjacency matrix eigenvalue with bigger norm, Perron—
Frobenious Theorem [30]. Moreover, the eigenspace associated to the graph
valency is also described in that result.

In the first part of this paper, we describe the bifurcation branches of
coupled cell systems when the bifurcation condition is given by the network
valency (Proposition 4.5.7). In order to do that, we prove a similar result to
the Perron—Frobenious Theorem which describes the eigenspace associated
to the network valency of the Jacobian matrix of coupled cell systems at
a full-synchrony equilibrium. The dimension of this eigenspace is equal to
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the number of source components in the network. A source component is a
strongly connected component of the network whose cells receive edges only
from cells in this component. Using the description of the eigenspace associ-
ated to the network valency, we describe the bifurcation branches of coupled
cell systems for the bifurcation condition given by the network valency.

In the second part, we study the lifting bifurcation problem of coupled
cell systems with a bifurcation condition given by the network valency. Using
the previous description of the bifurcation branches, we prove the following
results. If the lift network and the quotient network have the same number
of source components, then every bifurcation branch associated to the lift
network is lifted from a bifurcation branch associated to the quotient network
(Proposition 4.6.1). If the quotient network has one source component and
the lift network has more, then there exists a bifurcation branch for the lift
network which is not lifted from the bifurcation branches for the quotient
network. We present two examples of lift networks that have more source
components than their quotient networks and such that every bifurcation
branch associated to the lift networks is lifted from the respective quotient
network (Examples 4.6.3 and 4.6.4). In those examples, the lift network is
not backward connected or the quotient network is not transitive. Supposing
that the lift is backward connected and the quotient network is transitive,
we prove that every bifurcation branch for the lift network is lifted from the
quotient network if and only if the two networks have the same number of
source components (Theorem 4.6.5).

The lifting bifurcation problem on feed—forward networks

We consider homogeneous networks with asymmetric inputs and a feed—
forward structure. In feed—forward networks, the set of cells can be parti-
tioned into layers such that every edge targeting a cell in a layer starts in a
cell of the previous layer, excluding the cells in the first layer that only have
self-loops. We assume again that every cell phase space is the real line. We
study codimension—one steady—state bifurcations on feed—forward systems at
a full-synchrony equilibrium and the respective lifting bifurcation problem.

The quotient network of a feed—forward network may be, or not, a feed—
forward network. We introduce two types of lifts in feed—forward networks
such that the lift network is a feed—forward network: A lift that creates new
layers is the lift obtained by splitting the first layer into a fixed number of
consecutive layers; A lift inside a layer is given by splitting some cells in-
side that layer. Assuming that the lift network of a feed—forward network
is again a feed—forward network and backward connected, we show that the
lift network can be obtained by the composition of those two lifts (Proposi-
tion 5.3.10).

The feed—forward structure of the network forces the Jacobian matrix
of a feed—forward system at a full-synchrony equilibrium to have a lower
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triangular block form upon appropriate ordering of cells. Thus the Jacobian
matrix has only two eigenvalues that we call the valency and the inter-
nal dynamics. We study the codimension—one steady-state bifurcations on
feed—forward systems at a full-synchrony equilibrium where the bifurcation
condition is given by the valency or the internal dynamics. In [48, 64, 97|,
the authors study bifurcations on a certain class of feed—forward systems
where the bifurcation condition is given by the internal dynamics. We ex-
tend those studies to include any feed—forward network. In particular, we
give a full characterization of the bifurcation branches using their growth
rates (square—root—orders) and their slopes (Proposition 5.6.6).

In the last part, we address the lifting bifurcation problem when the lift
and quotient networks are feed—forward networks. Given the decomposition
of feed—forward lifts into lifts that create new layers and lifts inside a layer,
we restrict our analysis to those two types of lifts. The dimension of the
center subspace does not increase in the following two cases: (i) when the
bifurcation condition given by the valency, for lifts that create new layers and
lifts inside a layer, except the first layer; (#4) when the bifurcation condition
given by the internal dynamics, for lifts inside the first layer. In those cases,
it is immediate that the bifurcation branches for the lift network are lifted
from the quotient network. For backward connected lifts inside the first layer
and feed—forward systems with a bifurcation condition given by the valency,
there exists a bifurcation branch for the lift network which is not lifted from
the quotient network (Proposition 5.7.6). For lifts that create new layers
and feed—forward systems with a bifurcation condition given by the internal
dynamics, there exists a bifurcation branch for the lift network which is not
lifted from the quotient network (Proposition 5.7.10). More surprising is the
fact that the lifting bifurcation problem where the bifurcation condition is
given by the internal dynamics and the lift is inside a layer depends on the
chosen feed—forward system. In this case, we give a condition on the feed—
forward systems for any bifurcation branch associated with the lift network
be lifted from the quotient network (Propositions 5.7.18 and 5.7.20). More-
over, we also obtain conditions for a bifurcation branch associated to the lift
network not to be lifted from the quotient network (Proposition 5.7.16).
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Abstract

In the framework of coupled cell systems, a coupled cell network describes
graphically the dynamical dependencies between individual dynamical sys-
tems, the cells. The fundamental network of a network reveals the hidden
symmetries of that network. Subspaces defined by equalities of coordinates
which are flow-invariant for any coupled cell system consistent with a net-
work structure are called the network synchrony subspaces. Moreover, for
every synchrony subspace, each network admissible system restricted to that
subspace is a dynamical system consistent with a smaller network, called
a quotient network. We characterize networks such that: the network is a
subnetwork of its fundamental network, and the network is a fundamental
network. Moreover, we prove that the fundamental network construction
preserves the quotient relation and it transforms the subnetwork relation
into the quotient relation. The size of cycles in a network and the distance
of a cell to a cycle are two important properties concerning the description
of the network architecture. In this paper, we relate these two architectural
properties in a network and its fundamental network.
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2.1 Introduction

Coupled cell networks describe influences between cells. A network is rep-
resented by a graph where each cell and each edge have a specific type. A
cell type defines the nature of a cell, and an edge type defines the nature
of the influence. A dynamical system that respects the network structure is
a coupled cell system admissible by the network. Stewart, Golubitsky and
Pivato [13], and Golubitsky, Stewart and T6rok [6] formalized the concepts
of coupled cell network and coupled cell system. They showed that there
exists an intrinsic relation between coupled cell systems and coupled cell
networks, proving in particular, that robust patterns of synchrony of cells
are in one-to-one correspondence to balanced colorings of cells in the network
—see |13, theorem 6.5]. Coupled cell networks and coupled cell systems have
been addressed, for example, from the bifurcation point of view, [1, 5, 7, 8.

Recently, Rink and Sanders [11, 12] and Nijholt, Rink and Sanders [9]
developed some dynamical techniques for homogenous networks with asym-
metric inputs, i.e., networks where all cells have the same type and each cell
receives only one edge of each type. When the network has a semi-group
structure, Rink and Sanders in [12]| have calculated normal forms of coupled
cell systems and in [11] have used the hidden symmetries of the network to
derive Lyapunov-Schmidt reduction that preserves hidden symmetries. In
[9], Nijholt, Rink and Sanders have introduced the concept of fundamental
network which reveals the hidden symmetries of a network. A fundamental
network is a Cayley Graph of a semi-group. The dynamics associated to a
fundamental network can be studied using the revealed hidden symmetries.
Moreover, the dynamics associated to a network can be derived from the
dynamics associated to its fundamental network, [11, theorem 10.1].

The one-to-one correspondence between balanced colorings and synchrony
subspaces leads to the definition of quotient network, such that every dynam-
ics associated to a quotient network is the restriction to a synchrony subspace
of the dynamics associated to the original network. A subnetwork of a given
network is a network whose set of cells is a subset of the cells of the given
network and the respective incoming edges, such that the cells are not in-
fluenced by any cell outside the subnetwork. Thus, the dynamics associated
to the cells in a subnetwork is independent of the dynamics associated to
the other cells. DeVille and Lerman [4] highlighted the concepts of quotient
network and subnetwork using network fibrations, i.e., functions between
networks that respect their structure. In particular, they showed that every
surjective network fibration defines a quotient network and every injective
network fibration defines a subnetwork (§ 2.4).

In this work, we will focus on the relation between a homogenous net-
work and its fundamental network. The work is divided in two independent
parts. In the first part, we show that the fundamental network construc-
tion preserves the quotient network relation and transforms the subnetwork



29 Coupled cell networks

relation into the quotient network relation (§ 2.5). We reformulate the char-
acterization done by Nijholt et al. [9] of which networks are a quotient of
its fundamental network (§ 2.5.1). Moreover, we characterize the networks
such that: the network is a subnetwork of its fundamental network (§ 2.5.2),
and the network is a fundamental network (§ 2.5.3). In order to do that, we
introduce the properties of backward connectivity and transitivity for a cell.
The backward connectedness for a cell means that we can reach that cell
from any other cell in the network. This signifies that the dynamics associ-
ated to that cell is, directly or indirectly, affected by the dynamics associated
to every other cell in the network. The transitivity for a cell corresponds to
the existence of network fibrations pointing that cell to any other cell. This
property is similar to the vertex-transitivity used in the characterization of
Cayley-Graphs of groups [2, §16]. The vertex-transitivity is the ability of
interchanging any two nodes using a bijective fibration, which reveals the
symmetries of a graph.

In the second part, we relate the architecture of a network and of its
fundamental network. In particular, we study two concepts of a network’s
architecture: cycles in the network and the distance of cells to a cycle (§ 2.6).
We denote by rings the cycles in the network involving only one edge type,
and by depth the maximal distance of any cell to a ring. Ring networks
have been studied, for example, in Ganbat [5] and Moreira [8]. We start by
looking at networks having a group structure (§ 2.7). Then we show that a
network and its fundamental network have equal depth (§ 2.7.1), and that
the size of the rings in a fundamental network is a (least common) multiple
of the size of some network rings (§ 2.7.2). Last, we describe the architecture
of the fundamental networks of networks that have only one edge type.

The text is organized as follows. Sections 2.2, 2.3 and 2.4 review the con-
cepts of coupled cell networks, fundamental networks and network fibrations,
respectively. Section 2.5 characterizes fundamental networks. Section 2.6 de-
fines rings and depth of a network. Finally, § 2.7 relates rings and depth of
a network and its fundamental network.

2.2 Coupled cell networks

In this section, we recall a few facts concerning coupled cell networks follow-
ing 6, 13]. We also introduce the notion of backward connected network.

A directed graph is a tuple G = (C, E, s,t), where ¢ € C is a cell and
e € FE is a directed edge from the source cell, s(e), to the target cell, t(e).
We assume that the set of cells and the set of edges are finite. The input set
of a cell ¢, denoted by I(c), is the set of edges that target c. Following |6,
definition 2.1.] and imposing that cells of the same type are input equivalent
we define (coupled cell) network.

Definition 2.2.1. A (coupled cell) network N = (G, ~¢c,~p) is a directed
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graph, G, together with two equivalence relations: one on the set of cells,
~¢, and another on the set of edges, ~g. The cell type of a cell is its ~c-
equivalence class and the edge type of an edge is its ~g-equivalence class. It
is assumed that:

(1) edges of the same type have source cells of the same type and target cells
of the same type;

(ii) cells of the same type are input equivalent. That is, if two cells have the
same cell type, then there is an edge type preserving bijection between their
input sets. %

We say that a network is a homogeneous network whenever there is only
one cell type. A network is a homogeneous network with asymmetric inputs
if each cell receives exactly one edge of each edge type. We will focus our
interest in homogeneous networks with asymmetric inputs.

In [11], Rink and Sanders pointed out that a homogeneous network with
asymmetric inputs can be represented by a set of functions o; : C' — C, for
each edge type 7, such that there is an edge with type i from o;(c) to c. We
write 0 = [a1 ... ap] for the function o : {1,...,n} — {1,...,m} such that
o(j) = a4, for j = 1,...,n. For examples of homogeneous networks with
asymmetric inputs see figure 2.1, where distinct edge types are represented
by different symbols.

Figure 2.1: Homogeneous networks with asymmetric inputs: (a) network
with one edge type represented by the function o1 = [2 1 2 1]; (b) network
with two edge types, where the solid edges are represented by o1 = [1 11 2]
and the dashed edges are represented by o9 = [2 2 1 2]; (¢) network repre-
sented by the functions o1 = [1 2 2 5 4], for solid edges, and o9 = [214 4 5],
for dashed edges. The network (c) is backward connected, and the networks
(a) and (b) are not.

A directed path in a network N is a sequence (¢, €1, - - ., Cm—1, Cm) of cells
in N such that for every j = 1,...,m there is an edge in N from c¢;_1 to c¢;.

Remark 2.2.2. Compositions of representative functions define directed
paths in the network. Let N be a homogenous network with asymmetric
inputs represented by the functions (ai)le. There exists a directed path
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from cell ¢ to cell d if and only if there are 1 < j1,..., jm < k such that

O 0005 (d) = c. o
Definition 2.2.3. We say that a network N is backward connected for a
cell ¢ if for any cell ¢ # c there exists a directed path between ¢ and c.
The network N is backward connected if it is backward connected for some

cell. O

Example 2.2.4. Consider the networks in figure 2.1. For the network in
figure 2.1(a), there is no directed path from cell 4 to cells 1, 2 and 3, neither
from cell 3 to cells 1, 2 and 4. Thus the network is not backward connected.
Similarly, we see that the network in figure 2.1(b) is not backward connected.
Now, consider the network in figure 2.1(c), for each cell 1, 2, 4 and 5 there is
a directed path to cell 3 starting at that cell. Thus, the network is backward
connected for cell 3. O

Following [9], the input network for a cell of a network contains the cells
that affect, directly or indirectly, that cell. The input network for ¢ € C,
denoted by N(), is the network with set of cells C(.) and set of edges E(.),
where

Croy ={c} U{¢ € C | exists a directed path in N from ¢ to ¢},

E(C) = {6 ek ‘ t(e) S C(c)}

Observe that every input network for a cell is backward connected for
that cell. See figure 2.2 for an example.

(Do

Figure 2.2: Input network of the network in figure 2.1(c) for cell 1 (and for
cell 2). It is backward connected for cell 1 (and for cell 2).

2.3 Fundamental networks

In this section, we recall the definition of fundamental network of a ho-
mogenous network with asymmetric inputs introduced by Nijholt et al. [9].
We present some examples of fundamental networks and remark that every
fundamental network is backward connected. The identity function in C' is
denoted by Idc, and we omit the subscript when it is clear from the context.

Definition 2.3.1 (|9, definition 6.2]). Let N be a homogeneous network
with asymmetric inputs represented by the functions (0i:C — C)le. ‘The
fundamental network of N is the network N where the set of cells, C, is
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the semi-group generated by Id and (O'Z')le, and N is represented by the
functions .
<0~'z : é — é) s

=1
defined by 6;(¢) = ;0¢, force Cand i =1,... k. O

Example 2.3.2. Consider the network in figure 2.1(a). This network is
represented by the function o3 = [2 1 2 1]. Note that o3 = o1, and the
semi-group generated by o1 and Id is

C = {Id,al,a%}.

The representative function, o1, of the fundamental network is obtained from
the compositions of ¢; with each element of C: &(07) = oy and &(0]) =
o/t when j = 0,1. The fundamental network is represented graphically in
figure 2.3(a). O

Figure 2.3 displays the fundamental networks of the networks in fig-
ures 2.1 and 2.2. Note that all the fundamental networks in figure 2.3 are
backward connected for Id.

////
A .
777» @

(b)

(—(3)

| | |
| | |
| | |

H—D—0>
(c) (d)

Figure 2.3: Fundamental networks of the networks in figure 2.1(a), (b), (¢)
and figure 2.2, respectively. The cells 1,...,9 in (c¢) correspond to the func-
tions o9 0 01, 01, Id, 09, 01 0 09, 09 0 0%, 02, 05, 01 © 03, respectively. In
§ 2.4, we see that the fundamental network in: (a) is a quotient network
and a subnetwork of the network in figure 2.1(a); (b) is neither a lift nor a
quotient network of the network in figure 2.1(b); (c) is a lift of the network
in figure 2.1(c); (d) is equal to the network in figure 2.2.

Proposition 2.3.3. Every fundamental network of a homogenous network
with asymmetric inputs is backward connected for Id.
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Proof. Let N be a homogenous network with asymmetric inputs represented
by (Ui)le and N its fundamental network. If ¢ € C, then ¢ =0y, 0---00y,,
where 1 < [; <k, and

o, 0---00, (Id)=0),0---00y, old=_¢.

m

Hence N is backward connected for Id. O

2.4 Network fibrations

In this section, we recall the definition and some properties of network fi-
brations. We introduce a notion of transitivity and we recall the definitions
of quotient network and subnetwork. Moreover, we highlight the relations
of quotient network and subnetwork with surjective and injective network
fibrations, respectively.

Roughly speaking, a graph fibration is a function between graphs that
preserves the orientation of the edges and the number of input edges. Pre-
cisely, let G = (C, E, s,t) and G' = (C', E', ¢',t') be two graphs. A function
v : G — G'is a graph fibration if p(s(e)) = s'(¢(e)), p(t(e)) = t'(p(e)) and
@l : 1(c) = I(p(c)) is a bijection, for every c € C and e € E.

A network fibration between networks is then defined as a graph fibration
preserving the cell types and the edge types:

Definition 2.4.1 ([4, definition 4.1.1]). Consider two networks N = (G, ~¢
,~p)and N' = (G',~c,~g). A network fibration ¢ : N — N’ is a graph
fibration between G and G’ such that ¢ ~¢ ¢(c) and e ~g ¢(e).

We say that N and N’ are isomorphic, if there is a bijective network

fibration between N and N'. O

We do not distinguish isomorphic networks and we will say that two
networks are the same if they are isomorphic.

Example 2.4.2. Let N be the network in figure 2.1(a). Denote an edge of N
with source s and target t by (s,t). Consider the function ¢ : N — N such
that o(1) = 1, 9(2) = ¢(4) = 2 and p(3) = 3, and ((1,2)) = ((1,4)) =
(1,2), v((2,1)) = (2,1) and ©((2,3)) = (2,3). The function ¢ is a network
fibration. O

In the case of homogeneous networks with asymmetric inputs, the net-
work fibrations are characterized by the following property.

Proposition 2.4.3 ([9, proposition 5.3]). Let N and N’ be homogeneous
networks with asymmetric inputs with sets of cells C and C', and represented
by the functions (Ji)le and (aé)le, respectively. The function ¢ : N — N’
s a network fibration if and only if

¢laooi =00 ¢lq, i=1,...,k.
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Example 2.4.4. Recall the network N in figure 2.1(a) represented by the

function o; = [2 1 2 1]. Consider the network fibration, given in exam-
ple 242, ¢ : N — N such that ¢ = [1 2 3 2]. Observe that p o 07 =
2121] =0100. O

A network fibration from a network which is backward connected for a
cell ¢ is uniquely determined by the evaluation of the network fibration at
cell c.

Proposition 2.4.5. Let A be a homogeneous network with asymmetric in-
puts and ¢ : A — B a network fibration. If A is backward connected for c,
then the network fibration is uniquely determined by ¢(c).

Proof. Let A be a homogeneous network with asymmetric inputs and ¢ :
A — B a network fibration. Then B is a homogeneous network with asym-
metric inputs and has the same edge types of A. Suppose that A and B
are represented by the functions (U})le and (012)5:1, respectively, and A
is backward connected for ¢. Then for every cell d # ¢ in A there are
ol ... 0p with 1 <iy,... 0y, < k such that d = o} o---00] (¢). By
proposition 2.4.3, we know that ¢ o oil = J? o¢, for 1 < ¢ < k. Then, for
every cell d # cin A,

¢p(d)=¢oo} o000l (¢c)=0l 0007 od(c). O

im

In the context of graphs, vertex-transitivity is the ability of interchanging
two cells of a graph using a bijective graph fibration. The vertex-transitivity
reveals symmetries in a graph and it was used in the characterization of
Cayley graphs of groups, see [2, §16]. Here, we introduce a weaker version of
transitivity that will play a similar role in the characterization of fundamental
networks.

Definition 2.4.6. Let N be a homogenous network with asymmetric inputs
and c a cell in N. We say that N is transitive for c if for every cell d in N,
there is a network fibration ¢4 : N — N such that ¢4(c) = d. We call the
network N transitive, if it is transitive for some cell. %

Example 2.4.7. Consider the networks in figure 2.1. For the network in
figure 2.1(a), we have the following four network fibrations from the network
fo itself: ¢ = [1212], ¢p=[2121), ¢p3=1[1234], and ¢, = [2 14 3).
Then the network is transitive for cell 3 (and for cell 4). For the network in
figure 2.1(b), there is only one network fibration from the network to itself,
the identity network fibration. Thus the network is not transitive. O

2.4.1 Surjective network fibrations

We recall now the definition of quotient networks using balanced colorings
[6, 13] and establish then their relation with surjective network fibrations,
3, 4].
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A coloring on the set of cells of a network defines an equivalence relation
on those cells. Following [6, 13|, a coloring is balanced if for any two cells
with the same color there is an edge type preserving bijection between the
corresponding input sets which also preserves the color of the source cells.

Each balanced coloring defines a quotient network, see [6, §5]. The quo-
tient network of a network with respect to a given balanced coloring i, is
the network where the set of equivalence classes of the coloring, [c|s, is the
set of cells and there is an edge of type i from [c]xq t0 [¢/]s, for each edge of
type i from a cell in the class [¢|. to ¢. We say that a network L is a lift of
N, if N is a quotient network of L.

Example 2.4.8. Let N be the network in figure 2.1(a) and N its funda-
mental network displayed in figure 2.3(a). The coloring on the set of cells
of N with classes {1,3}, {2} and {4} is balanced because cells 1 and 3 re-
ceive, each, an edge from cell 2. The quotient network of N with respect to
this balanced coloring is N. Hence the fundamental network is a quotient
network. O

Example 2.4.9. The network in figure 2.1(c) is a quotient network of its
fundamental network displayed in figure 2.3(c) with respect to the balanced
coloring with classes {1,6}, {2,7}, {4,8}, {5,9} and {3}. In this case, the
fundamental network is a lift. O

The balanced colorings are uniquely determined by surjective network
fibrations, see |3, theorem 2|, [4, remark 4.3.3] or [13, theorem 8.3].

Proposition 2.4.10 (|3, theorem 2|). A network Q is a quotient network of
a network N if and only if there is a surjective network fibration from N to

Q.

For completeness, we sketch the proof here. If @) is a quotient network
of a network N, consider the associated balanced coloring. The function
from N to @ that projects each cell into its equivalence class is a surjective
network fibration. On the other hand, given a surjective network fibration
from N to @, consider the coloring such that two cells have the same color,
when their evaluation by the network fibration is equal. This coloring is
balanced, and the quotient network of N with respect to this coloring is
equal to Q.

Example 2.4.11. Let N be the network in figure 2.1(c) and N its funda-
mental network displayed in figure 2.3(c). The network fibration from N to
N given by ¢ =[12345124 5] is surjective and N is a quotient network
of N. O

Example 2.4.12. There is no surjective fibration from the network in fig-
ure 2.1(b) to its fundamental network displayed in figure 2.3(b), neither a
surjective fibration from the fundamental network to the network. Hence, in
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this case, the fundamental network is neither a lift nor a quotient network
of the network. O

2.4.2 Injective network fibrations

We consider now subnetworks and their relation with injective network fi-
brations. We follow [4, §5.2].

Definition 2.4.13. Let N and S be two networks with sets of cells and
edges, respectively, C' and E, and C’ and E’. Then S is a subnetwork of N,
if ' C C, E' C FE and for every ¢ € C" and every edge e € E with the
target cell t(e) = ¢/, we have that e € E' and the source cell s(e) e C'.

Example 2.4.14. Consider the network in figure 2.1(a) and its fundamental
network displayed in figure 2.3(a). The fundamental network is a subnet-
work. O

Remark 2.4.15. Let N be a network with set of cells C.
(i) For every cell ¢ € C, the input network N(.) is a subnetwork of N.
(ii) The union of subnetworks of N is a subnetwork of N. O

Example 2.4.16. Let N be the network in figure 2.1(c). The restriction
of N to the set of cells {1,2,4,5} is a subnetwork of N. That restriction
corresponds to the union of the input networks for the cells 1, 2, 4 and 5. ¢

Proposition 2.4.17 (|4, §5.2]). A network N’ is a subnetwork of N if and
only if there is an injective network fibration from N’ to N.

For completeness, we sketch the proof here. If N’ is a subnetwork of
N, then the embedding of N/ in N is an injective network fibration. If
¢ : N' — N is an injective network fibration, then N’ is equal to p(N')
which is a subnetwork of N.

2.5 Fundamental networks and network fibrations

In this section, we recall some results presented by Nijholt et al. in [9]. We
show then that the fundamental network construction preserves the quo-
tient network relation. Moreover, we see that the fundamental network con-
struction does not preserve the subnetwork relation, but it transforms the
subnetwork relation in the quotient network relation.

Theorem 2.5.1 (|9, theorem 6.4 & remark 6.9 & lemma 7.1]). Let N be
a homogeneous network with asymmetric inputs and N its fundamental net-
work with sets of cells C and C, respectively. For every ¢ € C, there is a
network fibration, ¢, : N — N given by

©e(&) = ¢&(c), éeC.
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The 1mage of @ is the input network N. Every network fibration from N

to N is equal to @ for some ¢ € C. The network N and its fundamental N
are equal.

We prove next that the fundamental network construction preserves the
quotient network relation.

Proposition 2.5.2. Let N be a homogeneous network with asymmetric in-
puts. If Q is a quotient network of N, then Q is a quotient network of N.

Proof. Let N be a homogeneous network with asymmetric inputs and @
a quotient network of N. By proposition 2.4.10, there exists a surjective
network fibration ¢ : N — @ and @ is a homogeneous network with asym-
metric inputs. Suppose that N and @ are represented by (Jl)le and (w)f:l,
respectively. By proposition 2.4.3,

¢poo; =r";00¢, 1=1,...,k.

Define the function ¢ : N — Q such that <;~5(IdN) = Idg and for every
cell o in N such that o = 04, 0---00; forsome 1l <iy,... i, <k, then d~>
is given by (o) =i, 0---07;,,. As we show next, ¢ is well-defined and is
a surjective network fibration.

Suppose that 0 = g;,0---00;,, = 0j,0-- 00; ,, where 1 <iy,... 0y, <k
and 1 < j1,...,Jm < k. Note that

Yiy ©* " 0%, OQ=¢00T ="j 007 ,00Q.

Then ~;, 0---07;, and vj, o---0~; , are equal in the range of ¢. Because ¢
is surjective, we have that v;, o---07;, =;, 0---07; ,. Thus the definition
of ¢ does not depend on the choice of i1, ..., im. Moreover, ¢ is defined for
every cell in N. Hence, ¢ is well-defined.

By definition qg(IdN) = Idg. Let v # Idg be a cell in Q. Then there are
1<iy,...,0m <k such that y =7, 0---07;, = (5(01-1 o---00y ). Thus ¢
is surjective.

From proposition 2.4.3, the function <;~5 is a network fibration if and only
if pod; =7; 06, forevery i = 1,...,k. Let o # Idy be a cell in N. Then
there are 1 <4y,...,4, < ksuch that c =04, 0---00;,. For 1 <i <k, we
have that ¢ o 6;(Idy) = J; o ¢(Idy) and

$0Gi(0) = (0i004, 0-007,) =i 0%, 0 O Vi
=%i(Yiy 0 0%,,) =TFio Py, 0---00y,,) =7i0¢(0).

Hence qB is a surjective network fibration. By proposition 2.4.10, Q is a
quotient network of V. O

Using that N =N (theorem 2.5.1) and proposition 2.5.2, we have the
following.
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Corollary 2.5.3. If N is a quotient network of L and L is a quotient network
of N, then N = L.

Remark 2.5.4. From the proof of proposition 2.5.2, it also follows that if
¢ : N — @ is a surjective network fibration, then there exists a surjective
network fibration ¢ : N — Q such that for every cell ¢ in N the following
diagram is commutative

N6
oy J M?(c)
N 7 Q
where cpg(c) and ¢ are given by theorem 2.5.1. O

The next example illustrates the fact that S being a subnetwork of N
does not imply the same relation between the corresponding fundamental
networks. In fact, we see that the existence of an injective network fibration
¢ : S — N does not imply the existence of a network fibration ¢ : S — N.

Example 2.5.5. Let N be the network in figure 2.1(c) and S the network
in figure 2.2. The corresponding fundamental networks, N and S, are given
in figure 2.3(c) and (d). There is an injective network fibration from S to N
since S is a subnetwork of N. However there is no injective network fibration
from S to N, because S is not a subnetwork of N. In fact, it can easily be
seen that there is no network fibration from S to N, as S has self loops and
N has none. O

In the following proposition, we show that the fundamental network con-
struction transforms the subnetwork relation into the quotient network rela-
tion.

Proposition 2.5.6. Let N be a homogeneous network with asymmetric in-
puts. If S is a subnetwork of N, then S is a quotient network of N.

Proof. Let N be a homogeneous network with asymmetric inputs and S a
subnetwork of N. Suppose that N is represented by the functions (Ji)le.
Then S is represented by the functions (o;|g )

Consider the function ¢ : N — S such that d)( ) = o|g. This function
is surjective, because if v = oy,[go---0 0y, |g, then v = (04, 0---00y,,)|g-
For every cell o in N, we have that

$06:(0) = §(0,00) = (gi00)|g = gilg 0 o5 = ilg 0 B0).

Hence ¢~> is a surjective network fibration. By proposition 2.4.10, it follows
that S is a quotient network of N. O
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2.5.1 Fundamental networks and lifts

In this section, we give a characterization of the fundamental networks that
are lifts of the original network, in terms of the network connectivity, using
the results in [9]. We point out that Nijholt et al. in [9] consider that N’
is a quotient network of N when there is a network fibration from N to N’
which need not to be surjective. We also give a necessary condition for a
network to be a lift of its fundamental network.

Proposition 2.5.7. Let N be a homogeneous network with asymmetric in-
puts and N its fundamental network. Then N is a lift of N if and only if N
15 backward connected.

Proof. Let N be a homogeneous network with asymmetric inputs and N its
fundamental network. By proposition 2.4.10, the fundamental network N is
a lift of N if and only if there is a surjective network fibration from N to N.

Using theorem 2.5.1 and the network fibrations defined there, we have
that every network fibration from N to N is equal to ¢, for some cell c.
Moreover, ¢, is surjective if and only if Ny = N. Note that N = N if
and only if N is backward connected for ¢. Hence N is a lift of N if and only
if IV is backward connected. O

It follows from propositions 2.5.6 and 2.5.7 that a fundamental network
is a lift of every backward connected subnetwork of the original network.

Corollary 2.5.8. Let N be a homogenous network with asymmetric inputs,
N its fundamental network and B a backward connected subnetwork of N.
Then N s a lift of B.

In the next result, we give a necessary condition for a network to be a
lift of its fundamental network.

Proposition 2.5.9. Let N be a homogenous network with asymmetric inputs
and N its fundamental network. If N is a lift of N, then N is transitive.

Proof. Let N be a homogenous network with asymmetric inputs and N its
fundamental network. Suppose that N is a lift of N. By proposition 2.4.10,
there exists a surjective network fibration ¢ : N — N. Let ¢ be a cell in N
such ¢(¢) = Idy. Consider the network fibration, given in theorem 2.5.1,
@q: N — N, for every cell d in N. Note that g o 1(c) = pq(Idy) = d, for
every cell d in N. Hence N is transitive for c. O

2.5.2 Fundamental networks and subnetworks

In this section, we give a necessary and sufficient condition for a network
to be a subnetwork of its fundamental network. Moreover, we give a suffi-
cient condition for a fundamental network to be a subnetwork of the original
network. We start with two examples.
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Example 2.5.10. (i) The network in figure 2.1(c) is not a subnetwork of
its fundamental network, figure 2.3(c). (ii) The network in figure 2.4(a) is a
subnetwork of its fundamental network, figure 2.4(b). O

[

(a) (b) y=01007

Figure 2.4: (a) Homogeneous network with asymmetric inputs represented
by o1 = [2 1] and o9 = [1 1]; (b) Fundamental network of the network (a).

In the next proposition, we give necessary and sufficient conditions for the
existence of a network fibration from a network to its fundamental network.

Proposition 2.5.11. Let N be a homogeneous network with asymmetric
inputs and N its fundamental network with sets of cells C and C, respectively.
Suppose that N is backward connected for c € C.

(i) If o : N = N is a network fibration, then o' o p(c) = 0" 0 (c), for every
o',0" € C such that o'(c) = " (c).

(i) If there is o € C such that o' o 0 = 0" o o, for every o’,0" € C such
that o'(c) = o”(c), then there is a network fibration ¢ : N — N such that
o(c) =o.

Proof. Let N be a homogeneous network with asymmetric inputs and N its
fundamental network with sets of cells C and C, and represented by (ai)le
and (UNi)le, respectively. Suppose that N is backward connected for ¢ € C.
In order to prove (i), suppose that ¢ : N — N is a network fibration. By
proposition 2.4.3, g o 0; = J; 0 p = g; 0 @, for every 1 < i < k. So for every
o € C, we have that
Yoo =aop.

Let o’,0” € C such that o’(c) = 0”(c). Then

o0 p(e) = pod'(e) = poa”(c) = " 0 p(c).

To prove (ii), suppose that there is ¢ € C such that o/ 0o 0 = ¢” o 0,
for every o’,0” € C such that ¢'(¢) = ¢”(c). Define ¢ : N — N given by
o(c) = o and (/) = o’ o o, where ¢ = ¢’(c). This function is defined
for every cell in N, because N is backward connected for ¢. And it is well
defined, because if ¢ = ¢/(¢) = 0”(¢), then ¢(¢') =0’ 0o =0" 0 0.

We just need to see that ¢ is a network fibration. Using proposition 2.4.3,
we check that ¢ oo; = g; 0 ¢, for every 1 <14 < k. Because N is backward
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connected, for every cell d of N, there is ¢’ € C such that d = ¢’(c) and
pooi(d) = p(oi00'(c)) = 0i00 00 = Gi(0'00) = Gi o p(0'(c)) = i o p(d),
for every 1 < i < k. Hence poo; = J; 0 ¢ and ¢ is a network fibration. [J

Recalling proposition 2.4.17 and restricting the network fibration of propo-
sition 2.5.11 to an injective network fibration, we obtain the characterization
of the networks that are subnetworks of its fundamental network.

Corollary 2.5.12. Let N be a homogeneous network with asymmetric inputs
backward connected for a cell ¢ and N its fundamental network. Then N is a
subnetwork of N if and only if there is o € C such that for every o', 0" € C,
the following condition is satisfied:

o oo=0"00 < d(c)=0"(c).

Proof. Let N be a homogeneous network with asymmetric inputs backward
connected for a cell ¢ and N its fundamental network. Recall, by proposi-
tion 2.4.17, that N is a subnetwork of N if and only if there is an injective
network fibration from N to N. By proposition 2.5.11, there is a network
fibration ¢ from N to N such that ¢(c) = o € C if and only if

o ooc=0"00«d'(c)=0"(c), o', 0" e C.

A network fibration ¢ : N — N, such that ¢(c) = o € C, is injective if and
only if

o' oo =¢(d'(c)) = p(a”"(c)) =" 0o = d'(c) =" (c), o,d" eC.
Combining the previous conditions, we obtain the result. O

Example 2.5.13. Consider the network in figure 2.4(a) represented by o1 =
[2 1] and o9 = [1 1]. The network is backward connected for the cell 1 and
o' oo9 = 0" o9 if and only if ¢/(1) = ¢”(1). By the previous corollary, the
network is a subnetwork of its fundamental network. O

We show now that if a network is transitive, then its fundamental network
is a subnetwork of the network. This result will be used in the following
section to characterize fundamental networks.

Proposition 2.5.14. Let N be a homogenous network with asymmetric in-
puts and N its fundamental network. If N is transitive, then N is a subnet-
work of N.

Proof. Let N be a homogenous network with asymmetric inputs and N its
fundamental network. Denote the network fibration, given in theorem 2.5.1,
by ¢4 : N — N, for every cell d in N. Suppose that N is transitive for a cell
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c. Then for every cell d in N there is a network fibration ¢4 : N — N such
that ¥4(c) = d. In order to prove that N is a subnetwork of N, we show
that ¢, is an injective network fibration.

Note that 14 0 pc(Id) = ¥4(c) = d = pq(Id). By propositions 2.3.3 and
2.4.5, we have that 140 . = pq. If vc(71) = @e(y2), then for every cell d in
N

M(d) = pa(n1) = Ya o pe(n) = Ya o pe(r2) = wa(r2) = 72(d),

and 71 = 7. Hence ¢, is an injective network fibration. By proposi-
tion 2.4.17, N is a subnetwork of V. O

From propositions 2.5.9 and 2.5.14, we have the following result.

Corollary 2.5.15. Let N be a homogenous network with asymmetric inputs
and N 1its fundamental network. If N is a lift of N, then N is a subnetwork
of N.

2.5.3 Networks which are fundamental networks

Using theorem 2.5.1 and the results obtained in the previous sections, we
can now characterize the networks that are fundamental networks, in terms
of transitivity and backward connectedness.

Theorem 2.5.16. Let N be a homogeneous network with asymmetric inputs.
The network N is a fundamental network if and only if there are cells ¢ and
d such that N is backward connected for ¢ and transitive for d.

Proof. Let N be a homogeneous network with asymmetric inputs.

Suppose that NV is a fundamental network. Then IV is equal to N and
there is a bijective network fibration 1 : N — N. From proposition 2.3.3,
we know that N is backward connected for Id. By theorem 2.5.1, we have

for every cell o in N that there is a network fibration ¢, : N = N — N such
that ¢g(y) = v o o. In particular ¢ (Id) = o, and N is transitive for Id.
Hence, N is backward connected for 1(Id) and it is transitive for ¢(Id).
Suppose that there are cells ¢ and d in N such that N is backward
connected for ¢ and tramsitive for d. Then N is a subnetwork of N, by
proposition 2.5.14, and N is a lift of N, by proposition 2.5.7. So [N| <
IN| < |N|. The network fibration ¢, : N — N, given by theorem 2.5.1, is
a bijection, since it is surjective by the proof of proposition 2.5.7, and it is
injective because |N| = |[N|. Thus N and N are equal. O

2.6 Architecture of networks: rings and depth

In this section, we introduce the definitions of ring and depth of a homoge-
nous network with asymmetric inputs. We start by recalling the definitions
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of connected and strongly connected component. We finish by describing
how we can obtain the rings and the depth of a homogenous network with
asymnetric inputs using the representative functions of the network.

We say that there is an undirected path in a network connecting the se-
quence of cells (co, c1,...,ck—1,ck), if for every j = 1,..., k there is an edge
from ¢;_1 to ¢j or an edge from ¢; to ¢c;—1. A directed path (co, c1, ..., cm—1,ck)
is called a cycle, if ¢y = cy.

Definition 2.6.1. Let N be a network. A subset Y of cells in IV is called
connected if for every two different cells in Y there is an undirected path
between them.

We say that Y is a connected component of N, if Y is a maximal connected
subset of cells, in the sense that if Y U {c} is connected then ¢ € Y. O

We can partition the set of cells of a network into its connected compo-
nents.

Definition 2.6.2. Let N be a network with set of cells C' and a subset
X CC.

(i) The subset X is strongly connected, if for every two different cells ¢y, co €
X there are directed paths from ¢ to ¢y and from ¢y to cy.

(ii) The subset X is a strongly connected component of N, if X is a maximal
strongly connected subset of cells.

(iii) The subset X is a source of N, if X is a strongly connected component
that does not receive any edge with source cell outside X, i.e., s(I(X)) C
X. O

Let N be a homogeneous network with asymmetric inputs and ¢ an edge
type of N. Denote by N; the network with the same cells of N and only
the edges of type i of N. Let C},...,C™ be the partition of the set of
cells of the network IV; into its connected components. For each connected
component, the topology of N; is the union of a unique source component
and feed-forward networks starting at some cell of the source component.
See figure 2.5 for an example and see [5, proposition 2.3| for details. For
each j = 1,...,m, we call the source of N; in CY a ring and denote it by
R‘g . Since the cells in the network N; have only one input, every cycle in N;
connects every cell in a ring.

Definition 2.6.3. Let N be a homogeneous network with asymmetric inputs
and i an edge type of N. Let C},...,C™ be the connected components of
N;. For each connected component, Cf, of N;, we define the depth of N; in
Cij by

Depthg(N) := max{min{|(r,c)| : r € Rf} tc€ Cz»j},
where |(r,c)| is 0, if 7 = ¢, or the number of edges in the shortest directed
path in NV; from r to ¢. And the depth of N; is

Depth,(N) := max {Depth!(N)}. O
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7/

Figure 2.5: Union of a ring and feed-forward networks starting at the ring.

(V) (2—®)

Figure 2.6: The restriction of the network in figure 2.1(c) to the solid edges
has three connected components and its depth is 1. On the left, the ring is
{1} and the depth is 0. On the center, the ring is {2} and the depth is 1.
On the right, the ring is {4,5} and the depth is 0.

Example 2.6.4. Let N be the network in figure 2.1(c). Consider the re-
striction N7 to the solid edges represented in figure 2.6. The network N; has
three connected components, Cf = {1}, C? = {2,3} and C} = {4,5}. The
rings of N; are: Ri = {1} in C}; R? = {2} in C%; and R} = {4,5} in C}.
The depth of Ni: in Cf is 0; in O is 1; and in C} is 0. So the depth of N;
is 1.

Let N be the fundamental network of N represented in figure 2.3(c).
Consider the restriction Nl to the solid edges. The network Nl has four
connected components. Each of the connected components has a ring of size
2. And the depth of N; is 1. Note that the size of any ring in N, is a
multiple of the size of some rings in Ny and the depth of Ny is equal to the
depth of Nj. In the next section, we formalize and prove these observations
for networks with asymmetric inputs. O

We describe now the rings and the depth of a network using representative
functions. This is derived from the following facts: every representative
function, o;, is semi-periodic, i.e., there exist a > 0 and b > 0 such that
ol = a;”b; if o = O'?er, then there is a cycle for every cell in the range of
of; and the distance of a cell ¢ to a ring R is equal to the minimum p > 0
such that of(c) € R.

Lemma 2.6.5. Let N be a homogeneous network with asymmetric inputs
represented by the functions (Ui)le and C' the set of cells of N. Fiz 1 <
i < k and denote the connected components of N; by C} ... ,C™, and the
corresponding rings by Ril, R
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(1) If o = O'?+b for some a >0 and b > 0, then Rg = Jf(Cij) for1 <j<m.
(1)

Depth;(N) =min<{ p € Ny : 67(C) C U R{
j=1

Example 2.6.6. Consider the example 2.6.4. Let N be the network in fig-
ure 2.1(c), Ny its restriction to the solid edges represented by the function
o1 =[1225 4] and C} = {1}, C? = {2,3} and C} = {4,5} the con-
nected components of N1 appearing in figure 2.6. Note that o1 = a‘;’. By
lemma 2.6.5, the rings of Ny are Ri = 01(C}) = {1}, R? = 01(C}) = {2},
and R} = 01(C}) = {4,5}. Moreover, o¥(C}) C R} U R? U R} if and only if
k > 1. Hence Depth;(N) = 1. O

2.7 Architecture of fundamental networks

We start this section by studying the connectivity of fundamental networks
for which the semi-group generated by their representative functions is in
fact a group.

Proposition 2.7.1. Let N be a homogenous network with asymmetric inputs
and N its fundamental network.
(a) The following statements are equivalent:

(i) N is strongly connected.

(ii) C is a group.

(iii) The representative functions of N are bijections (i.e., permutations).
(b) If N is connected and N s strongly connected, then N is strongly con-
nected.

Proof. Let N be a homogenous network with asymmetric inputs and N its
fundamental network with sets of cells C' and C, respectively.

If N is strongly connected, then there is a directed path between every
pair of cells in C, in particular, between Id and o € C. Thus

Vel 3gree - o'oo=1d,

where ¢’ is a directed path from Id to o. Conversely, if C' is a group, then
there is a directed path between every pair of cells in C'. Thus (i) is equivalent
to (i1).

Any representative function is invertible if and only if it is a bijection.
And every permutation has a finite order. Hence the statements (ii) and
(7i1) are equivalent.

Now, to prove (b), suppose that N is connected and N is strongly con-
nected. Then C is a group and for every representative function o of N,

there exists 0. Note that ¢! is not always a representative function, but
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it is a composition of representative functions, by definition of C. We refer to
o~ ! has the inverse path of the connection o. Moreover, for every two cells
c and d there exists an undirected path from c to d, because N is connected.
From this undirected path it is possible to get a directed path in N from
c to d by considering for each connection in the undirected path either the
connection itself or its inverse path. O

2.7.1 Depth of fundamental networks

In example 2.6.4, we presented a network such that the depth of the net-
work is equal to the depth of its fundamental network. We prove now that
this property is valid for every homogenous network with asymmetric in-
puts. Moreover, we use this fact to show that an adjacency matrix of a
network is non-singular if and only if the correspondent adjacency matrix of
its fundamental network is non-singular.

Proposition 2.7.2. Let N be a homogeneous network with asymmetric in-
puts represented by the functions (oi)];:l and N its fundamental network.
Then

Depth;(N) = Depth;(N),
wheret=1,..., k.

Proof. Let N be a homogeneous network with asymmetric inputs represented
by (Ji)le, C its set of cells and N its fundamental network. Fix 1 <
1 < k. Denote the connected components of N; by C’},...,Cf‘ and the
corresponding rings by R},..., R™. Denote the connected components of
N; by C~'i1, .. ,C’Zﬁ and the corresponding rings by Rzl, .. ,R:ﬁ Let p; =
Depth;(N) and p; = Depth,(N).

By lemma 2.6.5 (ii), we have that o/*(C) C R} U--- U R™. For each
connected component C’ij of N;, since cycles of N; in Cij start in a cell of R{
and travel by the other cells in Rg to reach the initial point, we have that
aP(¢) = oP*"(¢), for every ¢ € €7, if and only if r is a multiple of |R/|.
Therefore o7 = o? " if r = L.c.m.{|R}|, ..., |RF|} where L. c.m. is the least
common multiple.

Note that 67 = 67" because &
By lemma 2.6.5 (i),

Dbi

! — Ufi—H “pi+7'(0_).

(a)zafioa 0o =0,

Hence p; < p;, by lemma 2.6.5 (ii). .
From 67 = 67" we also know that {o?", ..., } is a ring of N;,

because (o¥", .. .,Jfﬁr*l,ag’ﬁr = o01") is a cycle in N;. The directed path

Id=0?0},..., afifl, o is the shortest directed path in N; from Id to a cell

in this ring. Then we have that p; > p; and thus conclude that p; = p;. O

O.’L]‘Di'H"—l
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A network can be represented by its adjacency matrices A;, one for each
edge type i. More precisely, if the network has n cells, say C = {1,...,n},
then the matrix A; is an n X n matrix, where the entry (A;).» denotes the
number of edges of type i from ¢ to c.

Corollary 2.7.3. Let N be a homogeneous network with asymmetric inputs
and N its fundamental network. Denote by A; the adjacency matriz of N
and A; the adjacency matriz of N, for an edge type i.

Then A; is non-singular if and only if A; is non-singular.

Proof. The eigenvalues of the adjacency matrix of a homogeneous network
. o . 2 rj—1
with asymmetric inputs for an edge of type i, A;, are Lw;j,wj, ..., w;
where r; = |R|, wj = exp?™/"i| R/ is the ring of type i of N in €/ and
Cl,...,C™ are the connected components of N;, and 0 if Depth;(N) #

0. Hence A; is non-singular if and only if Depth;(N) = 0 if and only if
Depth,;(N) = 0 if and only if A; is non-singular. O

2.7.2 Rings of fundamental networks

We consider now the relation between the size of the rings in a network
and of those in its fundamental network. Specifically, we show that the size
of a ring in a fundamental network is a (least common) multiple of some
ring’s sizes in the network. Moreover we use this result to fully describe the
fundamental network of a network with only one edge type.

Proposition 2.7.4. Let N be a homogeneous network with asymmetric in-
puts represented by the functions (Ui)le, C the set of cells of N and N
its fundamental network. Fiz 1 <1i < k. Let C’il, ..., C" be the connected
components of N; and R}, ..., R™ the corresponding rings. Analogously, let
C~'i1, e 7C~'Zﬁ1 be the connected components of N; and Rll, cee RfL the corre-

sponding rings. If 1 < 7 <m and v € éf, then
B =1em {|R]|: ¢] ny(C) £ 0}.

Moreover, there exists 1 < j < m such that ]Rﬁ\ =lcm {|R}|,...,|R"}.

Proof. Let N be a homogeneous network with set of cells C' and asymmet-
ric inputs represented by the functions (Ui)le. Let N be its fundamental

network. Fix 1 < i < k. Let C’il, ..., C" be the connected components of
N; and R}, ..., R the corresponding rings. Analogously, let Cl ...,C™be
the connected components of N; and R},..., R the corresponding rings.

Let p; = Depth;(N) = Depth;(N). Choose j and + such that 1 < j < 7
and v € CY. Define J = {j/ : v(C)NC? # 0}, 77 = Lem{|R)|:j € J|}
and C7 = Uj/eJCf/.
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By lemma 2.6.5,
o) = J R.

j'ed
. LY i . - .
Note that of*|,, = ol o because r7 is a multiple of | R} |, for every j' €
oy ) Y Y ; Y
J. Then 67 oy = oP oy = o oy = 5P oy and (0P 07, ...,0" " o)
. .- . =i ; Y — =
is a cycle in N;. Since v € C7, we have that o o ,... V™" lone c/

and so the ring of N; in C7 is R/ = {o"" 1o, ... ,Ufﬁm o~}. This cycle

does not repeat cells, because 7 is the least common multiple. Thus
Rl =1 =1.c.m. {ng’y .04 NA(C) £ @} .
The second part of the result follows from taking v = Idc. O

Propositions 2.7.2 and 2.7.4 can be used to describe the fundamental
network of a homogenous network with only one edge type.

Definition 2.7.5 (|8, definition 3.1.], [5, definition 2.4]). Let N be a homo-
geneous network with asymmetric inputs that has only one edge type. We
say that IV is a loop-chain with sizes [ > 1 and p > 0, if N has [ + p cells, it
has a unique source component with [ cells and the depth of N is p. %

Loop-chains are studied in great detail in Nijholt, Rink and Sanders [10]
where they are called generalized feed forward networks.

O _(—& —©

Figure 2.7: The fundamental network of a homogenous network with asym-
metric inputs N having only one edge type is a loop-chain with sizes [ and
p, where [ is the least common multiple of all ring’s sizes in N and p is the
depth of N.

Corollary 2.7.6. Let N be a homogeneous network with asymmetric inputs
and only one edge type. If | is the least common multiple of the size of all
the rings in N and p is the depth of N, then the fundamental network of N
18 a loop-chain with sizes | and p.

Proof. Let N be a homogeneous network with asymmetric inputs that has
only one edge type, [ the least common multiple of the size of all the rings
in N, p the depth of N and N its fundamental network.
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We know by proposition 2.3.3 that N is backward connected and so N
has only one connected component. The size of the ring of that connected
component is equal to the least common multiple of the sizes of rings in N,
see proposition 2.7.4. By proposition 2.7.2, we also know that Depth(N) =
Depth(N). Then N has at least the loop-chain with sizes [ and p described
in figure 2.7.

Next, we prove that N has only [ + p cells. Suppose that there exists
more than [+ p cells. Then there is a cell j > [+ p that receives an edge from
the cells 1,...,l 4 p, because N has only one connected component and the
first [ 4+ p cells already receive an edge from the first [ + p cells. If j receives
an edge from the cells 1,...,l 4+ p — 1, then N is not backward connected.
If j receives an edge from the cell I + p, then Depth(N) > p. Hence N is a
loop-chain with sizes [ and p described in figure 2.7. O
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3.1 Introduction

Coupled cell networks describe influences between cells and can be repre-
sented by graphs. A dynamical system that respects a network structure is
called a coupled cell system associated to the network. In [18] and [8], the
authors formalize the concepts of (coupled cell) network and coupled cell
system. They also show that there exists an intrinsic relation between cou-
pled cell systems and networks, proving that a polydiagonal subspace given
by a coloring of the network is an invariant subspace for any coupled cell
system if and only if the coloring is balanced. Here, a coloring is balanced if
any two cells with the same color receive, for each color, the same number of
inputs starting in cells with that color. And a polydiagonal subspace given
by a balanced coloring is called a synchrony subspace. Given a balanced col-
oring, they define the corresponding quotient network by merging cells with
equal color. Moreover, the restriction of a coupled cell system to a synchrony
subspace is a coupled cell system for the quotient. We will focus on regular
networks, where all cells and edges are identical, and each regular network
can be represented by an adjacency matrix. The adjacency matrix of a quo-
tient network is given by the restriction of the original network adjacency
matrix to the corresponding synchrony subspace, [1].

Equivariant theory is the study of dynamical systems that commute with
an action of a group in the phase space and isotropy subgroups are the
subgroups that fix some point of the phase space, see e.g. [5]. For each
isotropy subgroup, the set of fixed points forms an invariant subspace for
every equivariant dynamical system and it is called the fixed point subspace.
One goal of equivariant bifurcation theory is to characterize which isotropy
subgroups support a bifurcation. The Equivariant Branching Lemma [3] is
one of the first important results about the existence of symmetry-breaking
steady-state bifurcation branches for isotropy subgroups that have one di-
mensional fixed point subspaces. This result was extended for isotropy sub-
groups that have odd dimensional fixed point subspaces, see e.g. [10, 4, 2],
and it was analyzed for isotropy subgroups that have two dimensional fixed
point subspaces, [11]. This topic is a large source of inspiration to the study
of synchrony-breaking bifurcations on networks, where one of the key ques-
tions concerns the characterization of synchrony subspaces which support
(generically) steady-state bifurcation branches.

A similar result to the first version of the Equivariant Branching Lemma
for regular networks has been already stated, see [19, Theorem 2.1], [6, The-
orem 6.3] and |9, Corollary 3.1.], we call this result the Synchrony Branching
Lemma. The eigenvalues of the Jacobian of a coupled cell system associ-
ated to a regular network at a full synchronous solution are related to the
eigenvalues of its adjacency matrix and this relation preserves multiplicities,
[12]. So, we can use the eigenvalue structure of the network adjacency ma-
trix to tabulate the possible local codimension-one (steady-state or Hopf)
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synchrony-breaking bifurcations that can occur for the coupled cell systems
associated to a network. We say that an eigenvalue of the adjacency matrix
belongs to a balanced coloring, if it has an eigenvector in the synchrony sub-
space given by that coloring. Fixing an eigenvalue, we say that a coloring
is maximal if the eigenvalue belongs to that coloring and it does not belong
to any lower dimensional synchrony subspace. The Synchrony Branching
Lemma states that every synchrony subspace given by a maximal coloring
with a simple eigenvalue (algebraic multiplicity 1) generic supports a bifur-
cation branch. In [17], the authors study the degeneracy of steady-state
bifurcation problems for regular networks and simple eigenvalues. They give
conditions on the network structure for the degeneracy of steady-state bi-
furcation problems and they also present examples of regular networks that
have generic highly degenerate steady-state bifurcation problems. In [9],
it is given a characterization of the synchrony subspaces which support a
synchrony-breaking bifurcation using the lattice structure of balanced color-
ings, for regular networks that only have simple eigenvalues.

In this manuscript, we generalize the Synchrony Branching Lemma for
semisimple eigenvalues (the algebraic and geometric multiplicity are equal).
We prove that a synchrony subspace given by a maximal coloring generically
supports a bifurcation branch, if the semisimple eigenvalue has odd multi-
plicity, Theorem 3.4.1. This follows from the application of the Lyapunov-
Schmidt Reduction |7] and a blow-up technique also used in equivariant
bifurcation, see e.g. [10], which transforms the bifurcation problem into a
problem of finding the equilibria of a vector field on a sphere. When the
semisimple eigenvalue has odd multiplicity, the sphere is even dimensional
and there exists at least one equilibrium point, Poincaré-Hopf theorem [14].
In the way, we prove that the degeneracy of a bifurcation problem asso-
ciated to a semisimple eigenvalue only depends on the network structure,
Lemma 3.3.2. Next, we focus on semisimple eigenvalues with multiplicity
2. If a coloring is maximal and has even degeneracy, then its synchrony
subspace supports a bifurcation branch, Theorem 3.5.1. We also give nec-
essary and sufficient conditions for the existence of bifurcation branches on
synchrony subspaces given by submaximal colorings, i.e., the eigenvalue be-
longs to the submaximal coloring and it must have multiplicity 0 or 1 in
any synchrony subspace strictly included in the synchrony subspace given
by the submaximal coloring, Theorem 3.5.2. Those conditions only depend
on the network structure. We give examples of networks where the previous
results apply, including two networks that have the same synchrony lattice
structure but do not have the same type of synchrony-breaking bifurcations,
Examples 3.3.8 and 3.5.5. Despite we do not present an explicit network,
we show how a network can have a semisimple eigenvalue with multiplicity
2 and do not support a bifurcation branch, see Example 3.4.3.

This text is organized as follows: in section 3.2, we review some concepts
and results of networks, coupled cell systems and steady-state bifurcations on
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networks, focusing on regular networks. Choosing a semisimple eigenvalue
of the adjacency matrix and considering a generic coupled cell system with
a bifurcation condition associated to the eigenvalue, in section 3.3, we apply
the Lyapunov-Schmidt Reduction and a blow-up technique to the coupled
cell system reducing the bifurcation problem to the problem of finding zeros
of a vector field on a sphere. Next, we prove the existence of a bifurcation
branch, if the eigenvalue has odd multiplicity, section 3.4. Last, we study
the existence of bifurcation branches, when the eigenvalue has multiplicity
2, section 3.9.

3.2 Settings

In this section, we recall some facts about networks and coupled cell systems,
following [18, 8], and steady-state bifurcations on coupled cell systems.

3.2.1 Regular networks

A directed graph is a tuple G = (C, E, s,t), where c € C'isacelland e € F is
a directed edge from the source cell, s(e), to the target cell, t(e). We assume
that the sets of cells and edges are finite. The input set of a cell ¢, I(c), is
the set of edges that target c.

Definition 3.2.1. A regular network is a directed graph N such that the
cardinality of the input set of a cell is the same for all cells. The wvalency ¥
of N is the number of edges that target each cell. We denote the number of
cells in N by |N|. O

See Figure 3.1 for two examples of regular networks with valency 2.
A regular network can be represented by its adjacency matriz A, where
Ais a |N| x |N| matrix and the entry (A). is the number of edges from ¢/

to c.
Q @’ 6.9
‘l (=2
L~

(a) Network #29 of [9] (b) Network #51 of [9]

Figure 3.1: Regular networks with valency 2.

Definition 3.2.2. A coloring of the cells of a network N is an equivalence
relation on the set of cells of N. The coloring is balanced for N if for any
two cells of N with the same color there is a bijection between the input sets
of the two cells preserving the color of the source cells. O
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Any regular network N has two trivial balanced colorings: the full syn-
chronous coloring, <, and the full asynchronous coloring <t—. The full
synchronous coloring has only one class, i.e., ¢ g ¢ for every cells ¢, ¢’ in N,
and the full asynchronous coloring has |N| classes, i.e., ¢ <= ¢ if and only
ife="C.

Each balanced coloring defines a quotient network, [8, Section 5].

Definition 3.2.3. The quotient network of a regular network N with respect
to a given balanced coloring < is the network where the equivalence classes
of the coloring, [c|w, are the cells and there is an edge from [c]s to [¢/]u, for
each edge from a cell in the class [c] to ¢. We denote the quotient network
by N/ 1. We also say that a network L is a lift of N, if N is a quotient of
L with respect to some balanced coloring of L. O

=GP

Figure 3.2: Quotient network of the network in Figure 3.1(a) associated to
the balanced coloring with classes {1,2} and {3,4}.

See Figure 3.2 for an example of a quotient network.

The set of balanced colorings forms a complete lattice, see [16, 9]. Denote
by An the set of balanced colorings for N. For every p<y,<x0€ Ay, we say
that >y is a refinement of <y, and we write by <<lg, if <y #xg and ¢ <11 d
implies ¢ <y d for every cells ¢,d of N. We denote by =< the relation of
refinement or equal. The pair (Ay, <) forms a lattice.

Now, we introduce the definition of y-maximal and p-submaximal color-
ings, where u is an eigenvalue of the network adjacency matrix.

Definition 3.2.4. Let N be a regular network, 0t a balanced coloring of N
and p an eigenvalue of the adjacency matrix associated to N. We say that
> is a p-mazimal coloring if for every </ such that <<’ we have that p is
not an eigenvalue of the adjacency matrix associated to N/ <’ O

Definition 3.2.5. Let N be a regular network, 0 a balanced coloring of N
and p an eigenvalue of the adjacency matrix associated to N with multiplicity
m > 1. We say that 0 is a u-submazimal coloring of type j if there are j
balanced colorings <y, . .., >; all distinct such that: (i) >a<p<;, >; A<y and
1 is an eigenvalue with multiplicity 1 of the adjacency matrix associated to
N/ for 4,4 =1,...,7 with i # i; (i7) for any other balanced coloring </
such that >a<><d’ we have that p is not an eigenvalue of the adjacency matrix
associated to N/ >’ or pq; <<t for some ¢ = 1,...,j. We say that bxy, ...,
are the p-simple components of . O
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Example 3.2.6. We consider the network #51 of [9] (Figure 3.1(b)), which
we denote by N5; and it has the following adjacency matrix:

A51 =

— = O O
= O O
S O O O
S O NN

The eigenvalues of As; are: the network valency 2, —2 and 0 with multiplic-
ity 1, 1 and 2, respectively. The network Ns; has four non-trivial balanced
colorings 1= {{1,2},{3,4}}, = {{3},{1,2,4}}, 3= {{1,2},{3},{4}}
and p<y= {{1}, {2}, {3,4}}. The balanced colorings of N5; and the eigenval-
ues of the adjacency matrix corresponding to the quotient networks of Ns;
associated to each balanced coloring are annotated in Figure 3.3.

The balanced coloring t<p is 2-maximal. The balanced coloring < is
(—2)-maximal. The balanced colorings <z and <4 are O-maximal. And the
balanced coloring >i— is 0-submaximal of type 2 with O-simple components
D3 and <y. O

s {2,-2,0,0}

Figure 3.3: Balanced colorings of N5; (Figure 3.1(b)) and the eigenvalues of
the adjacency matrices associated to the corresponding quotient networks.

3.2.2 Coupled cell systems

In order to associate dynamics to a network, following [18, 8], we specify a
phase space for the network and describe vector fields that are admissible
for the network.

Let N be a regular network with valency ¥ and represented by the ad-
jacency matrix A. We correspond to each cell ¢ a coordinate x, and assume
that z. € R. The network phase space is the product of the phase space of
the cells, i.e., RV

A vector field F : RINl — RV is admissible for a regular network N if:
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1. The dynamics of cell ¢ depends only on its internal state and on the
state of its input cells, s(I(c)). Thus there is a function f : RxR? — R
such that for every cell ¢

(F(x))c = f(xc, xs([(c)))»
where Ts(I(c)) = (:Es(e))eel(c);

2. The state of the input cells have equal effect on the dynamics. That is,
the function f is Sy-invariant, where Sy is the group of permutations
in {1,...,9}. For every o € Sy

flo(xg,x1,...,29)) = f(xo,21,...,Ty),

where o (zo,21,...,79) = (20, To(1), - - s To(9))-

A coupled cell system associated to a regular network N is a dynamical
system defined by an admissible vector field F : RINT — RIVI

i=F(z), zeRW,

Let f: RxRY — R be a Sy-invariant function. We denote by fV
the admissible vector field for N defined by f and given by the previous
formulas. Observe that every admissible vector field for N is equal to fV
for some Sy-invariant function f. We say that a function f : R x RY — R is
regular if f is Sy-invariant and (0,0,...,0) is an isolated zero of f. In this
case 0 € RNl is an equilibrium point of the coupled cell system defined by
.

For differentiable admissible vector fields fV, its Jacobian at the origin
can be represented in terms of the adjacency matrix of N, see [12]. We
denote by J}V the Jacobian of fV at the origin 0 € RN, We have that

I = (DfY)o = fold + f1A,
where Id is the |N| x |N| identity matrix,
of of

_of

= 92y

fo (0,0,...,0), f1 (0,0,...,0)=--- (0,0,...,0). (3.1)

For every eigenvalue p of A with algebraic multiplicity m, and geometric
multiplicity mg, we have that fo+ pf1 is an eigenvalue of J ]]cv with the same
multiplicities m, and mg. See [12, Proposition 3.1]. Moreover, the kernel
of J}V can be described using the eigenvectors of A. Denote by v1,...,v; a
set of linear independent eigenvectors of A and p,. ..,y  its corresponding

eigenvalues, where j is equal to the sum of all geometric multiplicities. Then
ker(JJ]fV) ={v: J}Vv =0} = Span({v; : fo + pif1 = 0}),

where Span denotes the linear subspace spanned by the vectors.



Synchrony branching lemma for regular networks o8

Definition 3.2.7. A polydiagonal subspace of RIN! is a subspace defined by
the equality of certain cell coordinates. Let 0 be a coloring in N. The
polydiagonal subspace associated to > is defined by

Apo={z:xe =124 < crad} C RV,

Each polydiagonal subspace defines an unique coloring of the cells. A subset
K C V is invariant under a map g : V. — V, if g(K) C K. A synchrony
subspace of a network is an invariant polydiagonal subspace for any vector
field admissible for the network. O

We have that the synchrony subspaces and balanced colorings are in
one-to-one correspondence.

Theorem 3.2.8 (|8, Theorem 4.3]). Let < be a coloring of cells in a network
N. Then Ay is a synchrony subspace of N if and only if > is balanced.

The restriction of an admissible vector field to a synchrony subspace
Ay, is an admissible vector field for the quotient network associated to the
balanced coloring 1. Moreover, any admissible vector field for the quotient
network lifts to an admissible vector field for the network.

Theorem 3.2.9 (|8, Theorem 5.2]). Let N be a regular network with valency
9, > a balanced coloring of N and f : R x R? = R a Sy-invariant function.
If Q is the quotient network of N associated to ©<, then

(i) The restriction of [N to An is the admissible vector field f% for Q.

(i1) The admissible vector field f@ for Q lifts to the admissible vector field
N for N.

In particular, the previous result means that if zg(t) € R/l is a solution
to 2q(t) = f9(xg(t)), then zy(t) is a solution to 2 x5 (t) = ¥ (zn(t)), where
(N (t))e = (2Q(t))[d for each cell ¢ in N. And we say that z¢(t) is lifted
to xn(t).

3.2.3 Steady-state bifurcation on regular networks

Let N be a regular network with valency ¥ and represented by the adja-
cency matrix A. We consider a family of regular functions f : R x RY x
R — R depending on a parameter A, i.e., for each A € R, the function
f(xo,x1, ..., 29, ) is regular. In this work, we assume that this function is
smooth in some neighborhood of the origin. Consider the coupled cell system

i = fN(z,\), (3.2)
where fV : RIN x R — RINl is given for each cell ¢ in N by

(FN(@,N)e = f(@er Ts(r(e)) A)-
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Since we are assuming that f is regular, the origin 0 € RVl is an equilibrium
point of the coupled cell system for every A € R.

We are interested in studying the steady-state bifurcations of (3.2) oc-
curring from the origin x = 0 at A = 0. A local steady-state bifurcation
at A = 0 near the origin can only occur if J ;V has a zero eigenvalue. Thus
we will assume that one of the eigenvalues of J}V is zero, say, fo+ufi =0
for some eigenvalue p of A, where fy and f; are defined in (3.1). Observe
that, under the generic hypothesis on f, f1 # 0, p is the unique eigenvalue
satisfying fo 4+ pfi = 0. In this case, we say that f is a regular function with
a bifurcation condition associated to u.

Definition 3.2.10. Let N be a regular network with valency ¢ and repre-
sented by the adjacency matrix A, and f : RxRY xR — R a regular function.
We say that a differentiable function b = (by,by) : [0,6[— RNl x R is an
equilibrium branch of f on N if b(0) = (0,...,0,0), bx(z) # 0 and

FY (N (2),ba(2)) = 0,

for every z > 0. We say that an equilibrium branch b is a bifurcation branch
of f on N if b is different from the trivial equilibrium branch of f on N, i.e.,
for every z # 0,

bn(z) # 0.

O

Despite two different bifurcation branches can define essentially the same
branch (e.g., by rescaling of the parameter), it is not a problem for our
discussion about the existence of bifurcation branches (see [5, Section 4.2]
for a definition of bifurcation branch that takes this aspect into account).

The trivial equilibrium branch is totally synchronized, since all cell’s
coordinates have the same value. Other bifurcation branches can have less
synchrony depending on which synchrony subspaces they belong.

Definition 3.2.11. We say that an equilibrium branch b : [0,5[— RV x R
has (exact) synchrony >, if by ([0,d]) C Ax (and by ([0,0[) € Any for every
<’ such that pa<p<’). O

In the same way we lift solutions, we can lift bifurcation branches on a
quotient network to the original network, see the end of section 3.2.2.

3.3 Synchrony branching lemma

In this section, we establish the two main steps in order to prove the existence
of a bifurcation branch of generic regular functions on regular networks. First
we apply the method of Lyapunov-Schmidt Reduction, |7, Chapter VII|, to
the coupled cell system and we obtain a reduced equation for the bifurcation
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problem. Next we apply a blow-up argument (see e.g. [10]) to transform the
reduced equation into a vector field on a sphere.

Let N be a regular network with valency ¥ and represented by the ad-
jacency matrix A, p an eigenvalue of A and f : R x RY x R — R a regular
function with a bifurcation condition associated to p. Hence ker(J]]cV) # {0}
and we assume the generic hypothesis that m = dim(ker(J J{V )) > 0 is the
geometric multiplicity of p in A.

Let v1, ..., vy, be a basis for ker(JJJpV) (and eigenvectors of A associated to
W), vy, ..., vn be a basis for Range(J}V)L. Applying the Lyapunov-Schmidt
Reduction method, we get a function g : R™ x R — R™ such that the
solutions of f~(x,\) = 0 are in one-to-one correspondence with the solu-
tions of g(y,A) = 0. We can calculate the derivatives of g at the origin
using the derivatives of f at the origin, see |7, Chapter VII §1 (d)]. Since
£(0,0,...,0,\) =0 for every A\, we have that

%9 0,00=0, 22

g(0,\) =0, a; 3

(0,0) = 0.

The Taylor expansion of g at (y, A) = (0,0) has the following form:

9y, \) = LNy + Qi(y) + O(llyl* + [yl A,

where

L(\) = ADgy + O(2),

Dy, is the matrix with entries (9%g;/0A0y;) evaluated at (y, A) = (0,0), Qx
has homogenous polynomial components in the variable y of smallest degree
k such that @y does not vanish. From [7, Chapter VII §1 (d)], we know that

32%

D00 (0,0) = (v, (Df\)vj) = (vf, (forld+ frxA)vs) = (for+mfix) (v, v5),

where (-, ) is the usual inner product in RV, Therefore

Dgx = (fox + pfir)L,

where
<U1,U1> <U1702> <Ulvvm>
(v3,01) (V3 v2) (v3, Um)
L= .
<v:m’01> <U:mU2> s <U;kn7vm>

We will assume that the eigenvalue p is semisimple, i.e., p has the same
algebraic and geometric multiplicity. Note that L is invertible if and only if
1 1s semisimple.
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Since L is invertible, we can choose a basis v{*,..., v of Ramge(JJ]cV)L
such that
(Wi o) (U v2) o (U, um)
v vy (W5 ) L. (V5w
o) ) |
(o, v1) (U, v2) o (o, vm)

by taking v* = Y, b; jv} where b; ; are the entries of L™! for 1 < 4,5 < m.
In the following we assume that p is semisimple and that we have chosen
a basis of Range(J }V )t in the Lyapunov-Schmidt Reduction such

9(y, A) = LNy + Qr(y) + Ollyl** + [y A, (3.3)

where @ has homogenous polynomial components in the variable y of small-
est degree k such that @ does not vanish and

L(A) = A(fox + pnfin)Id+ O(2).

Definition 3.3.1. Let N be a regular network with valency 9 and f : R x
RY x R — R a regular function. We denote by k(N, f) the integer k in (3.3).
We say that the bifurcation problem of f on N has k — 1 degeneracy. O

In [17], the authors studied the degeneracy of a bifurcation problem on
regular networks associated to simple eigenvalues. They have shown that
there exist bifurcation problems on regular networks with high degeneracy.
We refer the reader to their work for examples of k-degenerate bifurcation
problems on regular networks, with 1 < k <5.

Before we prove that the integer k(IV, f) does not depend generically on
the regular function f associated to some eigenvalue, we give an explicit
formula for the second derivatives of g; with respect to y; and y; for 1 <
1,7, <m.

Since f : R x RY x R — R is a regular function, it has the following
Taylor expansion at the origin:

f(zo,z1,. .., w9, N) = foxo + fi(m1 + -+ x9) + foazor + fia(z1 + -+ 29)A
fOO 2 f

+7x0+f01$0(x1+~--+w0)+%($%+...+x§)
9 9
+ fh?(z Z :Eil‘j) + O(3),
i=1 j>i
where
82f 82f 82f
foo = m(()?O)v fu = 021071 (0,0) = D0 (0,0),
1 f *f 2 f
o dzodry (0,0) = Oz 0,0, fro = 0x101y9 0,0)= 0z;0x; .0,
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for 4,7 > 0 and i # j.
For every cell ¢in N, we denote by ¢y, ..., ¢y the source cells of the edges
that target ¢ (repeated, if there is more than one edge from the same cell).

9 9
d* £ (vj,01) = foo(vy * v)e + 201 (05 % Av)e + Y Y fan(Vj)e, (v1)e

a=1 b=1

M%
*
S

=(foo + 2pfo1) (v * v)e + fro(Avj x Av)e + (f11 — fio)

a:l

=(foo + 2ufor + 12 f10) (vj * v)e + (Fi1 — fro) (A(vj % v))e,
where w * z = (w121, w222, . .., Wy 2y ), for w,z € R™. So
d* N (vj,v1) = (foo + 21 for + 2 fro)vs * v + (fi1 — fio) A(vj % vy).

It follows from [7, Chapter VII §1 (d)] and the Taylor expansion of f
that

~(0,0) = (foo + 2ufor + p® fr9) (W, vj*vy) + (fi1 — fi9) (v, A(v; xvp)),

for 1 <4, j,1 < m. Since p is semisimple, v; is orthogonal to any generalized
eigenvector associated to an eigenvalue different from p. Writing v; * v in
the base of generalized eigenvectors of A, we have that (v}, A(vj * v;)) =
p(vf,vj*vy). Thus, for 1 <i,j,1 <m,

82

Dy;0u (0,0) = (foo + 2mfor + pufir — ifro + p> fro) vy, vj * vy).

Thus, generically, the vanish of the second derivatives of g is independent of
the regular function f with a bifurcation condition associated to p. Next,
we prove that the smallest integer k(N, f) is, generically, the same for every
regular function f with a bifurcation condition associated to p.

Lemma 3.3.2. Let N be a regular network with valency ¥ and adjacency
matriz A, u an eigenvalue of A and f, f': RxRY xR — R regular functions
with a bifurcation condition associated to p. Then, generically,

(N, f) = k(N, f).

Proof. For a given integer [, we can rearrange the terms in the Taylor ex-
pansion of f as follows

f(x()wrl? L 7$§7A) - B_1($0,$1, L 7x19) +Pl($[),x1, .. 7.’1379)
+ -F)l—‘,-l(anxla o ,.’qu) +R(Jj07ﬂf1, .. '71;197)\)7
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where P,_; is a polynomial of degree lower or equal to | — 1, P4 has
only terms of degree upper or equal to I + 1, R is a function such that
R(xp,x1,...,29,0) =0 and P} is homogenous polynomial of degree [:

Pl(x()axla"'amﬁ): Z

0<ng,n1,...,ny <l
no+ni—+--+ngyg=l

from--mv ig the [-partial derivative of f at (0,0,...,0,0) with respect ng
times to xg, nq times to z1, ..., and ny times to zy. Since f is Sy-invariant,
P, is also Sy-invariant and it has the following form, see e.g. [13],

fn0n1...n19

n0!n1! .o .??,19!

fnonl...mg

!
_ o ni Ny
P(zo,21,...,29) = Z Z 7710!”1!”'”19'% Z R

no=0 0<n1 < <ny<l o€Sy
no+ni+-+ny=I
For1 <4,11,...,%4 < m, the [-th derivative of g; with respect to v;,, yi,, - .., ¥j,
at (y,A) = (0,...,0,0) is given by

fn0n1...n,9

d'g; :
*
= Z Z m@i s Angnymp Wigs - -5 03)),s

0yir O - - Oy o=, () St
no+ni—+---+nyg=l

where Apon, . ng (Vs ..., 05) € RINT and it is given for every cell ¢ in N by
o u
(Angny..ng (Vigs -+, 0iy))e = Z ot ..oh (H(tle‘l et tl”i;)?j(b)> )
€Sy b=0 t;=0
where 0(0) =0, ¢p = c and ¢y, ..., ¢y are the source cells of the edges that
target c.

Note that every term in the variable y of degree [ in g vanish if and only
if for every 1 < 4,41,...,4; <m
algi .
0Yi, 0Yis - . . 0y,

0.

For each 1 < i,iq,...,4; < m, regard (0'g:)/(Ovi,0yi, ... Oyi,) as a
polynomial function in the variables f70"1-™  where 0 < ng < [ and
0<n <ng < .- <ny <lsuch that ng+ny +---+nyg = 1. We
have two cases: (9'g;)/(0yi, 0y, - - - Oy, ) is identically zero since

<U;<7 Anony‘.nﬁ (Uil,Ui2, R 7vil)> = 07

for every 0 < ng <land 0 < njp <ng <--- < nyg <I; otherwise the set of
regular functions such that (8'g;)/(0yi, 0yiy, - - . Oyi,) = 0 is residual and for
every generic regular function we have that

algi

0.
8yi18yi2 e 8yil 7é
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Therefore, generically, given f regular every term in the variable y of
degree [ in g vanishes if and only if

<’U;<, Anon1...nﬁ ('Uil,’Uiz, . 7Uil)> = O’

forevery 1 <4,41,...,5;<m,0<ng<jand 0<n; <ng <---<ny <j.

The second part of the previous “if and only if” does not depend on the
regular function f. So for every regular functions f, f' : R x R x R — R
with a bifurcation condition associated to p, we have generically that

k(N, f) = k(N f).
O

Following the previous lemma, we define the smallest k in (3.3) as a
function of the network IV and the eigenvalue pu.

Definition 3.3.3. Let N be a regular network and p an eigenvalue of its
adjacency matrix. For any generic regular function f with a bifurcation
condition associated to u, we define k(N,u) = k(N, f). We say that the
bifurcation problem associated to p on N has k(N, u) — 1 degeneracy. O

Remark 3.3.4. Let N be a regular network, @) a quotient network of N
and p an eigenvalue of the adjacency matrix associated to Q. Then

k(N p) < k(Q, ).

In fact, let f be a regular function with a bifurcation condition associated to
. Denote by g9 and ¢V the reduced functions of f€ and fV, respectively,
obtained by Lyapunov-Schmidt reduction. The previous inequality follows

from the fact
g9 =pP'g"P,

where P : RI9l — A C RINI is the lift of the phase space of @ into the
synchrony subspace of N associated to the quotient network and P~ : A —
RI®Ql is the inverse of P. O

In the next step we apply a blow-up argument also used in the equivariant
theory, see e.g. [10]. Applying the following change of variables to the
reduced function g of the Lyapunov-Schmidt reduction (3.3),

{y - , (3.4)

A=y

where v € S™!(m — 1 dimensional sphere), e € R, n € R and k = k(N, ),
we have the following equation:

9(y,N) = 0 & gleu, " 1) = 0. " (n(for + pfix)u + Qr(u) + O(le])) = 0.
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Let h: 8™ 1 xR x R — R™ be the function given by

h(use,n) = n(fox + pfin)u + Qr(uw) + O([e]).
For y # 0, we have that
9(y,A) =0 h(u,e,m) = 0. (3.5)

Proposition 3.3.5. Let N be a reqular network with valency ¥ and adja-
cency matriz A, p a semisimple eigenvalue of A with multiplicity m and
f:RxRYxR — R a regular function with a bifurcation condition asso-
ciated to p. If b is a bifurcation branch of f on N with synchrony <, then
generically there exists & € S™ ! and 7) € R such that

h(ﬂ7 07 ,,7) = 07
and
U1 + -+ UV € A,
where vy, ..., v, s the basis of ker(J}V).

Proof. Let b= (b, bx) be a bifurcation branch of f on N and k = k(N, ).
Consider b = (by, b)) : [0,6[— R™ x R such that b, is the projection of by
into ker(J}V) according to the basis v1,..., v, and by = by. Then

~ ~ b (z) ~ [N))\(Z)
by(2),bx(2)) =h Y by (2)|], =—————— | =0,
g( y( ) A( )) (Hby(z)H H y( )” Hby(z)Hk’ 1)

for z # 0. Note that B’y(O) # 0, see e.g. [5, Lemma 4.2.1]. We can also
prove by induction on j, that INJE\])(O) =0, for 1 <j < k—1, where EE\J)(O)
is the j-derivative of by at z = 0. Taking the limit of z — 0 in the previous
equation,

h(@,0,7) =0,
where .
ORI O
167, (0)] GERHIA] ke

If b has synchrony <, then by (2) € Ay and by, (2)v1 + -+ + by, (2)om €
Apq for every z > 0. So b, (0)vy + -+ + b, (0)vy, € Apq and

U=

U101 + +++ + UV € Apq.
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It follows from Proposition 3.3.5 that we can study the zeros of h(u,0,7)
to understand the bifurcation branches. For the radial component

(Qr(u), u)
h(u,0,n),u) =0&n=——"""—-,
(Al )4l K Jox + 111
where it is assumed, generically, that fox + pufin # 0. Defining
~ <Ql€(u)7u> 7 ~
u) = ———"—= h(u) = h(u,0,7(u)),
7(w) Fox -+ 1S (u) = h(u,0,7(u))

we obtain a vector field & on the (m — 1)-sphere and

h(u,0,m) =0 < iL(U) =0An(u) = _M

fox + pfin
Now, we see how to make the correspondence between a zero of the vector
field i and a bifurcation branch of f on N. For this purpose, we will assume
for a zero @ € S™ ! of h that

(ah> is non-singular, (3.6)
A(u,m) (@,0,7(i))

where the Jacobian is calculated in the geometry of S™~! x R.
Moreover, we say that condition (H1) holds for f and N if

Va h(@) =0 = (3.6) holds for @. (H1)

Proposition 3.3.6. Let N be a regular network with valency ¥ and adja-
cency malrix A, u o semisimple eigenvalue of A with multiplicity m, f :
R xRY xR — R a reqular function with a bifurcation condition associated to
pand @ € S™ such that h(i) = 0 and (3.6) holds for @i. Then generically
there exists a bifurcation branch of f on N.

Proof. We have that h(i,0,7()) = 0, because h(@#) = 0. Since (3.6) holds
for u, it follows from the implicit function theorem that there exists a neigh-
borhood W C R of ¢ = 0 and a differentiable function (u*,n*) : W —
S™=1 % R such that h(u*(e),e,7*(¢)) = 0 and (u*,7*)(0) = (@, 7). Recalling
(3.4) and (3.5), we have that

h(u*(€), ;1% (€)) = 0 < gleu™(€), " 'n*(€)) = 0 & g(y*(e), \*(€)) = 0,

defining (y*, \*) : W — R™ x R by y*(€) = eu*(e) and \*(e) = €*~1n*(e).
By the Lyapunov-Schmidt reduction, there exists a differentiable function
b* : W — RIN x R associated to (y*, A*) such that 0 € W, b*(0) = (0,0),
b (e) # 0 and fN(by(e),bi(e)) = 0, for every e € W \ {0}. Since the
origin is an isolated zero of f¥(x,0), there exists § > 0 such that b} (e) # 0
for 0 < € < J. Restricting the function b* to [0,0[, we have that b* is a
bifurcation branch of f on N. O
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Remark 3.3.7. Equation (3.6) is related to the determinacy of a bifur-
cation problem. When the kernel of the Jacobian is one-dimensional, the
determinacy and degeneracy are equal. If m = 1 and foy + pfin # 0, then
(3.6) holds. When m > 1, determinacy and degeneracy can be different, see
Example 3.3.8. O

If condition (3.6) fails, we can apply the Lyapunov-Schmidt Reduction
to the function h(u,€,n) at (,0,7) and a blow-up change of coordinates to
obtain a vector field on a sphere, then we look for zeros of this new reduced
vector field on a sphere associated to the parameter €. Since the Jacobian of
h with respect to (u,n) at (@,0,7(@)) is not identically null, the dimension of
the problem will be further reduced and we will need to calculate derivatives
of higher order of the original vector field fV. In the new reduced vector
field on a sphere, & can continue or not to be an equilibrium. If it is not an
equilibrium, then do not correspond to a bifurcation branch. If it continues
to be an equilibrium and a similar condition to (3.6) holds, then we obtain
a bifurcation branch. If it continues to be an equilibrium and a similar
condition to (3.6) fails, we need to repeat the previous process. See e.g. [15].

If a zero @ of h corresponds to a point in some synchrony subspace Ay
(U1v1 + -+ + Umvm € Anq) such that k(N/ >, 1) > k(N, ), then (3.6) fails
at @. In this case, we should study the bifurcation problem of f on N/ <,
or look for zeros of h which do not correspond to a point in A.

For submaximal colorings, we use condition (Hla). We say that condition
(H1la) holds for f and N if

Vasa h(@) = OA =< A(Tq 01 + - - - 4 GmUm) & Asq = (3.6) holds for .
(Hla)

Example 3.3.8. Asin Example 3.2.6, consider again the network #51 of [9].
The eigenvalue 0 of Asp is semisimple and has multiplicity 2. The balanced
coloring i— is O-submaximal of type 2 with O-simple components i3 and
>y. Let f: R xR?2 xR — R be a generic regular function with a bifurcation
condition associated to 0, i.e., fo = 0. We have that dim(ker(J]{V“)) = 2.

We choose a basis of ker(J}V“) such that v; € Ay, and vy € Any,. Let
v = (0,0,1,0) € Ay, v2 = (—1,1,0,0) € Ay, vi = (0,0,1,—1) and
vy =(—1,1,0,0)/2, where v}, v; is a basis of Range(JJ]ch)J—. Then

2
u
Joxnuy + fO; ! +0O(e).

foxnuz

h(ulv Uz, 6777) =

Moreover, h(u1,uz2,0,m) = 0 if and only if (u1,uz,n) = (£1,0,Ffoo/(2f0x))
or (ui,ug2,n) = (0,£1,0). We have

( oh ) _
O(u,n) (£1,0,F 2100 )

00
(2fox)
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( oh ) _[0 0 }
d(u,n) (07i170)_ 0 £for] "

Since (3.6) holds at the zeros (£1,0), then by Proposition 3.3.6 there is a
bifurcation branch with exact synchrony <3 . However condition (3.6) fails at
the zeros (0, £1) and the dimension of the kernel is equal to 1. We could ap-
ply the Lyapunov-Schmidt Reduction and obtain an one-dimensional bifur-
cation problem, then we should solve it by finding the lowest non-vanishing
terms of the reduced equation. Alternatively, we note that the zero (0, 1) cor-
responds to a point in the synchrony subspace Ay, and that k(N/ >4, 0) = 3.
We can also obtain the bifurcation branch of f on N with synchrony <y by
studying the bifurcation problem of f on N/ . O

3.4 Synchrony branching lemma — odd dimensional
case

Now, we prove the analogous version of the odd dimensional version of the
Equivariant Branch Lemma for regular networks. Recall the notation of
section 3.3.

Theorem 3.4.1. Let N be a reqular network with valency ¥ and adjacency
matriz A, <1 a balanced coloring of N and p o semisimple eigenvalue of A.
Let f : RxRY xR — R be a reqular function with a bifurcation condition
associated to p such that ker(JJ][V) N Axq has odd dimension. Assume that
condition (H1) holds for f and N/ <. Then generically there is a bifurcation
branch of f on N with at least synchrony 1. Moreover, if < is p-maximal,
then the bifurcation branch has exact synchrony .

Proof. Let N be a regular network with valency ¥ and represented by the
adjacency matrix A, 1 a balanced coloring of N and p a semisimple eigen-
value of A. Let f: R xR” x R — R be a regular function with a bifurcation
condition associated to p such that ker(J}V) N Apq has odd dimension.

Denote by @ the quotient network of N with respect to b which is
represented by the adjacency matrix Ag. Then p is a semisimple eigenvalue
of Ag and m = dim(ker(J{)) = dim(ker(J}) N An) is odd.

We perform the calculation of section 3.3 for the network @ and the
generic regular function f. Following section 3.3, let k be the vector field in
S™m=1 obtained. Since m is odd, from the Poincaré-Hopf theorem [14], we
know that there exists at least one @ € S™' such that h(iz) = 0. Then
h(u,0,7(a)) = 0, where 7(%) is defined in section 3.3.

Assuming that condition (H1) holds for f and N/ i<, we have that (3.6)
holds for 4. From Proposition 3.3.6, there exists a bifurcation branch of f
on . Last, we can lift this bifurcation branch of f on @ to a bifurcation
branch of f on N with at least synchrony <.
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If < is p-maximal, then for every >’ such that xi<p<’ there is no bifurca-
tion branch of f on N/ <'. Thus the bifurcation branch has exact synchrony
>. O

We establish the existence of a bifurcation branch, using the result above.

Example 3.4.2. Let N be the regular network given by the adjacency ma-
trix:

24 1 2 3 4
16 0 5 6 7
A=|8 6 3 8 9
0 8 9 6 11
20 3 4 5 2

The eigenvalues of A are: the network valency 34 with multiplicity 1; 13
with multiplicity 1; and —4 with multiplicity 3.

Let f:R x R3 xR — R be a regular function with a bifurcation condi-
tion associated to the eigenvalue p = —4. Considering the trivial balanced
coloring, b<—, we have that dim(ker*(J}V) NAs) = 3. Assume that condition
(H1) holds for f and N. Then there exists a bifurcation branch of f on N,
by Theorem 3.4.1.

The network N has no non-trivial balanced colorings and the unique
eigenvalue of the adjacency matrix associated to N/ g is 34. So >i— is
(—4)-maximal and the bifurcation branch has no synchrony. O

In the next two examples, we do not explicitly present the networks but
we assume that the networks satisfy some conditions. Since the number of
cells in a network is not restricted, those conditions may be solved with as
many variables as it is needed to consider. The next example shows that we
cannot remove the odd dimension condition in Theorem 3.4.1.

Example 3.4.3. Let N be a network with adjacency matrix A, y a semisim-
ple eigenvalue of A with multiplicity 2. Let f be a generic regular function
with a bifurcation condition associated to u, (vi,v2) be a basis for ker(J]]cV)

and (v}, v3) be a basis for Range(J}V)L. We will assume that A, (v1,v2) and
(v}, v3) respect the following conditions:

(v, v1) = (v3,v2) =1, (v3,v1) = (v1,v2) =0,
(v, v1 *v1) = (vf,v1 *v2) = (V] , v xvg) =0, =12,
(v}, v1 % vy *v1)) = (V3,01 x V1 *v2)), (U], V2% V2 x V1)) = (V5,Va %k VU % V2)),
(v],3(v1 * (A(vy *v1)))) = (V3,201 % (A(vy % v2)) + vo * (A(vy * v1))),
(v3,3(ve x (A(va % v2)))) = (vF, 2vg * (A(ve * v1)) + v1 * (A(ve * v2))),

0 # (v, vixv1*va)) = (U], Vaxva*va)) = —(V3, V1*VkV)) = —(V5, V1*V1*V])),
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0 # (v}, 201 * (A(v1 * v2)) + v * (A(vy xv1))) = (v], 3(ve * (A(ve xv2)))) =
= —(v3,2vg x (A(v1 % v2)) + v1 * (A(vg % v2))) = —(v3, 3(v1 * (A(v1 *v1)))).
Then k(N, ) = 3. Let g = (g1,92) : R?2 x R — R? be the reduced equation

obtained by the Lyapunov-Schmidt Reduction. The previous equalities imply
for every regular function f that

Pa g Pg Py

oy Oyidys’ oy10ys Oy’
Pg P Pgs P3gs

ay1 83;/2 8?;/2 ay1 691892

at (y1,12,A) = (0,0,0). Then the vector field, h, on the 1-sphere is given by
- aug(uf +u3)? | ol w2
=a|_. |

A1) = | oy 3+ )2
where (u1,u2) € S*. We have that h(uy,us) # 0 for every (up,us) € S*. By
Proposition 3.3.5, there is no bifurcation branch of f on N. %

In the next example, we lift the network of the previous example to a
network with one more cell. This example shows that there are zeros of the
vector field on the sphere which do not correspond to a bifurcation branch
and the relevance of (3.6) in Proposition 3.3.6.

Example 3.4.4. Let N, A, u, v1, v2, v} and v; as in Example 3.4.3. Assume
that = 0. Fix a cell ¢ of N. Let N be the network with |N|+1 cells given
by the following adjacency matrix:

NV
A=l )

where R = (Acq)gen is a 1 x |[N|-matrix. Denote by ¢ the new cell of N
and by > the balanced coloring of N given by ¢ < ¢/. The network N is
a quotient network of N with respect to 0. Note that 0 is a semisimple
eigenvalue of A with multiplicity 3.

Let f be a generic regular function with a bifurcation condition associated
to pp =0, 01 = (v1, (v1)e), B2 = (v2, (v2)e), 03 = (0,...,0,1), 9] = (v7,0),
o5 = (v3,0) and o5 € RV such that (6%). = —1, (03)e = 1 and (9%)g = 0
otherwise. Then (01,02, 03) is a basis of ker(J}V) and (07,03, 03) is a basis
of Range(J}\})J—. Let ¢ = (91,92, 93) : R? x R — R3 be the reduced equation
obtained by the Lyapunov-Schmidt Reduction of fN . Note that
0%g

3
; = foo(v2)e, Ty% = foo,

6291‘ .
Oy; 0y
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for any other 4, j and [. Then kz(N, 0) =2 and

Joxnui
h(uy,u2,u3,0,m) = £ Joxnuz 7
fO)\nug + 7’1/4% + fOO(Ul)CU1U3 -+ fOO(UQ)CUQUS

where (uy,uz,u3) € S%2. We have that h(0,0,1,—foo/(2f0x)) = 0, condi-
tion (3.6) holds for (0,0,1) and it leads to a bifurcation branch of f on
N.

On the other hand h(u1,u2,0,0) = 0, condition (3.6) does not hold for
(u1,uz,0), where (ug,us,0,0) € S xR, and it does not lead to a bifurcation
branch of f on N. Otherwise this bifurcation branch would be inside Ay C
RNV since 6,99 € Apg, and would lead to a bifurcation branch of f on N.
But, as we saw, there is no bifurcation branch of f on N. O

3.5 Synchrony branching lemma — two dimensional
case

In this section, we study the smallest case not included in the results of
the previous section, i.e., when the semisimple eigenvalue p has multiplicity
m = 2 and k(V, p) is even. We give conditions for the existence of bifurcation
branches with maximal or submaximal synchrony.

Let N be a regular network with valency 9 and represented by the ad-
jacency matrix A, p a semisimple eigenvalue of A and f: R xR xR — R
a generic regular function with a bifurcation condition associated to u such
that m = dim(ker(J}V)) =2

Taking into account the calculations in section 3.3, when m = dim(ker(J}V) =
2, we have the following vector field on the 1-sphere

h(u1,uz) = Qp(ur, u2) — (Qp(u1, uz), (ur, u2))(u1, uz),

where u? +u2 = 1, k = k(N, u). Transforming the variables (u1,uz) to the
angular variable 6, where (u1,u2) = (cos(0),sin(¢)). The dynamical system
@ = h(u) is equivalent to the dynamical system 6 = ©(0) given by

O(0) = cos(#)qa(cos(9),sin(f)) — sin(0)q1 (cos(0), sin(h)),

where Qr(u1,u2) = (q1(u1,u2),g2(u1,uz)). So, finding zeros of h is equiva-
lent to solve the equation
0(0) =0.

Theorem 3.5.1. Let N be a reqular network with valency ¥ and adjacency
matriz A, > a balanced coloring of N and p a semisimple eigenvalue of A.
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Let f : RxRY xR — R be a reqular function with a bifurcation condition
associated to p and such that dim(ker(J}V)ﬁAM) = 2. Assume that condition
(H1) holds for f and N/ <. If <1 p-mazimal and k(N/ o<, ) is even, then
generically there is a bifurcation branch of f on N with exact synchrony <.

Proof. Let N be a regular network with valency 4, <1 a balanced coloring
of N and p a semisimple eigenvalue of the adjacency matrix of N. Take
f:RxRY xR — R to be a regular function with a bifurcation condition
associated to p such that dim(ker(J]]cV) NAyx) = 2.

Let As to be the adjacency matrix of N/ <. Then m = dim(ker(J}V/M)) =
dim(ker(J }V )N As) =2 and p is a semisimple eigenvalue of Ay

Performing the calculations of section 3.3 and of this section for the
network N/ p< and the regular function f, we consider the function ©(0)
given by

©(0) = cos(#)g2(cos(d),sin(h)) — sin(0)q1(cos(0), sin(h)),

where Qg (u1,u2) = (q1(u1,u2), g2(u1,u2)) and k = k(N/ <, ). We look for
solutions of ©(#) = 0.
Suppose that > is p-maximal and k(N/ >, 1) is even. Then Q(u1, uz) =
Qr(—u1, —ug) and
O+ 1) =—-0(0).

By the intermediate value theorem, we know that it must exists 6 such
that ©(0) = 0. Consider @ = (cos(f),sin()), then k(@) = 0. Assuming that
condition (H1) holds for f and N/ p«, we know that (3.6) holds for @. From
Proposition 3.3.6, there exists a bifurcation branch of f on N/ . Lifting
this bifurcation branch, we obtain a bifurcation branch of f on N with at
least synchrony . Since < is g-maximal this bifurcation branch of f on N
has exact synchrony p<. O

Returning to the beginning of this section. If k(N, u) = 2, then

di11
2

d;
gi(u1,u2) = f8 ( ui + dipurus + 222 U%) ; (3.7)

where i = 1,2, 8 = (foo + 2pfo1 + pfi1 — puf1o + p? fie) and for Iy, 1o = 1,2
dihlg == <v1>;k7vll * 'U12>.

Theorem 3.5.2. Let N be a reqular network with valency 9 and adjacency
matriz A, <1 a balanced coloring of N and p o semisimple eigenvalue of A.
Let f : RxRY xR — R be a reqular function with a bifurcation condition
associated to p and such that dim(ker(J}V)ﬁAN) = 2. Assume that condition
(H1a) holds for f and N/ > and k(N/ <, u) = 2.
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(1) If < is p-submaximal of type 1. Then generically there is a bifurcation
branch of f on N with exact synchrony > if and only if

(dagg — 2d112)? > 4d12(d111 — 2d212). (3.8)

(13) If < is p-submazimal of type 2. Then generically there is a bifurcation
branch of f on N with exact synchrony > if and only if

(2d212 — d111)(2d112 — dag2) # 0. (3.9)

Proof. Let N be a regular network with valency 9 and adjacency matrix
A, < a balanced coloring of N and p a semisimple eigenvalue of A. Let
f:RxR” xR — R be a regular function with a bifurcation condition
associated to p and such that dim(ker(J}V) NAx) =2 and k(N/ >, pu) = 2.

Let Aq to be the adjacency matrix of N/ > Then m = dim(ker(JJ]cV/N)) =
dim(ker(J J]cv )N As) =2 and p is a semisimple eigenvalue of Ay.

Performing the calculations of section 3.3 and of this section for the
network N/ > and the regular function f, we consider the function ©(0)
given by

O(0) = cos(#)qz2(cos(9),sin(f)) — sin(0)g1(cos(8), sin(h)),

where Qg (u1,u2) = (q1(u1,u2), g2(u1,u2)) and k = k(N/ <, ). We look for
solutions of ©(6) = 0.
(1) Suppose that > is p-submaximal of type 1 with a p-simple component
;. We denote by b} the balanced coloring of N/ < that corresponds to the
balanced coloring ><; of N. Now, we return to the calculations of section 3.3
for the network N/ > and we choose a basis vy, ve of ker(Jj[V/N) such that
U1 € AN/I

Note that ds11 = 0, for the following reason. From Theorem 3.4.1 and
dim(ker(JN/M) N Auy ) = 1, there exists a bifurcation branch of f on N/

f N
with synchrony >t}. By 3.3.5, h(+1,0) = 0. So d211 = 0. (This can be also
shown using the fact that 85?%21 (0,0) =0, since Ay is invariant.)

Using the expansion of ¢; and g2 presented in (3.7), we have that

d ’I,L2 d u2 d ’LL2
©0) =5 (Ul (d212u1u2 + 2222 2) — U < 1121 L dypugus + 12222>> 7

where uy = cos(f), ug = sin(6) and 8 = (foo+2ufor+pfi1—mfro+p? fi9) # 0
generically. We have that ©(0) = 0, if sin(f) = 0, however those zeros
correspond to the known bifurcation branch of f on N/ < with synchrony
). For sin(f) # 0, we have that

cos ()
sin(0)

2+(d 9y 20 0
222 112 sm(@) 122 — Y.

@(9) =0« (2d212 — dlll) (
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Define x = cos(6)/sin() and consider the equation
(2da12 — dy11)2* + (daag — 2d112)x — dig2 = 0 (3.10)

that has a real solution if and only if (3.8) holds.

If (3.8) holds, then there exists a solution & of (3.10). Since the image
of 0, 7[> 0 — cos(#)/sin(f) is the entire real line, there exists 6 such that
& = cos(f)/sin(f) and ©(f) = 0. Consider & = (cos(f),sin(f)), then (i) =
0. Assuming that (H1a) holds for f and N/ <, we know that (3.6) holds for
@. From Proposition 3.3.6, there exists a bifurcation branch of f on N/ <.
This bifurcation branch has no synchrony in N/ <, since i< is y-submaximal
and sin(f) # 0. Lifting this bifurcation branch to N, we obtain a bifurcation
branch of f on N with exact synchrony <.

Suppose by contradiction that there exists a bifurcation branch of f on

N with exact synchrony <t and (3.8) does not hold. We have by Proposi-
tion 3.3.5 that there exists (u1,us) € S! such that ug # 0 and ﬁ(ul, ug) = 0.
So x = u1/ug is a real solution of equation (3.10), which is an absurd since
we are supposing that (3.8) does not hold. This proves (i).
(74) Suppose that > is p-submaximal of type 2 with p-simple components
><; and p<ig. We denote by p<j,i<t, the balanced colorings of N/ < that
corresponds to the balanced colorings >j,<io of IV, respectively. In the
calculations of section 3.3 for the network N/ <1, we choose a basis vy, vy of
ker(J}WM) such that v1 € Ay and vp € Apy.

As before, we note that doj; = 0 and di22 = 0. So

d d
e) =8 (U1U2 <d212u1 + 2222u2> — Uy < 1121u1 + d112U2>> ,

where u; = cos(f) and ug = sin(f). We have that ©(0) = 0, if sin(d) = 0 or
cos(#) = 0, however those zeros correspond to the known bifurcation branch
of f on N/ < with synchrony >} or <. For cos(6),sin(6) # 0, we have that

6(9) =0« (2d212 - dlll) COS(Q) = (2d112 — d222) Sin(@).

has a solution such that cos(f),sin(6) # 0 if and only if (3.9) holds.

If (3.9) holds, let § be a solution of the equation above, i.e., ©(f) =
0. Assuming that condition (Hla) holds for f and N/ i, we know that
(3.6) holds for & = (cos(),sin(f)). From Proposition 3.3.6, there exists a
bifurcation branch of f on N/ < which has no synchrony in N/ i, since >
is p-submaximal and cos(€),sin(f) # 0. Lifting this bifurcation branch to
N, we obtain a bifurcation branch of f on N with exact synchrony <.

Suppose by contradiction that there exists a bifurcation branch of f on
N with exact synchrony <t and (3.9) does not hold. We have by Proposi-
tion 3.3.5 that there exists (u1,us) € S* such that uy, us # 0 and h(uy, ug) =
0. So (2d212 — dln)ul = (2d112 — d222)u2 and Ui, U2 7'5 0. This is an absurd
since (2d212 - d111)(2d112 - dggg) = 0. This proves (ii). ]
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Now, we study some examples where the trivial balanced coloring <i— is
maximal or submaximal. We see, in particular, that there are networks with
similar lattice structures but different synchrony-breaking bifurcations.

Example 3.5.3. Consider the network Nj given by the adjacency matrix

343 430 86 129

377 453 77 81
47 214 166 561

432 494 62 O

Ay =

The eigenvalues of A; are the network valency 988, —24 and —1 with mul-
tiplicity 1, 1 and 2, respectively. They are semisimple. We consider the
trivial balanced coloring < and the bifurcations associated to the eigen-
value p = —1 of Ay. The network Ny does not have any non-trivial balanced
coloring. So the balanced coloring < is maximal and is (—1)-maximal.

Let f: RxR8 xR — R be a generic regular function with a bifurcation
condition associated to —1, i.e., fo — f1 = 0. We have that dim(ker(J}Vl)) =
2. Let v; = (1,—1,1,0) and v = (8,—7,0,2) be a basis of ker(J}Vl). Let
(v,v3) be a basis of Ramge(J]]ch)L such that (v/,v;) is 1if i = j and 0
otherwise, for 4, j = 1,2. Then dgp. # 0 for every a,b,c = 1,2 and k(Ny, p) =
2 is even.

By Theorem 3.5.1, there is a bifurcation branch of f on N; without
synchrony, if condition (H1) holds for f and Nj. O

Example 3.5.4. Consider the network Na given by the adjacency matrix

2 0
A =10 2
11

o O O

The eigenvalues of A are the network valency 2 and 0 with multiplicity 2
and 1, respectively. They are semisimple. We consider the trivial balanced
coloring <— and bifurcations associated to the eigenvalue 2 of Ay. The
network Ny has only one non-trivial balanced coloring: ©<; given by the
classes: {{1,2},{3}}. The balanced coloring i— is 2-submaximal of type 1,
with 2-simple component ;. See Figure 3.4.

Let f:R xR%2 xR — R be a generic regular function with a bifurcation
condition associated to 2, i.e., fo+2f1 = 0. We have that dim(ker(J}VQ)) =2

We choose a basis of ker(JJ]cVQ) such that v; € Ay. Let v1 = (1,1,1) € Ay
and v = (1,—1,0). Let v} = (1/2,1/2,0) and v5 = (1/2,—1/2,0) that form
a basis of Range(J}V"’)L. Then

di12 = da11 = dag2 = 0, di11 = di22 = da12 = 1.

Therefore k(N2, 1) = 2 and (3.8) holds.
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Figure 3.4: Balanced colorings of Ny and the eigenvalues of the adjacency
matrices associated to the corresponding quotient networks.

By explicit calculations, we can see that condition (H1a) holds whenever
fox +2f1x #0and foo +4fo1 +2f11 + 2f19 7& 0. Then there is a bifurcation
branch of f on Ny without synchrony, by Theorem 3.5.2 (7). ¢

Example 3.5.5. Consider the network #29 of |9] (Figure 3.1(a)) which will
be denoted by Nog and has the adjacency matrix

Agg =

S O O O
_ = O O
—= = O O
S O NN

The eigenvalues of Agg are the network valency 2, —1 and 0 with multiplicity
1, 1 and 2, respectively, which are semisimple. The network Nag has four non-
trivial balanced colorings b= {{1,2},{3,4}}, = {{1},{2,3,4}}, piz=
{{1,2},{3},{4}} and = {{1},{2},{3,4}}. The balanced coloring >i_ is 0-
submaximal of type 2 with 0-simple components <3 and <4. See Figure 3.5.

Figure 3.5: Balanced colorings of network Nag and the eigenvalues of the
adjacency matrices associated to the corresponding quotient networks.

We consider the trivial balanced coloring ><—. Let f : RxR* xR — R be
a generic regular function with a bifurcation condition associated to 0, i.e.,
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fo = 0. We have that dim(ker(J}Vw)) = 2. We choose a basis of ker(J]]cV”)
such that v; € Ax, and vy € Ay,. Let v; = (1,1,—-1,0) € A, and
ve = (1,0,0,0) € A,. Let v = (0,0,—1,1) and v = (1,—1,0,0) that form
a basis of Range(J}V”)L. Then

dinn = =1, di2g =dio =do11 =0, doa=1, dap =1

Therefore k(Nag, 1) = 2 and (3.9) holds.

By explicit calculations, we can see that condition (H1a) holds, whenever
fox # 0 and fyg # 0. Then there is a bifurcation branch of f on Nag without
synchrony, by Theorem 3.5.2 (ii). O

Remark 3.5.6. Note that the networks N5; and Nog share the same lat-
tice structure. However, the network N5, does not support a bifurcation
branch without synchrony, Example 3.3.8, and the network Nog supports a
bifurcation branch without synchrony, Example 3.5.5. O
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Abstract

We consider coupled cell networks whose cells receive the same number of in-
puts which are said to be homogeneous. The coupled cell systems associated
with a network are the dynamical systems that respect the network struc-
ture. There are subspaces, determined solely by the network structure, that
are flow-invariant under any such coupled cell system — the synchrony sub-
spaces. For a homogeneous network, one of the eigenvalues of the Jacobian
matrix of any coupled cell system at an equilibrium in the full-synchrony
subspace corresponds to the valency of the network. In this work, we study
the codimension-one steady-state bifurcations of coupled cell systems with
a bifurcation condition associated with the valency. We start by giving an
adaptation of the Perron—Frobenius Theorem for the eigenspace associated
with the valency showing that the dimension of that eigenspace equals the
number of the network source components. A network source component is a
strongly connected component of the network whose cells receive inputs only
from cells in the component. Each synchrony subspace determines a smaller
network called quotient network. The lifting bifurcation problem addresses
the issue of understanding when the bifurcation branches of a network can
be lifted from one of its quotient networks. We consider the lifting bifurca-
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tion problem when the bifurcation condition is associated with the valency.
We give sufficient conditions on the number of source components for the
answer to the lifting bifurcation problem to be positive and prove that those
conditions are necessary and sufficient for a class of networks.

Keywords: Coupled cell network, Steady-state bifurcation, Lifting bifur-
cation problem.

2010 Mathematics subject classification: 37G10; 34D06; 05C50

4.1 Introduction

A coupled cell network is a directed graph with labels on the cells and edges,
which describe their types. A coupled cell system is a dynamical system
given by an admissible vector field for the network, that is, it must respect
the graph structure. More precisely, the admissible vector fields for a network
determine that the dynamics of each cell is affected by its own state and
the state of the cells with an input edge directed to that cell. Moreover,
the admissible vector fields must respect the type of the cells and edges.
In [21, 11|, the authors formalize the concepts of coupled cell network and
coupled cell system and enlighten about their intrinsic relation. They prove
the existence of synchrony subspaces that are flow invariant for any coupled
cell system. The synchrony subspaces are given by the state’s equality of
some cells of the network. The restriction of a network admissible vector field
to a synchrony subspace is an admissible vector field for a smaller network,
called a quotient network. A quotient network is obtained by merging cells
that have the same state in the corresponding synchrony subspace. The
original network is said to be a lift of the smaller network.

We focus on homogeneous networks with asymmetric inputs, where all
cells have the same type and each cell has exactly one input of each type.
These kind of networks have been studied in [17, 18, 16, 1]. For each type
of input, there is an adjacency matrix that represents the inputs of that
type. Moreover, the Jacobian matrix of an admissible vector field at a full-
synchrony point can be expressed using the adjacency matrices of the net-
work, and it has a constant row-sum called the valency of the network.
Thus, the valency of the network is an eigenvalue of the Jacobian matrix. In
this paper, we study codimension-one steady-state bifurcations for coupled
cell systems of homogeneous networks where the bifurcation condition corre-
sponds to the network valency and address the respective lifting bifurcation
problem.

Bifurcation problems on coupled cell systems have been previously stud-
ied by different authors, see for example [13, 2, 12, 9, 8, 20]. These include
specific network examples, classes of networks that have an additional struc-
ture such as (partial) symmetries or a feed-forward structure or even some
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conditions about the bifurcation condition which need to be verified in a
case-by-case scenario. Here, we address a bifurcation problem that it is
transverse to every homogeneous network with asymmetric inputs. We first
describe the kernel of generic coupled cell systems with a bifurcation condi-
tion corresponding to the network valency. This is a technical step where we
use a novel recursive argument on the number of cells of the network. Af-
ter that, the standard methods of bifurcation theory are applied to describe
the bifurcation branches. Next, we analyze the lifting bifurcation problem
which has been studied in |2, 14, 7, 16, 19]. We observe that this problem
is closely related with the study of synchrony-breaking bifurcations, since
bifurcation branches which do not break the synchrony associated with a
quotient network are lifted from that quotient network. Despite we give a
complete description of the bifurcation branches for every generic coupled
cell system with a bifurcation condition associated to the network valency,
we present examples suggesting that it is not trivial to fully understand the
lifting bifurcation problem. Nevertheless, we are able to give a complete
answer to the lifting bifurcation problem for a class of networks. Below, we
make this discussion more precise.

In order to study the bifurcation problem where the bifurcation condition
corresponds to the network valency, we first give an adaptation of the Perron-
Frobenius Theorem to generic coupled cell systems. For real squares matrices
with non-negative entries and constant row-sum, the Perron-Frobenius The-
orem proves that the row-sum is the greater eigenvalue in absolute value
and it describes the eigenspace associated with that eigenvalue. As every
adjacency matrix of an homogenous network has constant row-sum 1 and
entries 0 or 1, this result applies to the homogenous network adjacency ma-
trices. The Jacobian matrix of a coupled cell system at a full synchrony
subspace is not in general non-negative, but it has constant row-sum equal,
that we call the network valency. Then the valency of the network is an
eigenvalue of the Jacobian matrix. In this paper, we describe the eigenspace
corresponding to the valency of the network for generic coupled cell system
in Propositions 4.5.1, 4.5.5 and 4.5.6. The dimension of this eigenspace is
equal to the number of source components in the network. Every network
can be partitioned into its strongly connected components. We say that a
component is a source if every input targeting a cell in that component starts
in a cell also inside that component. After this first step, we use well-known
methods of bifurcation theory to describe the codimension-one steady-state
bifurcations of generic coupled cell systems where the bifurcation condition
corresponds to the network valency, see Proposition 4.5.7. In particular, we
show that there exists a synchrony-breaking bifurcation branch if and only
if the network has at least two source components.

Given a network and a lift network, the solutions (and the bifurcation
branches) of a coupled cell system in the quotient network lift to solutions
of the corresponding coupled cell system in the lift network. The lifting
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bifurcation problem addresses the issue of whether all bifurcation branches
occurring in a coupled cell system of the lift network are lifted from the
smaller network. In the last part of this paper, we study the lifting bifurca-
tion problem of generic coupled cell systems where the bifurcation condition
corresponds to the network valency. We obtain sufficient conditions, given
by the number of source components in the lift and quotient network, to an-
swer the lifting bifurcation problem, Proposition 4.6.1. More precisely, if the
lift and quotient networks have the same number of source components then
all the bifurcation branches on the lift network are lifted from the quotient
network. On the other hand, if the quotient network has exactly one source
component and the lift network has at least two source components, then
there is a synchrony-breaking bifurcation branch on the lift network which is
not lifted from the quotient network. This result is expected, since the num-
ber of source components equals the dimension of the kernel of the Jacobian
matrix at a full synchronous point associated to a coupled cell system where
the bifurcation condition corresponds to the network valency. Thereby, it
would be expected that if the number of source components increases for the
lift network, then some bifurcation branch on the lift network would not be
lifted from the quotient network. We present, however, two examples where
this does not hold (Examples 4.6.3 and 4.6.4). Despite the number of source
components increases in those examples, every bifurcation branch in each lift
network is lifted from the respective quotient network. In one of the exam-
ples, a condition on the partial symmetries of the quotient network, called
transitive, is broken. In the other example, a condition on the connectivity
of the lift network, called backward connected, is broken. Networks that
are backward connected and transitive have received an extra attention in
[15, 3]. Restricting the lifting bifurcation problem to transitive quotient net-
works and backward connected lift networks, we prove that every bifurcation
branch on the lift network is lifted from the quotient network if and only if
the quotient and lift network have the same number of source components,
Theorem 4.6.5.

The structure of this paper is the following. In Section 4.2, we recall some
notions about coupled cell networks such as quotient network, backward
connected network and transitive network. In Section 4.3, we review the
definition of coupled cell systems. In Section 4.4, we describe coupled cell
systems having a bifurcation condition corresponding to the network valency
and the respective lifting bifurcation problem. In Section 4.5, we study
the codimension-one steady-state bifurcation problem for those coupled cell
systems. In Section 4.6, we discuss the lifting bifurcation problem.
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4 \5/ 6

Figure 4.1: A homogeneous network with asymmetric inputs represented by
01=1123645]and o9 =[1 2312 3]. The strongly connected components
of this network are {1}, {2}, {3} and {4,5,6}.

4.2 Coupled cell networks

In this section, we recall definitions and results concerning coupled cell net-
works, connectivity of networks, balanced colorings, quotient networks and
network fibrations. We follow the presentation given in 21, 11, 17, 6].

Definition 4.2.1. A network N is defined by a directed graph with a finite
set of cells C and finite sets of directed edges divided by types Ei,..., Eg
such that each edge e € E; starts in a cell s and targets a cell ¢, where
1 <i<kands,teC. Wedenote by |N| the number of cells in the network
N. In this work we will assume that all networks are homogeneous with
asymmetric inputs in the sense that each cell ¢ is target by exactly one edge
of each type. O

Graphically, we use different symbols to distinguish the edge types. As
an example, the network in Figure 4.1 has two types of edges.

Let N be a network and FE1, ..., Ej the sets of edges in N. By relabeling
the cells, we can assume that C' = {1,...,n}, with n = |N]|.

Given 1 < ay,...,a, < m, we denote by 0 = [a; ... a,] the function
o:{l,...,n} = {1,...,m} such that o(j) = a;, 1 < j < n. The identity
function on {1,...,n} is denoted by oy, i.e., 0o(j) = 7, for 1 < j < n.

As pointed out by Rink and Sanders [17], a homogeneous network with
asyminetric inputs can be represented using a collection of functions. For
each 1 < i <k, consider the function o; = [s;(1) ... s;(n)] such that there
exists an edge e € F; from s;(c) to ¢ for 1 < ¢ < n. In fact a homogeneous
network with asymmetric inputs is uniquely determined by the functions
(0:)%_, and we say that N is represented by (0;)F_,. See the network in
Figure 4.1.

A network can be also represented by its adjacency matrices. For each
1 <i <k, the nxn-matrix A; is the adjacency matriz of type i, it (Ai)c () =
1and (A;)ece = 0, when o(c) # . A network N is uniquely represented by
its adjacency matrices (A;)%_;. We denote the identity matrix by Ao.

Given cells ¢ and d of N, we say that c and d are connected if there exists
a sequence of cells cg, c1, ..., c_1, ¢ such that ¢g = ¢, ¢; = d and there is an
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Figure 4.2: A strongly connected network represented by o1 = [321], 09 =
[132] and o3 = [2 1 3] which is backward connected for every cell.

edge from c;_; to ¢j or an edge from ¢; to ¢j_1, for every 1 < j <[. In this
work, we always consider connected networks, i.e., networks where every two
distinct cells are connected.

Definition 4.2.2. Let N be a network. A path in N from the cell ¢ to the
cell d is a sequence of cells ¢y, c1,...,¢_1,¢ such that cg = ¢, ¢ = d and
there is an edge from c;_1 to c;, for every 1 < j < [. We say that cells ¢ and
d are strongly connected, if there are paths from ¢ to d and from d to ¢. A
subset B of cells is a strongly connected component of N, if any two distinct
cells ¢,d € B are strongly connected and B is a maximal subset, of strongly
connected cells, i.e., for every strongly connected cells ¢ € B and d we have

that d € B. O

The set of cells of a network can be partitioned into its strongly connected
components, see e.g. |5, Theorem 2.4].

In the network example of Figure 4.1, the strongly connected components
are {1}, {2}, {3} and {4,5,6}.

Definition 4.2.3. Let N be a network. The network N is strongly connected,
if N has exactly one strongly connected component given by the set of cells.
A strongly connected component S is a source component, if every edge
targeting a cell of S starts in a cell of S. We denote by s(N) the number of
source components of N. O

The network in Figure 4.2 is an example of a strongly connected net-
work and its unique source component is the set of cells. The networks in
Figure 4.1 and Figure 4.3 have three source components: {1}, {2} and {3}.

Definition 4.2.4. A network N is backward connected for a cell c, if for
every other cell ¢ there exists a path from ¢’ to c. A network N is backward
connected if it is backward connected for some cell. O

Every strongly connected network is backward connected for every cell.
Figure 4.2 shows an example of a backward connected network. The network
in Figure 4.1 is backward connected for the cells 4, 5 and 6. On the other
hand, Figure 4.3 shows an example of a network which is not backward
connected.
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Figure 4.3: A network represented by o = [12313] and o2 = [12322] with
three source components. This network is not backward connected, as there
is no path from cell 4 to cell 5 and vice versa.

4 \Ey 6

Figure 4.4: The quotient network of the network in Figure 4.1 associated with
the balanced coloring > such that 2 01 3. This quotient network is backward
connected, since the network in Figure 4.1 is also backward connected, but
it is not transitive.

Let N be a network represented by the functions (0;)%_; such that |N| =
n. A coloring of the set of cells of N is an equivalence relation on the set
of cells. A coloring < is balanced if o;(c) < o;(c), for every 1 < i < k and
1 < ¢, < nsuch that ¢ < ¢. It follows from [18, Proposition 7.2] that
this definition coincides with the definition of balanced coloring given in [11,
Definition 4.1|. Given a subset of cells S C {1,...,n}, we denote by [S]x
the set of pa-classes containing the cells in S, i.e., [S]w = {[c|w : ¢ € S}.

Definition 4.2.5 ([11, Section 5|). Let N be a network represented by the
functions (o;)*_, such that |[N| = n and > a balanced coloring in N. The
quotient network of N associated to < is the network where the set of cells
are the da-classes and the edges are represented by the functions (029~
such that

a7 ([c]s) = [o:(€)]sas 1<i<k1<c<n.

(2

We denote the quotient network by N/ <. We also say that a network L is
a lift of N, if N is a quotient of L for some balanced coloring in L. O

The networks in Figures 4.4 and 4.5 are examples of quotient networks
of the networks described in Figures 4.1 and 4.3, respectively.

Remark 4.2.6. Let L be a lift of the network N. Trivially, we have the
following relation between the number of source components of N and L:
s(N) < s(L). In particular, if L is backward connected, then N is also
backward connected. O
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Figure 4.5: The quotient network of the network in Figure 4.3 associated
with the balanced coloring 0 such that 1 1 3 and 4 >< 5. This network is
transitive and backward connected for the cell 5.

Next, we define network fibrations following |6, Definition 2.1.4] and [15,
Proposition 5.3]. A network fibration is a function between two networks
which respects the edges and their types.

Definition 4.2.7. Let N and N’ be the networks with the set of cells C, C’
and represented by the functions (o;)%_, and (0/)%_;. A function ¢ : C — C’
is a network fibration from N to N', if

poag; =00, 1=1,...,k.

We denote a network fibration from N to N’ by ¢ : N — N’. We say
that N and N’ are equal and write that N = N’ if there exists a bijective
network fibration ¢ : N — N'. O

If N is a network and i a balanced coloring of the set of cells of NV, the
network fibration induced by > is the function ¢ : N — N/ > given for
every cell ¢ of N by

Example 4.2.8. Let N be the network in Figure 4.5. There are three
network fibrations from N to itself: ¢ = [111]; g2 = [222] and p3 = [125].

Let L the network in Figure 4.3 and > the balanced coloring in L such
that 1 >3 and 4 > 5. The network L is alift of N = L/ <and gpq = [12155]
is a network fibration from L to N, where 1, 2 and 5 are representatives of
the classes [1]w, [2]w and [5]s, respectively. O

Remark 4.2.9. Let ¢ : N — N’ be a network fibration between two net-
works N and N’. If S is a source component of N, then ¢(S) is a source
component of N’. This follows from the fact that each path in the network
N is projected by the network fibration ¢ : N — N’ into a path in the
network N’. O

The evaluation of a network fibration at each cell of a path can be deter-
mined by the evaluation of the network fibration at the end cell of that path.
Since for a backward connected network there is a cell such that there is a
path from every other cell to it, the network fibrations from such network
are uniquely determined by their evaluation at that cell:
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Remark 4.2.10. Let ¢ : N — N’ be a network fibration between the
networks N and N’. If N is backward connected for ¢, then the network
fibration is uniquely determined by its evaluation at ¢, ¢(c). ¢

The self-fibrations of a network are an indicator of the partial symmetries
of that network. Next, we define a class of networks with at least one self-
fibration for each cell.

Definition 4.2.11. Let N be a network and ¢ a cell of N. We say that
N is transitive for c if for every cell d in N, there is a network fibration
¢q : N — N such that ¢4(c) = d. We say that N is transitive, if it is
transitive for some cell. O

The network in Figure 4.5 is an example of a transitive network, since
it is transitive for the cell 5, see Example 4.2.8. The network in Figure 4.4
is not transitive, because there are only three self-fibrations. In [15], the
authors have defined fundamental networks. A network is fundamental if
and only if it is backward connected and transitive, see [3, Theorem 5.16].
Figure 4.5 is an example of a fundamental network.

4.3 Coupled cell systems

In this section, we recall concepts and results about coupled cell systems, syn-
chrony subspaces and conjugacies induced by network fibrations, following
[21, 11, 6]. We restrict the phase space of each cell to be the one-dimensional
real space, however the definitions and results are valid for any differential
manifold, see [21, 11, 6].

Let N be a network represented by the functions (o;)%_; and |N| = n.
For each cell c of the network, we associate a coordinate . € R. We say that
F :R™ = R" is an admissible vector field for N, if there is f : R x R¥ - R
such that

(F(.’L'))C = f(xcvxol(c)a B wak,(c))v
for every cell ¢ of N. The admissible vector fields for N are uniquely defined
by such function f : R x R¥ — R. We denote by fV the admissible vector
field for N defined by f.

Let f: R x R¥ — R be a smooth function. A coupled cell system associ-
ated to a network N is a system of ordinary differential equations

i=fN(x), zeR"™

Let (Ai)le be the adjacency matrices of N. The Jacobian matriz of f~

at the origin is
k

T = (DfY)o =) _ fidi,

1=0
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where of
= 0,0...,0
fii= 52-(0,0....0),
for 0 < i < k and Ay is the identity n x n matrix. Since (1,...,1) is an
eigenvalue of Ag, ..., Ag, then

1 . 1
T | :< ﬂ) :
1 i=0 1

and Z?:o fi is always an eigenvalue of J}V that we call the network valency.

A polydiagonal subspace is a subspace of R™ given by the equalities of
some cell coordinates. Given a coloring > on the set of cells of NV, the
polydiagonal subspace associated to 1 is

Ap:={r:cxd =z, =xq} CR"

We say that a polydiagonal subspace A C R" is a synchrony subspace
of a network N if the polydiagonal subspace is invariant by any admissible
vector field of N, ie., fN(A) C A, for every f : R x R¥ — R. There is
a one-to-one correspondence between balanced colorings p<i and synchrony
subspaces Ay, see [11, Theorem 4.3]. More specifically, the polydiagonal
Ay is a synchrony subspace of IV if and only if < is a balanced coloring.
For homogeneous networks, the coloring with only one color is always bal-
anced and the corresponding synchrony subspace is called the full-synchrony
subspace:

Ap:={(z,...,x) e R": x € R}.

Since a synchrony subspace Ay is invariant by every admissible vector
field fV, the coupled cell systems of N can be restricted to Au. The re-
stricted systems are coupled cell systems of N/ >a given by admissibles fV /e
see [11, Theorem 5.2].

Let N’ be a network and n’ = |N'|. Following [6], every network fibration
¢ : N — N’ induces a map between the phase spaces of those networks,
Py : R" — R™ such that

(Pop())e = To(c)s 1<c<n.
Moreover, the coupled cell systems defined by fV and fN" are conjugated
Poo fN' = fNo Py,

Any solution y(t) € R™ of § = fV'(y), induces a solution z(t) = Pyo(y(t))
of = fN(x). In particular, for any balanced coloring 1 in N, the solutions
of every coupled cell system on N/ > are lifted by Py to solutions of the
corresponding coupled cell system on N and those solutions belong to the
synchrony subspace Ay
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4.4 Steady-state bifurcations

In this section, we review some concepts related to steady-state bifurcations
on coupled cell systems and the lifting bifurcation problem is formulated.
Let f:R x R¥ x R — R be a one-parameter family of smooth functions
and consider the family of coupled cell systems, depending on the parameter
>\7
i=fNxz,\)  zeR",AeR (4.1)

Assume that the origin is an equilibrium point of (4.1) for every A\ € R,
ie. fV(0,0,...,0,\) = 0 for every A € R. If the Jacobian matrix of fV
at (z,\) = (0,0), J}V = (DfN)(070), is invertible, then the origin is the
unique equilibrium point of (4.1) in a sufficient small neighborhood of the
origin in R™ x R. We say that a steady-state bifurcation occurs if there
exists an equilibrium point of (4.1) different from the origin in any small
neighborhood of the origin in R™ x R. Hence a necessary condition for a
steady-state bifurcation to occur is that J }V is non-invertible.

Recall that the network valency Zf:o fi is an eigenvalue of J ]JCV . In this
paper, we study steady-state bifurcation where the bifurcation condition is
given by the network valency. Let V(N) be the set of smooth functions
f:R xRF x R — R defined by:

k
V(N) := {f:Zfi:(), £(0,0,...,0,A\) =0, /\ER}.
=0

Since our study is local, we recall the definition of germ. Let Uy, Us C R
be open neighborhoods of 0. We say that two smooth functions by : Uy — R"
and by : Uy — R™ are germ equivalents if by (X)) = ba(N), for every A € UyNUs.
Given a smooth function b, we use the term germ b to refer to a representative
element of the equivalence class of b with respect to germ equivalence.

Let f € V(IN). We say that a germ b: U — R" is an equilibrium branch
of f on N, if

FY BN, A) =0,

for every A € U. As f(0,0,...,0,A) = 0, we have that z(\) = (0,...,0) is
an equilibrium branch of f on N, called the trivial branch of f on N. The
equilibrium branches of f on N different from the trivial branch are called
the bifurcation branches of f on N.

As usual in bifurcation theory, the study of the steady-state bifurca-
tion problem is posed for a large class of functions called generic functions.
The generic functions are defined using non-degenerated conditions. A non-
degenerated condition is given by a polynomial p on some partial derivatives
of a function evaluated at the bifurcation point. Given a function f, we
denote by p(f) the evaluation of the polynomial p at that function and we
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say that a function f satisfies the non-degenerated condition given by p, if
p(f) #0.

Given f € V(N), the value of its first partial derivative with respect to
xo at the origin, fy, is given by its first partial derivatives with respect to x;
at the origin, f;, for i = 1,...,k, Also, partial derivatives of any order [ > 0
with respect to A at the origin, 8'f/0\!, are zero. Hence, we do not use
non-degenerated conditions which depend on fo and 8'f/0N for any [ > 0.
We say that an assertion holds for generic functions in V(N), if there exists
a finite number of non-degenerated conditions such that this assertion holds
for any function in V(IV) satisfying those non-degenerated conditions.

Let N be a network and L a lift of N. If f%V is a coupled cell system on
N with a bifurcation condition corresponding to the network valency, then
f¥ is a coupled cell system on L with a bifurcation condition corresponding
to the network valency. Thus

V(N) = V(L).

In the end of the previous section, it was stated how to lift solutions
of a coupled cell system associated to N to the corresponding coupled cell
system associated to L using network fibrations. In the same way, we can
lift bifurcation branches of a coupled cell system to another using network
fibrations.

Definition 4.4.1. Let N be a network, L a lift of N and f € V(N). We
say that a bifurcation branch b of f on L is lifted from N, if there exists a
network fibration ¢ : L — N and a bifurcation branch & of f on N such
that
b= Py(t). O
Given a network N and a lift network L of N, the lifting bifurcation
problem asks when every bifurcation branch of L is lifted from N.

4.5 Steady-state bifurcations associated to the va-
lency

In this section, we study the bifurcations branches of (4.1) where f € V(N)
and N is a homogeneous network with asymmetric inputs. We start by
describing the kernel of the Jacobian matrix J J{V , when the network N is
strongly connected. By the Perron-Frobenius Theorem (|5, Theorem 0.3]),
the kernel of J }V is equal to the full-synchrony subspace, when the network
N is strongly connected, f € V(N) and f; > 0 for every 1 <i < k. We show
next that this holds for generic functions f € V(N).

Proposition 4.5.1. Let N be a strongly connected network. For generic
f €V(N), the kernel of J}V is the full-synchrony subspace

ker(JJ]cV) = Ap.
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Figure 4.6: A strongly connected network.

We will prove this result by recursion on the number of cells. In order to
do the recursive step, we create a new network with one cell less. Before the
proof, we present a concrete example to illustrate how the recursive step is
done.

Example 4.5.2. Let N be the network in Figure 4.6 and f: R x R2 xR —
R. The network N is represented by (o1,02), where o7 = [4 1 3 3] and
o2 = [2 3 2 2]. Recall that o9 = [1 2 3 4] corresponds to the hidden
self-dependence.

The Jacobian matrix of fV at the origin is

fo fo 0 bil
JN _ f1 fo P 0
f 0 fo fot+tfi O
0 fo fi Jo

where each f; is the partial derivative of f with respect to x; at the origin.
The eigenvalues of J}V are fo+ f1+ f2, fo (twice) and fo— fo. Assume f has
a bifurcation condition associated with the valency, that is fo+ f1 + fo =0
and f satisfies the non-degenerated conditions f1 + fa # 0 and f1 +2f2 # 0.
Then the kernel of J}V is the eigenspace associated with fo+ f1 + fa, that is,

ker(JJ]zV) = Ao.

For concrete coupled cell systems, we can explicitly calculate the required
non-degenerated conditions in Proposition 4.5.1 by computing the eigenval-
ues of J}V . Another approach that we present, goes through considering a
new network with one less cell such that we can derive the kernel of the
Jacobian matrix on the origianl network using the kernel of the Jacobian
matrix on this new network.

Suppose that f € V(N), i.e., fo+ fi1 + fo = 0. Then the kernel of J}V is
characterized by the following system:

fo fa 0 fil [wn Jovr + fava + fiva =0
i o fe O lv2| oo fiv1 + fove + fovg =0
0 fo fot+thi 0] |uvs fava + (fo + f1)vs =0

0 £ A Sl lu fav2 + fivg + fova =0
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Assume the non-degenerated condition fo = —f; — fo # 0. From the last
equality in the previous system, we have that

__favat+ fivs
fo '

Replacing vy4 in the other equalities and multiplying by fo, we obtain the
system

fevr+ (fofe — fife)va — fRvs =0
fofrvr + fdve + fofavs =0 : (4.2)
fofova + (fg + fofl)vg =0

As the variable vy does not appear in (4.2), we remove this cell from
the network N. In order to apply a recursive argument on the number of
cells, we find a network without cell 4 such that (4.2) defines the kernel of
the Jacobian matrix for a coupled cell system of this new network with a
bifurcation condition associated to the valency. We use the rules described
on Table 4.1 to remove cell 4 and define the new network.

Fixing the cell n = 4 of N, we define the network M with 3 cells, {1,2,3}
and 8 edge’s types, (’7(0,1)77(0,2)77(170),%1,1),7(2,1)77(270),7(2,1)77(2,2))- The
edges of M are given by the rules presented in Table 4.1. See Figure 4.7.
Following the first row of the table, the cell 1 receives in N an input of type
1 from the cell 4 and the cell 4 receives in N a self-input of type 0, then
the cell 1 receives in M a self-input of type (1,0). Following the second row,
the cells 1 and 4 receive in N an input of type 2 from the cell 2 , then the
cell 1 receives in M a self-input of type (2,2). Following the third row, the
cell 1 receives in N an input of type 1 from the cell 4 and the cell 4 receives
in N an input of type 1 from the cell 3, then the cell 1 receives in M an
input of type (1,1) from the cell 3. Following the fourth row, the cell 1
receives in N an input of type 2 from the cell 2 and the cell 4 receives in N
a self-input of type 0, then the cell 1 receives in M an input of type (2,0)
from the cell 2. Doing the same for the other cells and inputs, we see that
Yo,0) = Y02 = Ve = Y22 =1 23], ya0 =113, vay =323,
Y,2) = [22 3] and y(20) = [2 3 2]. Note that the network M is also strongly
connected.

Looking to the system of equations (4.2), we see now that the type of
inputs (4,7) adapt to that system. We find a coupled cell system g™ such
that the system (4.2) corresponds to the kernel of Jé\/[ . We define the function
g:R xR® xR — R as follows:

9(zo0, o1, T02, T10, T11, T12, T20, T21, L22, A) =

f(f(zoo, —xo1, =02, A), f(Z10, —T11, —Z12, A), f (220, —T21, —T22, ), A),
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N

OnO=1
()—@)

() (i)
() (i)
O @
O—®
=3

Table 4.1: Given an n-cell network N with set of cells {1,...,n}
and k types of edges {1,...,k}, we define the (n-1)-cell network
M with set of cells {1,...,n — 1} and k? + 2k types of edges
{(0,1),...,(0,k),(1,0),(1,1),...,(1,k),...,(k,0), (k,1),...,(k,k)} us-
ing the rules given by the table. Each edge in the table is annotated with
its type and the cells a,b,c € {1,...,n — 1}. Given a cell ¢ # n in N, the
left hand side of the table displays the edge of type ¢ that targets ¢ and
the edge of type j that targets n where 0 < 4,5 < k. Depending on the
configuration of the left hand side of the table, we give the corresponding
edge in M of type (7, ) that targets c.




The Lifting Bifurcation Problem Associated with the Network Valency 96

where f € V(N). The partial derivative of g with respect to x;; at the origin
is

gio:fif07 Z:07172
gz]:_fzf]7 i:O>1>2vj:172

Note that g™ has a bifurcation condition associated with the valency of M:
2 2 2 2
> ogi=Fod fi=> fi> fi=0.
i,j=0 i=0 j=1 =0

The Jacobian matrix of Jéw at the origin is

a+ g1o g12 + 920 g11
I =1 g0 a+gin+gn 920 ;
0 920 a+ gio + g11 + g12

where a = goo + go1 + go2 + g21 + g22. Recalling that f € V(N) and so
fo+ fi+ fa=0,

& ffo—ffr —hHh
¥ =1ffo 13 J2fo
0 fafo e+ fifo

Thus (v1,v2,v3) € ker(JéM) if and only if (v1,v2,v3) satisfies the system
(4.2). We could further reduce the network M. After two reductions, we
would obtain a network with only one cell where the kernel of the Jacobian
matrix of a coupled cell system with a bifurcation condition associated to the
valency is the full synchrony subspace. Instead, we assume that ker(Jé\/l ) =
{(z,z,x) : x € R}, for generic functions g € V(M). Therefore,

(v1,v2,v3) € ker(Jé”)

(01,02, v3,04) € ker(J}') & oy = 202+ f1us © v = v = U3 =y
Jo
Thus ker(J]]cV) = Ay, for generic functions f € V(N). O

Proof of Proposition 4.5.1. Let N be a strongly connected network with n
cells and represented by (0;)%_, and f € V(IN) generic. Recall that o is
the identity function on {1,...,n} and it corresponds to the hidden self-
dependence. We recursively prove that

ker(J}V):{(x,...,x) e R":z € R}.

Suppose that the network N has one cell, n = 1. Since Zf:o fi=0, we
have that J}V = [0] and ker(J}V) =R =A,.
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Figure 4.7: A three-cell homogeneous network with asymmetric inputs ob-
tained from the network in Figure 4.6 by removing cell 4 and applying the
rules in Table 4.1. The edges are annotated with their edge types and edges
with more than one label represent multiple edges. This network is strongly
connected.

Suppose that the network N has m + 1 cells {1,...,m,n} with n =
m + 1. Since f € V(N), we have that ker(J}V) is nontrivial. Take v =

(U1, .., Vm,vy) € R™ such that J}Vv = 0. Denote by J.q4 the (¢,d) entry of

J}V,i.e.7
Jeq = Z Ji-

oi(c)=d

Thus, using this notation, we have that

Jyivg + Jigvg+ o+ Jipv, =0
Jiv=0« : . (4.3)
Jn1vr + Jpova + -+ Jppvy =0

Since N is strongly connected, the cell n receives an edge from some
other cell. Thus J,, # Zf:o fi and so, we can generically assume on f that

k k
Jan= Y fi=— Y fi#0
oi(n)#n

Moreover,
Jn1v1 + Jnova + -+ Ty,

Jn n

Replacing vy, in the first m equations of the system (4.3), we obtain

Up = —

Z(Jnnjcd - Jannd)Ud =0, 1<e<m.
d=1



The Lifting Bifurcation Problem Associated with the Network Valency 98

Let J’ be the m x m-matrix with entries
éd = Jnnch - Janan

where 1 < ¢,d < m. Next, we define a network M with m cells and a
function g € V(M) such that

J]\/[ J/
In order to remove cell n from network N and define the network M, we
use the rules presented in Table 4.1. The type of edges in M are (1, j) where

0 <4i,5 <kand (i,7) # (0,0), and the edges of type (i,j) are represented
by the function +; ;. Following Table 4.1, each function ; ; is given by

¢, oi(c) =0j(n) =n

¢, oi(c) #n,05(n) #n
aj(n), oi(c) =n,o;(n) #n
oi(c), oi(c) #n,05(n) =n

where 1 < ¢ < m and each case corresponds to the corresponding row in the
table.

Each path in N induces a path in M by removing any transition by cell
n. Therefore M is strongly connected, because N is strongly connected.

In order to use a recursive argument, we define now a function g such
that g € V(M) and J' = JM. Let g : R X REFD*~1 R — R be the function

vij(c) =

g(':UOOa"'a:EUkaxlOa" s Llky e - xk()a"')xkk‘a)\) =
f(f(yOOa'"’yOk‘,)‘)af(ylo?"'?ylka ) "'af(yk:()v "aykka)\)a)‘)a
where f € V(N), Yij = le‘ij, ,Bj =1, if Uj(’I’L) = n, and B]' = —1, if
oj(n) #n, for 0 <1i,j <k. For 1 <i,j <k, we have that
99

al‘ij

Now, we prove that g satisfies the required conditions: J' = Jé\/[ and
geV(M). Let 1 <e¢,d <m. If ¢ # d, then

Sogii= > Y. fifi— Y. > fifi=

vi j(c)=d oi(c)=doj(n)=n oi(c)=noj(n)=d
Recall that Z fi+ Z fi=0as f € V(N). Then
oi(c)<n oi(c)=n
I ..= > fifi— Y. ffi+ > fifi— > fifi=
oi(c)=c oi(c)=n oi(c)=n oi(c)<n
o5(n)=n oy (n)=c o5(n)=n o5(n)<n

=Jbet D fi Y, L= > f Y. fi= e

oi(c)=n  oj(n)=n oi(c)=n  oj(n)=n
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Hence
! TM
J = JM.
Note that g € V(M), since

ko k k k
2.2 9= Bifi)_fi=0.
i=0 j=0 j=0 i=0

Before we apply the recursive argument, we emphasize that, when m > 1,
the generic condition on g can be regarded as a generic condition on f:

Soogi= > fi Y. fi— D f D> i #0

vij(m)=m oi(m)=m  oj(n)=n oi(m)=n  oj(n)=m

We can repeat the previous reduction to the network M and the function g.
After a finite number of steps, we obtain a network with only one cell where
the kernel of the Jacobian matrix is the full synchrony subspace. So we as-
sume that ker(Jé\/I ) is the full-synchrony subspace and prove that ker(J ]va )=

Ag. We have that v € ker(,]}v) if and only if (v1,...,v) € ker(JéV[) and
Jn1v1 + Jpo2v2 + -+ JnmUm >ee1 Ine

Up — — = - U1 =,

Jn n J’I’LTL

because v; = - - - = vy,. Therefore v € ker(J]{V) if and only if v € Ay. O

In the following example, we present a strongly connected network N
and a degenerated function f € V(N) for which the kernel of J }V is not the
full-synchrony subspace.

Example 4.5.3. Let N be the strongly connected network represented in
Figure 4.2 and f € V(N) such that f; = fo = 1 and f3 = —1/2. Then
Jo=-3/2,

R
N __ 1 1
Jp=]-3 -3 1
11 -2
and
Ao C ker(J{) = {(2z,2y,2 +y) : 2,y € R}. 0

Next, we describe the codimension-one steady-state bifurcation of cou-
pled cell systems associated to strongly connected networks where the bifur-
cation condition corresponds to the network valency. As shown below, this
bifurcation does not break the full-synchrony. This result follows from the
previous result and well-know methods in bifurcation theory.

Proposition 4.5.4. Let N be a strongly connected network and f € V(N)
generic. Then, there exist a neighborhood U C R of 0 and a germ by : U — R
such that if b: U — RV is a bifurcation branch of f on N then

b(A) = (by(A),....bs(N) €Ay, A€
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Proof. Let N be a strongly connected network and f € V(N) generic. By
Proposition 4.5.1, we know that ker(J]]cV) = Ag. Applying the Lyapunov-
Schmidt Reduction ([10, Chapter VII]), there exists W : R x R — RIN such
that

NN =0sb=(z,...,2)+ W(z,\)A f(z,z,...,2,\) = 0.

If f(z,z,...,2,A) =0, then f¥((x,...,2),\) = 0. By uniqueness of W,
W =0. Sobe Ay

Assuming non-degenerated conditions on the function f, the equation
f(z,z,...,2,\) = 0 has a transcritical bifurcation, see e.g., [4]. There exist
a neighborhood U C R of 0 and a non-zero germ by : U — R such that

flx,z,...,2,\) =0 2=0Vz=>bpN), Ael.
Moreover
NO,N)=0b=(0,...,00 Vb= (by(N),...,b(N), AeU.

Therefore, if b : U — RIN is a bifurcation branch of f on N then b(\) =
(bg(A),...,br(N), AeU. O

Now, we address the same bifurcation problem assuming that the network
is not necessarily strongly connected. Let N be a network and f € V(N)
generic. We start by describing the kernel of J J]cv . Reordering the cells in the
network by its strongly connected components, we have that the eigenvalues
of J }V are the union of the eigenvalues of J}B for each strongly connected
component B of N. Here JfB is the submatrix of J}V with columns and

rows corresponding to the cells in B. We prove now that the kernel of J }9 is
trivial, if B is not a source.

Proposition 4.5.5. Let N be a network, f € V(N) generic and B a strongly
connected component of N which is not a source. Then ker(JfB) = {0}.

Proof. Let N be a network represented by (0;)%_,, f € V(N) generic and
B a strongly connected component of N which is not a source. Like in the
proof of Proposition 4.5.1, we use a recursive argument on the number of
cells of B to prove the result. Denote by ci,..., ¢, the cells of B and by J, 4
the (cp, cq)-entry of Jf. Define 6 = (604, ...,60,), where

Qp = Z fz
oi(ep)¢B

Generically on f, we can assume that § # (0,...,0), i.e., §, # 0 for some
1 < p<mn,as Bisnot asource. Since f € V(N),

n
ZJpq:—Hp, 1<p<n.
q=1
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Let v = (v1,...,v,) € RIB! be such that J}?v = 0.
Suppose that n = 1. Then JfB = [—01] # 0, generically, and so

ker(J{) = {0}.

Suppose now that n = m + 1. We can assume generically on f that
Jnn # 0, since B is a strongly connected component. Let J' be the m x m-
matrix and let ¢ = (07, ...,0,,) which are, respectively, defined by

T e = Jandpq — Jondun g,

0!, = T n0p — Jyn6n,

for 1 < p,g < m. Generically on f, we assume that 6’ # (0,...,0), and if
m > 1 we also assume that J},,, # 0. Note that (v1,...,vn) € ker(J') and

qg=1 q=1 qg=1
:Jpn(Jnn + gn) - Jnn(Jpn + ep) - —9]/3

As in the proof of Proposition 4.5.1, we can remove the cell n belonging to
B from the network N and define a network M with a strongly connected
component B’ and a function g € V(M) such that B’ = B\ {n} has m
cells and J' = JgB/. Hence we can apply the same recursive argument and
conclude that

ker(J{) = {0}. O

In the next result, we describe the kernel of the Jacobian matrix of a cou-
pled cell system with the bifurcation condition corresponding to the network
valency.

Proposition 4.5.6. Let N be a network and f € V(N) generic. Then
ker(JJ]cV) has dimension equal to s(N). Moreover, if S is a source component

of N and v € ker(J]JcV), then
Ve = Uy, c,d € S.

Proof. Let N be a network and f € V() generic such that s(IN) = s. De-
note the source components of N by S1,...,S5s and order the other strongly
connected components by By, ..., B, such that any edge targeting a cell in
B; starts in a cell of Sy U---US; U By U---U B;. Reordering the cells of N
by its strongly connected components, we see that the matrix J}V has the
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following block form

Jfl 0 0 1
0o J® 0 |
; S 0
. I
" [
0 0 JSs
2 A S .
! TJ]?l 0 0
R : R21 JfB2 0
‘ - -
! : : :
|
' Ry R Jpr

By Propositions 4.5.1 and 4.5.5, ker(JJ}gi) is one-dimensional for every 1 <
i <sand ker(Jf’j) is trivial for every 1 < j <r. So ker(J}V) is s = s(N)-th
dimensional.

Let v € ker(J}{V) and 1 < i <'s. Then vs, = (vc)ces; € ker(J}gi) and, it
follows from Proposition 4.5.1 that v, = vy, for ¢,d € S;. O

Using the previous results, we describe next the codimension-one steady-
state bifurcations of coupled cell systems associated to a network and im-
posing the bifurcation condition corresponding to the network valency.

Proposition 4.5.7. Let N be a network and f € V(N) generic. Then there
are 250V) equilibrium branches of f on N with the following properties:

(i) For every equilibrium branch b, if ¢,d € S, for some source component
S, then b = bg = 0 or b, = by = by, where by is defined by Proposition 4.5.4.
(ii) Given two equilibrium branches b and b', if bg = by for every source
component S, then b =1V'.

Proof. Let N be a network, s = s(IN) and f € V(N) generic. Denote by
S1,...,S55 the source components of IV and by B the set of cells not belonging
to ST U---US,.

It follows from the proof of Proposition 4.5.6 that J}B is invertible. By

the Implicit Function Theorem, there exists W : RISl x. .. x RISl x R — RIBI
such that

(x5, \) =0, i=1,...,s
xp=W(zsy,...,x5,,\)

fN(:n,)\):0<:>{

Using Proposition 4.5.4, it follows that, for each source 5;, 1 <i < s, we
can solve as:

(s, \) =04 x5, = (0,...,0) Vs, = (b(\),...,br(N\),
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Figure 4.8: Homogeneous network with asymmetric inputs and two source
components: {1} and {2}. Given a generic coupled cell system with a bifur-

cation condition associated to the network valency, there are four bifurcation
branches.

where by : U — R is defined in Proposition 4.5.4 and it does not depend on
the source component. Hence

N =06 {g;si = (0,...,0) Vg, = (bf(A),...,bp(N), i=1,...,s
xp=W(zsgy,...,x5,,\)

For each source component we have two choices in the previous equation,
then there are 25(V) equilibrium branches of f on N.

If b is an equilibrium branch of f on N and ¢, d belong to the same source
component, then b, = by = 0 or b, = by = by. This proves (7).

Let b and b’ be two equilibrium branches of f on N. If bg = bl for every
source component, then bg = W(bs,,...,bs,,A) = W (b, ,...,b5 ,\) = b
and b =b'. Proving (ii). O

Example 4.5.8. Let N be the network in Figure 4.8 and f € V(N) generic.
The network N has two source components. By Proposition 4.5.7, there are
4 bifurcation branches of f on N. The bifurcation branches are (0,0,0,0,0),
(bf, 0, bf, 0, bl), (0, bf, O, bf, bg) and (bf, bf, bf, bf, bf), where bf is defined by
Proposition 4.5.4 applied to (any) of the source components of N, that is
F(br(N),bf(N),br(X), A) =0, by is the unique solution of f(x,bs()),0,A) =0
and by is the unique solution of f(x,0,b¢(\),A) = 0. O

Remark 4.5.9. Let N be a network and f € V(N) generic. Denote by
S1,...,8s the source components of V. The cells inside a source component
receive every input from a cell inside that source component. Then the col-
oring that assigns a different color for each source component and it assigns
the same color only for cells inside the same source component is balanced.
The corresponding synchrony subspace is

Ag x - x Ag. x RIVI=(Si+-+S:])

1

where Ag, = {z € RIS : 2, = z4,¢,d € S;} is the full synchrony subspace
in the source component Sj, for j =1,...,s.
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By Proposition 4.5.7, if b is a bifurcation branch of f on NN, then

beAg, x -+ x Ag, x RINI=(S1l++5]), o

4.6 The lifting bifurcation problem associated to
the valency

In this section, we give conditions that characterize the lifting bifurcation
problem for generic coupled cell systems with a bifurcation condition associ-
ated to the valency. Those conditions only depend on the number of source
components. The results follow from the characterization of the bifurcation
branches obtained in Section 4.5.

Proposition 4.6.1. Let N be a network, L a lift of N and f € V(N) generic.
Then:

(1) If s(N) = s(L), then every bifurcation branch of f on L is lifted from
N.

(17) If 1 = s(N) < s(L), then there exists at least one bifurcation branch of
f on L not lifted from N.

Proof. Let N be a network, L a lift of N, < a balanced coloring in L such
that N = L/ and f € V(N) generic. Denote by ¢sq : L — N the network
fibration induced by > and by Si,..., Sy the source components of L.
Note that the source components of N are ¢pq(S1), .. -, ¥ea(Ss(r))-

(7) Suppose that s(N) = s(L). Let b be a bifurcation branch of f on L.
Using Proposition 4.5.7, we define the bifurcation branch a of f on N such
that

a be, c€e S;,1<i<s(L).

<P><1(C) =
The bifurcation branch a is defined for each source component because the
network fibration . sends each source component of L into a different source
component of N. Therefore the bifurcation branch a is well defined. Note
that

bs; = (Pewa(a))s;, 1 <i<s(L),

where Py is the map between the phase spaces of N and L induced by (.
So the bifurcation branches b and Pysq(a) coincide on the source components
and b = Pywq(a), by Proposition 4.5.7 (i7).

(7i) Suppose that 1 = s(N) < s(L). Denote by S the unique source compo-
nent of N. Let b’ be a bifurcation branch of f on N. By Proposition 4.5.7 (i),
we know that by = (0,...,0) or bly = (by,...,bs). Returning to the proof
of Proposition 4.5.7, we have that W (b, \) = bj(1,...,1) for any s € S,
because W : RISl x R — RINIZISI is the unique solution of the system
N (Vg + W (b, A),A) = 0. So b, = b)), for any cells ¢ and d of N and

V¥ e Ay CRIN
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(e

Figure 4.9: Network with a single cell and two edges types.

where Ay is the full synchrony subspace associated to the network N. For
any network fibration ¢ : L — N, (Ppl). = b:o(c) = b:o(d) = (Ppb')4 for any
cells ¢ and d of L and

Pob' € A, C R

where Ay is the full synchrony subspace associated to the network L. By
Proposition 4.5.7 there exists a bifurcation branch b of f on L such that
b ¢ Ar, because s(L) > 1. Moreover b is not lifted from N, because any
bifurcation branch lifted from N belongs to the full-synchrony subspace,
Ap. O

The previous result shows that the bifurcation branches of a generic
coupled cell system, associated to a network with only one source component
and the bifurcation condition correspondent to the network valency, are lifted
from the trivial quotient network with a single cell and the same number of
edge types. Thus those bifurcation branches do not break the full-synchrony.

Example 4.6.2. The network N in Figure 4.9 is the trivial quotient network
of every network with two types of edges associated to the balanced coloring
with exactly one color. Consider the lifts L; and Lo of N given in Figures 4.6
and 4.8, respectively and f € V(IV) generic. Note that 1 = s(IV) = s(L1) <
S(Lg) = 2.

By Proposition 4.6.1 (i), the bifurcations branches of f on L are lifted
from N. On the other hand, by Proposition 4.6.1 (ii) there exists a bifurca~
tion branch of f on Lo which is not lifted from N. O

In Proposition 4.6.1 (i7) we assume that 1 = s(N) < s(L). If we change
that assumption to 1 < s(N) < s(L), then it may happen that all the bifur-
cation branches of f on L are lifted from N, as illustrated in the following
two examples.

Example 4.6.3. Let N be the network described in Figure 4.5 which has 2
source components, L the lift network of N described in Figure 4.3 with 3
source components and f € V(N) generic. Consider the network fibrations
from L to N given by: @1 2 = [22125]; 1,3 = [12155]; and g 3 = [12252]. Let
b be a bifurcation branch of f on L. According to Proposition 4.5.7 (i), the
bifurcation branch b can take one of two possible values on the coordinates
of each of the cells 1, 2 and 3. Then at least one of the equalities by = bo,
b1 = b3, by = b holds. Suppose that b; = b;, for some 1 < i < j < 3. Let ¥/
be the bifurcation branch of f on N such that b:oz-,j(c) = b, for ¢ € {1,2,3}.
Then b = Py; ;b and it is lifted from N.
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The networks L and N satisfy 1 < s(N) < s(L) and every bifurcation
branch of f on L is lifted from N. O

Example 4.6.4. Let N be the network in Figure 4.4, L the lift network in
Figure 4.1 and f € V(N) generic. Consider the network fibrations from L
to N given by: p12=1[221564]; p13=[212645]; and po3 =[122456].
Let b be a bifurcation branch of f on L. By Proposition 4.5.7, we know that
b1 = by, ba = b3 or by = b3. Suppose that b; = b;, for some 1 < ¢ < j < 3.
Then b is lifted from N using ¢; ;.

Again, we have that 1 < s(N) < s(L) and every bifurcation branch of f
on L ig lifted from N. O

In the previous examples, we saw that increasing the number of source
components on the lift network is not sufficient to ensure that some bifurca-
tion branch on the lift network is not lifted from the quotient network. The
lift network in Figure 4.3 and considered in Example 4.6.3 is not backward
connected. In Example 4.6.4, we consider the quotient network given by
Figure 4.4 which is not transitive. The next result shows that increasing
the number of source components on the lift network with respect to the
quotient network is a necessary and sufficient condition for the existence of
some bifurcation branch on the lift network that is not lifted from the quo-
tient network, provided that the lift network is backward connected and the
quotient network is transitive.

Theorem 4.6.5. Let N be a transitive network, L a backward connected lift
of N and f € V(N) generic. Then every bifurcation branch of f on L is
lifted from N if and only if s(N) = s(L).

Proof. Let N be a transitive network for the cell ¢ in N and represented by
the functions (o;)%_, and f € V(N) generic. Let L be a backward connected
network for the cell [, >t a balanced coloring in L such that N = L/ .

If s(N) = s(L), then every bifurcation branch of f on L is lifted from N,
by Proposition 4.6.1(7).

Next,we suppose that s(N) < s(L) and prove that there is a bifurcation
branch of f on L that is not lifted from N. Denote by ¢wq : L — N the
network fibration induced by 1. Note that the network N is backward
connected for the cell I = pu(l). Denote by ¢. : N — N the network
fibrations for each cell ¢ in N such that ¢.(t) = c.

Since N is backward connected for I/, for every cell ¢ in N there exist
1 S il, N ,im S k such that ¢l’(ai1 o--:0 Uim(t)) =04, 00 Uim(¢l’(t)) =
oy 0---00; (I') =c. Then ¢y is surjective and it is also bijective, since N
is finite. Applying the inverse of ¢y to ¢., we see that N is transitive for the
cell I'. Assume that I = ¢.

From s(N) < s(L), it follows that there exist two source components
S1,52 of L such that ¢u(S1) = ¢ea(S2) is a source component of N. Let
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Figure 4.10: Homogeneous network with three source components: {1}, {2}
and {6}. This network is a lift of the network in Figure 4.5, taking the
balanced coloring > such that 13 and 2 14 1 6.

¢ : L — N be any network fibration from L to N. By Remark 4.2.10 and
(1) = dp1) © Pa(l), we have that p = ¢, © e Hence (S1) = ¢(S2), for
every network fibration ¢ : L — N. If t/ is a bifurcation branch of f on N,
then

P‘P(b/)cl = P‘P(b/)cw

for ¢; € S1 and ¢y € Sy. However, we know from Proposition 4.5.7 (i) that
there exists a bifurcation branch b of f on L such that b., # b.,, for ¢; € 51
and ¢y € Sy. So b is not lifted from N. O

Example 4.6.6. Let N be the transitive network described in Figure 4.5
and f € V(IV) generic. Consider the lift networks L; and Lo of N described
in the Figures 4.8 and 4.10, respectively. Note that s(N) = s(L1) = 2,
s(Lg) = 3 and the network L; and Ly are backward connected for the cell
5. Using Theorem 4.6.5, we know that every bifurcation branch of f on L
is lifted from N but there exists a bifurcation branch of f on Lo that is not
lifted from N. O
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Abstract

We consider feed-forward networks, that is, networks where cells can be di-
vided into layers, such that every edge targeting a layer, excluding the first
one, starts in the prior layer. A feed-forward system is a dynamical sys-
tem that respects the structure of a feed-forward network. The synchrony
subspaces for a network, are the subspaces defined by equalities of some
cells coordinates, that are flow-invariant by all the network systems. The
restriction of a network system to each of its synchrony subspaces is a sys-
tem associated with a smaller network, which may be, or not, a feed-forward
network. The original network is then said to be a lift of the smaller net-
work. We show that a feed-forward lift of a feed-forward network is given
by the composition of two types of lifts: lifts that create new layers and
lifts inside a layer. Furthermore, we address the lifting bifurcation prob-
lem on feed-forward systems. More precisely, the comparison of the possible
codimension-one local steady-state bifurcations of a feed-forward system and
those of the corresponding lifts is considered. We show that for most of the
feed-forward lifts, the increase of the center subspace is a sufficient condi-
tion for the existence of additional bifurcating branches of solutions, which
are not lifted from the restricted system. However, when the bifurcation
condition is associated with the internal dynamics and the lift occurs inside
an intermediate layer, we prove that the existence of a bifurcation branch
not lifted from the restricted system does depend generically on the chosen
feed-forward system.

111
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5.1 Introduction

Coupled cell networks describe influences between cells and are represented
by directed graphs with possible multiple arrows. Examples of modeling
through networks include biological, computational and physical real-world
applications, see e.g., [25, 4, 12, 16]. In applications, networks are commonly
used to describe properties of dynamical systems formed by interacting indi-
vidual dynamical systems. We consider coupled cell systems which are given
by vector fields that respect the structure of the network [24, 15]. Briefly, a
vector field respects the structure of a network if each cell corresponds to an
individual dynamical system that depends on its own state and on the state
of the cells in its input set. Examples of dynamics that can be observed in
coupled cell systems include full-synchronized attractors, synchrony-breaking
bifurcations and heteroclinic networks, see e.g., [4, 13, 1].

In this work, we consider networks such that all cells are identical and re-
ceive exactly one edge of each type. The different edge’s types are graphically
represented by different arrowheads. For example, considering the networks
in Figure 5.1, every cell receives two edges of a different type.

A B C

/ﬂ /9 (22—

Y

Figure 5.1: Feed-forward networks with two types of inputs that are distin-
guishes by their arrow heads. The network A has 2 layers and the networks
B and C hayve 3 layers. The network A is the quotient network of B obtained
by merging cells 1 and 2, that is, B is a lift of A that creates a new layer.
The network B is the quotient network of C' got by merging cells 2 and 3, C
is a lift of B inside the second layer.

Two cells are synchronized if their dynamics agree for trajectories with
the same initial condition. In [24, 15|, the authors showed that there is an
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intrinsic relation between cells’ synchronization and colorings of the network
set of cells. More precisely, it is shown that, given a network, a subspace
defined by equalities of some of the network cell coordinates is an invariant
subspace for any coupled cell system if and only if the coloring of the cells
determined by those equalities is balanced. Given a balanced coloring, the
correspondent quotient network is obtained by merging cells with the same
color. Moreover, the dynamics associated with the quotient network is the
restriction of the dynamics on the original network to the correspondent
invariant subspace. The original network is then said to be a lift of the
smaller network.

Cousider the networks in Figure 5.1. As the cells 2 and 3 of the network
C receive their inputs from cell 1, the coloring in C' that identify cells 2 and 3
is balanced. The quotient network associated to this coloring is the network
B. By merging cells 2 and 3, we have that each edge of C' starting at cell 2
or 3 has a corresponding edge in B starting at the merged cell. In the same
way, we can see that the network A is obtained from B by merging cells 1
and 2. Hence the network C is a lift of B which is itself a lift of A.

In general real-world networks, due to their complexity, are big in size.
Quotient networks are a way of reducing the size of a network and study,
at least a fraction of, the dynamics associated with a big network. If a
dynamical property in a lifted network follows from the study of that dy-
namical property on a smaller network, then the dimension of the problem
can be reduced. Given a bifurcation problem on a feed-forward network.
The main goal of this paper is to study the lifting bifurcation problem for
feed-forward networks, i.e., investigate when every bifurcation branch in a
lift feed-forward network is obtained by (lifting) a bifurcation branch in a
quotient feed-forward network. As we explain below, the answer to this prob-
lem can help us, for example, to understand which synchronization patterns
are broken via bifurcation. Synchrony-breaking events can be observed, for
example, in biological networks, [25]|, and neuronal networks, [18]. In the
following paragraphs, we describe the lifting bifurcation problem for feed-
forward networks, our approach to it and the results obtained.

Feed-forward networks are a class of networks where the set of cells can be
partitioned into disjoint sets called layers. We consider feed-forward networks
where each cell in the first layer only receives inputs from itself and cells in the
other layers only receive inputs from cells in the previous layer. Feed-forward
networks have been used, for example, to design machine learning networks
and neuronal networks, [12; 16]. In those applications, the cells emulate
neurons and each edge corresponds to a unidirectional connection between
two neurons. The cells in the first layer are viewed as the original information
receptors. The following layers receive and transform this information and
then transmit it to the next layer. In the last layer, we can find the outcome
of processing the original information. This process is usually assumed to be
discrete. Nevertheless some features of neuronal networks have been observed
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in continuous models, such as binocular rivalry [8, 9, 7]. The feed-forward
structure allows us to reason layer by layer and we use this to study feed-
forward networks and the associated feed-forward systems.

Three examples of feed-forward networks appear in Figure 5.1. The net-
work C' has 3 layers: {1}, {2,3} and {4,5,6}. The networks A and B have,
respectively, 2 and 3 layers.

The lift network of a feed-forward network does not need to be a feed-
forward network. Our first goal is to understand which lifts of feed-forward
networks also have a feed-forward structure. Previous work about balanced
colorings on feed-forward networks can be found in [2]. We introduce two
basic lifts on feed-forward networks, lifts inside a layer and lifts that create
new layers. A lift that creates new layers is the replication of the first layer
into consecutive layers. A lift inside a layer is given by the split of some
cells within a layer. In Proposition 5.3.10, we prove that the lifts of feed-
forward networks that also have a feed-forward structure are given by the
composition of basic lifts. The definition of the basic lifts is crucial to the
study of the lifting bifurcation problem, since it reduces our study to the two
cases corresponding to the basic lifts.

Returning to the networks in Figure 5.1. The network C is obtained
from the network B by splitting the cell 2 of B into the cells 2 and 3. That
is, C' is a lift of B inside the second layer. Also, the network B is a lift of
the network A with one more layer. Thus the network B is a lift of A that
creates a new layer. We have then that the network C' is a lift of A given by
the composition of a lift that creates a new layer with a lift inside a layer.

Our second goal is to address the (codimension-one steady-state) bifur-
cations from a full synchrony equilibrium on feed-forward systems. Previous
works have addressed bifurcations on feed-forward systems with one cell per
layer, [10, 5, 14, 20, 11], and have identified a surprising phenomenon of bi-
furcation on feed-forward systems: the layers of the feed-forward network act
as amplifiers for the growth rate of the bifurcation branches. We generalize
that study of steady-state bifurcations to general feed-forward networks. In
this work, we assume that the phase space of each cell is real and one di-
mensional and that the feed-forward system has a steady-state solution with
full synchrony. It follows from the feed-forward structure that the lineariza-
tion of a feed-forward system at a full synchrony equilibrium has only two
eigenvalues: the valency and the internal dynamics. This leads to two types
of bifurcation conditions from a full synchrony equilibrium on feed-forward
systems. One bifurcation condition is given by the linearization of the self
input, that we call internal dynamics. The other bifurcation condition is
given by the sum of all inputs’ linearization, that we call valency.

In this work, we study bifurcations on feed-forward systems given by
the two different bifurcation conditions. A direct application of the Implicit
Function Theorem describes the bifurcation branches of a feed-forward sys-
tem with a bifurcation condition associated to the valency. Furthermore, we
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give in Proposition 5.6.6 a full characterization of the bifurcation branches
of a feed-forward system with a bifurcation condition associated to the in-
ternal dynamics in terms of their square-root-orders and slopes. In order to
obtain this characterization, we follow the technique used in [20] for feed-
forward networks with one cell per layer. In [20], the authors used a suitable
change of coordinates to we see how the growth rate of a bifurcation branch
propagates from one layer to the next. Using this change of coordinates
and exploiting the layer structure, we obtain the complete description of the
bifurcation branches on any feed-forward system.

As an example, we present some conclusions that follow, using our re-
sults, from the characterization of the bifurcation branches of a feed-forward
system on the network C in Figure 5.1 with a bifurcation condition associ-
ated to the internal dynamics. The full characterization of the bifurcation
branches is given in Example 5.6.5. There are 8 bifurcation branches with
a linear growth rate and 8 bifurcation branches with a square root growth.
The cells 2 and 3 of C' are in synchrony for any of those bifurcation branches.
Moreover, there are 16 more bifurcation branches with a square root growth
if and only if the feed-forward system has the same sign for the linearizations
of the first and second inputs. In the latter case, for the extra bifurcation
branch solutions, cells 2 and 3 of C' are not synchronized.

Last, we study our main goal, the lifting bifurcation problem for feed-
forward networks. The restriction of a coupled cell system to a synchrony
subspace is a coupled cell system of the correspondent quotient network.
Thus any bifurcation branch for the quotient system lifts to a bifurcation
branch on the lift system. The lifting bifurcation problem asks if there
are more bifurcation branches on the lift system. Note that the bifurcation
branches lifted from a quotient network preserve the synchrony associated to
the quotient network. So any bifurcation branch not lifted from a quotient
network breaks the synchrony associated to that quotient network. The
lifting bifurcation problem was first raised in [3] where the authors proved
that there are networks which have more bifurcation branches on some lift
systems than the ones lifted from the quotient network. This problem was
also studied in [17, 19]. A well-known result gives a necessary condition for
the lifting bifurcation problem: There can be additional bifurcation branches
on a lifted network than the ones lifted only if the center subspace of the
coupled cell systems associated to the original network and the lift network
have different dimensions. We refer to Corollary 5.7.3. As we show, the study
of the lifting bifurcation problem for feed-forward networks reduces to its
analysis on the basic lifts: lifts that create new layers and lifts inside a layer.
We describe now the results that we obtain about the lifting bifurcation
problem on feed-forward networks. In order to obtain those results, we use
the characterization of the bifurcation branches on feed-forward systems,
stated above.

Frequently, the aforementioned necessary condition for the lifting bifur-
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cation problem is also sufficient. In Propositions 5.7.6, 5.7.10 and 5.7.13, we
prove this in the following cases. For feed-forward systems with a bifurcation
condition associated to the valency. For lifts that create new layers, inside
the first layer and inside a layer which has only one cell in the next layer,
and feed-forward systems with a bifurcation condition associated with the
internal dynamics. Moreover, those cases do not depend generically on the
feed-forward system.

Consider the networks in Figure 5.1 and the correspondent feed-forward
systems. If the feed-forward systems have a bifurcation condition associated
to the valency, then the center subspaces associated to A, B and C' have
dimension 1. So every bifurcation branch on the network C' is lifted from A.
On the other hand, if the feed-forward systems have a bifurcation condition
associated to the internal dynamics then there exists a bifurcation branch
on B which is not lifted from A. This follows from the fact that the network
B is a lift of A that creates a new layer and the center subspaces associated
to the network A and B are, respectively, one and two dimensional.

For lifts inside an intermediate layer and feed-forward systems with a bi-
furcation condition associated to the internal dynamics, the center subspaces
of the feed-forward system and of the lift system have different dimensions.
For lifts inside an intermediate layer, we show in Proposition 5.7.16 that
there exists an open set of feed-forward systems with a bifurcation condi-
tion associated to the internal dynamics for which there are more bifurcation
branches on the lifted network than the ones lifted from the quotient net-
work. Remarkably, we see in Propositions 5.7.18 and 5.7.20 that, for a class
of lifts inside an intermediate layer, there is also an open set of feed-forward
systems with a bifurcation associated to the internal dynamics such that
there are no more bifurcation branches on the lift system.

Consider the network C' in Figure 5.1 and a feed-forward system with
a bifurcation condition associated to the internal dynamics. Note that the
feed-forward network C' is a lift of the network B inside the second layer
and the center subspace associated to C is bigger than the center subspace
associated to B. We stated before that all bifurcation branches of the feed-
forward system associated with C have synchrony between the cells 2 and 3
if and only if the linearization of the two inputs have opposite signs. We can
show that a bifurcation branch of C is lifted from B only if it has synchrony
between the cells 2 and 3. Therefore every bifurcation branch on the network
C is lifted from B if and only if the linearization of the two inputs have the
opposite signs. This condition provides the open sets of feed-forward systems
mentioned in the previous paragraph.

The paper is organized as follows. In Section 5.2, we recall the definitions
of coupled cell networks and feed-forward networks. Next, we study lifts of a
feed-forward network which preserve the feed-forward structure (Section 5.3).
Coupled cell systems and feed-forward systems are recalled in Section 5.4.
Then we analyze the steady-state bifurcations in feed-forward systems with
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bifurcation conditions associated to the valency (Section 5.5) and the internal
dynamics (Section 5.6). Finally, we study the lifting bifurcation problem for
feed-forward systems with bifurcation conditions associated to the valency
(Section 5.7.1) and the internal dynamics (Section 5.7.2).

5.2 Feed-forward networks

In this section, we recall a few facts concerning coupled cell networks, fol-
lowing [15, 21], and define feed-forward networks.

Definition 5.2.1. A network N is defined by a directed graph with a finite
set of cells C' and a finite sets of directed edges divided by types F1, ..., Eg.
We assume that each cell ¢ is target by one and only one edge of each type.
We denote by |N| the number of cells in the network N. O

Figure 5.2 displays an example of a network with 2 types of edges.

We say that the networks N and N’ are equal and write N = N’ if they
only differ by a relabel of cells, edges and types. In this paper, we consider
connected networks, i.e., networks such that every two distinct cells have an
undirected path between them.

Figure 5.2: Feed-forward network with 3 layers

Following [21], we can regard each type of edge as a function from the
target cell to the input cell. Let (o; : C' — C)¥_; be the collection of functions
such that there exists an edge e € E; from o;(c) to ¢, for every ¢ € C' and
1 <4 < k. We write that N is represented by the functions (o; : C — C)k_,.

Example 5.2.2. Consider the functions o1 and o9 defined by
0'1(1)20'1(2):01(3)20'1(4):1, 0'1(5):3, 0'1(6):4, 0'1(7):2,

02(1) = 02(2) = 02(3) = 02(4) =1, 02(5) =2, 02(6) =3, o09(7)=4.

The network in Figure 5.2 is represented by (o1, 02), where o1 represents the
edges with one head and o9 represents the edges with two heads. O



The Lifting Bifurcation Problem on Feed-Forward Networks 118

In feed-forward networks, the cells can be partition into layers. Each cell
in the first layer only receives inputs from itself. Cells in the other layers only
receive inputs from cells in the previous layer. The network in Figure 5.2 is
an example of a feed-forward network with 3 layers.

Definition 5.2.3. Let N be a network represented by the functions (o;)F_;.
We say that N is a feed-forward network (FFN), if there exists a partition of
the set of cells of N into subsets C, ..., Cy, such that U¥_ 0;(C;) = Cj_1,
for every 2 < j < m and o;(c) = ¢, for every ¢ € C7 and 1 < i < k. The
subset C; is called the jth layer of N. ¢

Backward connectivity of a network is an important concept for the re-
sults obtained in this paper. Roughly speaking, a network is backward con-
nected for some cell if there exists a directed path starting in any other cell
and ending in that cell.

Definition 5.2.4. We say that a network N is backward connected for a
cell ¢ if for every cell ¢ different from c there exists a sequence of cells

€0,C1,-..,C—1,¢ in N such that ¢ = ¢y, ¢ = ¢; and there is an edge from
Cq—1 tO cg, for every 1 < a < [. The network N is backward connected if it
is backward connected for some cell. O

The network in Figure 5.3 is an example of a backward connected network
for the cell 10. An example of a network which is not backward connected is
the one pictured in Figure 5.2, as there is no directed path between the cells
5, 6 and 7. Observe that, by definition, a feed-forward network is backward
connected if and only if it has only one cell in the last layer.

Figure 5.3: Backward connected feed-forward network with 5 layers.

5.3 Lifts of feed-forward networks

The main goal of this section is to show how the feed-forward lifts can be
decomposed. We recall the notions of balanced colorings, quotient networks
and lifts of networks, following |24, 15, 21, 22|, with emphasis on feed-forward
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networks. Roughly speaking, in a balanced coloring, cells with the same color
receive each type of input from cells with the same color. And the associated
quotient network is obtained by merging cells with the same color.

Let N be a network represented by the functions (o; : C — C)F_;. A
coloring of the set of cells of N is an equivalence relation on the set of cells.
A coloring < is balanced if o;(c) >t 0;(¢), for every 1 < i < k and ¢, € C
such that ¢ /. Given a subset of cells S in N, we denote by [S]w the set
of p<-classes of the cells in S, i.e., [S]w = {[c|s : c € S}.

Definition 5.3.1 ([15, Section 5]). Let N be a network represented by the
functions (o; : C — C)¥_; and 1 a balanced coloring in N. The quotient
network of N associated to > is the network where the set of cells is [C]w
and there is an edge of type i from [0;(c)]s to [¢]og for every 1 < i < k and
¢ € C. We denote by N/ < the quotient network of N associated to <. We
also say that a network L is a lift of N, if N is a quotient of L for some
balanced coloring in L. O

Let N bet a network represented by the functions (o; : C — C)¥_, and >«
a balanced coloring in N. The quotient network N/ i< is represented by the
functions (02 : [Cl — [C)E_;, where 627 is given by 0%([c]sq) = [04(C)]sa,
for every 1 <14 < k and ¢ € C. Note that the quotient network of a backward
connected network is also backward connected.

\G

Figure 5.4: Quotient network of the network in Figure 5.2 given by merging
cells 2, 3, 4, and cells 5, 6.

Example 5.3.2. Let N be the network in Figure 5.2. Consider the coloring
> in IV given by 213 14 and 5 < 6. Note that the cells 5 and 6 receive
inputs from the cells 2, 3 and 4 that have the same color. Moreover, the cells
2 and 3 receive inputs from a unique cell 1. So the coloring is balanced and
the network in Figure 5.4 is the quotient of NV associated to . O

In |2], the authors studied and described the balanced colorings of feed-
forward networks. The set of balanced colorings forms a partial order set as
studied in |23] given by the refinement relation. Given two balanced colorings



The Lifting Bifurcation Problem on Feed-Forward Networks 120

', <1 of a network IV, we say that <’ refines <1 and we write </ <<, if ¢ <’ d
implies that ¢ > d, for every cells ¢ and d of N. We have that if o</ <<, then
N/ < is a quotient of N/ <.

If L, N and @ are networks such that L is a lift of N and N is a lift
of @, then L is a lift of (). Moreover, we say that the lift L of Q) is given
by the composition of the lift N of @ and the lift L of N. In some cases, a
lift can be seen as the composition of two lifts, see [6, Theorem 2.4]. In the
next result, we give a sufficient condition for the existence of an intermediate
quotient which only merges cells in an independent subset of cells.

Lemma 5.3.3. Let L be a network represented by the functions (o; : C —
C)fzo, 1 a balanced coloring in L and S C C such that o;(S) C S, for
1 <i < k. Then, there exists a balanced coloring < in L such that L/ < is
a lift of L) >, [C'\ S]sy = C'\ S and there exists a bijection between [S]x
and [S]s .

Proof. Let L be a network represented by the functions (o; : C' — C)i-“zo, D
a balanced coloring in L and S C C such that 0;(S) C 5, for 1 <i < k.

Define >’ as the coloring of L such that ¢ >t ¢ if e and ¢, € S. Let
¢,d € S such that ¢ <’ ¢. Then ¢, oi(c) = 0;(c') and o(c),0:() € S,
for every 1 <14 < k. Hence o;(c) <’ 0;(¢), for every 1 < i < k, and > is a
balanced coloring of L. Note that b</ <>t and so L/ > is a quotient of L/ <.

The <'-class of any cell in C'\ S is singular, so [C'\ S|w¢ = C'\ S.

Let a : [S]w — [S]r be given by a([c]w) = [¢]ry, where ¢ € S. Let
¢, € S such that [c]sq = []. Then ¢ < ¢ and ¢ ' ¢. So « is well-
defined. Suppose that a([c]x) = a([¢/]). Then ¢ ' ¢ and ¢ > . So
[c]a = []sa and « is injective. Let [¢]oy € [S]wy. Then a([c]w) = [¢]wy and
« is surjective. So «v is a bijection between [S]y and [S].. O

We exemplify the use of the previous lemma in the next example.

Example 5.3.4. Consider the network L in Figure 5.2 and the balanced
coloring defined by 2 >13 x4 and 51 6. Every input of a cell in the subset
S ={1,2,3,5} is from a cell in S. By Lemma 5.3.3, there exists a network
between L and L/ <. Let <’ be the balanced coloring such that 2 >’ 3. The
quotient L/ <" is the network C' in Figure 5.1. And L/ < is a lift of L/ <.

However, if we consider the subset S = {1,2,3,5,6}, then does not exist
an intermediate balanced coloring as stated in Lemma 5.3.3. The cell 6
belongs to S’ but it receives an input from cell 4 which does not belong to
S’. If there was such an intermediate balanced coloring, then cells 5 and 6
would have the same color. If the coloring is balanced and cells 5 and 6 have
the same color, then their inputs must have the same color and cells 3 and
4 must have the same color. In Lemma 5.3.3, cells not in S’ do not share
the color with any other cell. If there was a balanced coloring as stated
in Lemma 5.3.3, then cells 3 and 4 would not have the same color. This
contradiction implies that Lemma 5.3.3 does not hold for S’. O
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There are lift networks of feed-forward networks that are not feed-forward
networks. For example, the network with exactly one cell and k types of edges
is a feed-forward network and every other network with k types of edges is
a lift of that network. We study feed-forward lift networks of feed-forward
networks.

We define two types of basic lifts for feed-forward networks: lifts inside
a layer and lifts that create new layers. A lift is inside a layer if the corre-
sponding balanced coloring only identifies cells within some layer. And a lift
that replicates the first layer is a lift that creates new layers. In Figure 5.1,
we present examples of those basic lifts.

Definition 5.3.5. Let IV be a feed-forward network and L a feed-forward
lift of N. Denote the layers of N and L by Cy,...,Cy, and Cf,...,C),
respectively.

We say that L is a lift inside the layer Cj, where 1 < j < m, if m = n,
|C%| # |C;] and |Cf| = |G| for every i # j.

We say that L is a lift that creates n — m new layers, if m < n, |C]] =

=10 | = 1C1| and [C7,_, ;| = |C}], for every 2 < j < m. O

The lift network in Figure 5.2 of the network in Figure 5.4 can be seen
as the composition of two lifts inside a layer. The network B of Figure 5.1 is
a lift inside the third layer of the network in the Figure 5.4 and the network
in Figure 5.2 is a lift inside the second layer of B.

Combining the feed-forward structure and Lemma 5.3.3, we see that a
lift from a feed-forward network to a feed-forward network with the same
number of layers is a composition of lifts inside a layer.

Example 5.3.6. Let N be a feed-forward network and L a feed-forward lift
of N. Suppose that N and L have the same number of layers and denote
the layers of L by C1,...,Cp,.

Consider Lemma 5.3.3 applied to the subset S1 = C7 and to the lift L
of N. We have that there exists a network ()1 between the lift L and the
network N. The network @)1 is given by the merge of cells in the first layer
of L. So Q1 is also a feed-forward network with the same number of layers a
N and L. Moreover, the number of cells in each layer of L and ()1 coincide,
except in the first layer. Hence L is a lift of @1 inside the first layer (or
N = mel)-

We can repeat the previous application of Lemma 5.3.3 to the subset
S; = C1U---UCC; and the lift Qj_1 of N, for each 2 < j < m — 1. Thus
we obtain a sequence of networks L = Qq, Q1,...,Qm_1,Qm = N such that
Qj—1 is a lift of @); inside the jth layer (or Qj—1 = Q;) for j=1,...,m—1
and Q,,—1 is a lift of N. Therefore the lift of N to L is the composition of
lifts inside the layers and the lift of N to Q.,—1.

If L is backward connected, then the networks N and Q,,—1 have only
one cell in the last layer. By the previous construction, we already knew
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that N and @Q,,_1 are equal in every layer, except the last. Thus N = Q.1
and the lift of L from N is the composition of lifts inside a layer. O

When the lifted network is not backward connected, we can have lifts

which do not decompose into basic lifts.
10 1)
U

o )

Figure 5.5: The feed-forward network on the right is a lift of the feed-forward
network on the left. This lift is not given by the composition of lifts that
create new layers and lifts inside layers. Note that the lift network is not
backward connected.

Example 5.3.7. Let N be the feed-forward network in the left of Figure 5.5
and L the feed-forward network on the right of Figure 5.5. The network L is
a lift of N, considering the coloring in L given by the classes {1a, 1b}, {2},
{3}. This lift cannot be obtained by a composition of lifts that create new
layers and lifts inside the layers. Note that N and L have the same number
of layers and the coloring in L given by the class {1b,3}, {la}, {2} is not
balanced. However, L is not backward connected. O

For backward connected lifts, we show the following. The first layer of
a feed-forward quotient network is given by the merge of all the cells in a
number of consecutive layers, starting in the second layer, with the cells in
the first layer, eventually with the merge of some cells in the first layer.
Moreover, the next layers of the feed-forward quotient network are given by
merging cells in a specific layer of the lift network respecting the layers order.

Lemma 5.3.8. Let N be a feed-forward network with layers Cy, ..., Cy and
L a feed-forward lift of N with layers C1,...,C), such that L is backward
connected. Denote by > the balanced coloring of L such that L/ <= N.
Then

[ 7/17m+1]b<1 == [Cﬂm = Ch, [C;z—j]m = Cm—jv 0<j<m-2

Proof. Let N be a feed-forward network with layers C, ..., C,, and L a feed-
forward lift of N with layers C, ..., C), such that L is backward connected.
Assume that N and L are represented by (0;)%_; and (c})%_,, respectively.
Let < be a balanced coloring such that L/ <= N. Then n > m and
[07(¢)]a = 0i([c]a), for every cell cin L and 1 <14 < k.

Since L is backward connected, we have that N is backward connected,

Cl = {c}, Cn = {[c1]w} and [Cl]s = Cp. If m = 1, then N has only
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one cell and there is only one equivalence class of <. Hence [C)]w = -+ =
[Cllea = Ch1.

Now, suppose that m > 1. Assuming that [C’;L_H_j]bq = Cht1—j, We see
that [C;L_j]pq =Cp—jforj=1,...,m—1. Let d; € Cp,—j where 1 < j <m.
Then there exist 1 < ¢ < k and dy € Cpy41—; such that di = o4(d2). By
assumption, there exists dy € Cj, ,;_; such that dy = [dy]s, d1 = [07(d5)]x
and oj(dy) € C;,_;. Thus Cp—j C [C}_;]. On the other hand, let d €
C;,—;- Then there exist 1 <i <k and dj € C};_; such that d| = oj(d5).
By assumption, we have that [db] € Cpt1—j and [d} ] = [05(d5)]sa € Crnj-
Therefore [C],_ ;] = Cpp—j. 1t follows inductively from [C} ] = Cy, that

n
[Chjla=Cm—j 1<j<m—1

In particular, [C],_, . ]s = C1 and 0;(Cy) = Cy, for 1 < i < k. Using

n
the same argument, we conclude that

[C’;L—m]le == [C{]N = (. OJ

Example 5.3.9. Let L be the network in Figure 5.3 which is backward
connected for the cell 10. The network L has 5 layers that we denote by
Ci, C4, C%, C) and Cf. Consider the balanced coloring > in L given by
1123 and 4 a5, Note that L/ > is a feed-forward network with 4
layers. Denote the layers of L/ <t by C1, Co, C3 and Cy. Lemma 5.3.8 states
that

[CHM = [Cé]m = (1, [C:,a]lxl = (%, [Cﬂw = Cs, [Cé]m =Cs ¢

Example 5.3.7 shows that Lemma 5.3.8 does not hold if the lift network
is not backward connected. The lift in Figure 5.5 merges a cell in the second
layer with one in the first layer and does not merge the other cell in the
second layer with a cell on the first layer. The lift network in Figure 5.5 is
not backward connected and this lift does not satisfy the conclusion of the
previous lemma.

Using the method described in Example 5.3.6 and Lemma 5.3.8, we state
the main result of this section. This result shows how to decompose a feed-
forward lift into lifts that create new layers and lifts inside a layer.

Proposition 5.3.10. Let N be a feed-forward network and L a feed-forward
lift of N such that L is backward connected. Then, the lift of N to L is the
composition of a lift that creates new layers with lifts inside the layers.

Proof. Let N be a feed-forward network with layers C4, ..., C,, and L a feed-
forward lift of N with layers C1, ..., CJ, such that L is a backward connected
and L is represented by (0;)¥_;. Denote by > the balanced coloring in L
such that NV is the quotient network of L associated to p<.

Define the coloring ;1 in L such that ¢y d if e < d and ¢,d € C’} for
1 <j <mn. Let ¢ > d. Since i is balanced, we have that o;(c) < o;(d)
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and o;(c),0i(d) € C}, where j° = max{l,j — 1} and 1 < ¢ < k. Then
oi(c) >y o4(d) for 1 <i < k. Hence >y is balanced.

Define the network @1 = L/ b1 and the set of cells A; = [C]w,, for
1 < 5 < n. The network @1 is a feed-forward network with the layers
Aq,..., A, Let ¢ € Aj. There exists d € Cf such that ¢ = [d]s,. Then
o7 () = 0. ([dloy) = [0i(d)]sey = [d]sy = ¢, for 1 < i < k. We have
that Aj—l = [C],'—l]ml = [Uledi(C;)]ml = Ui?:lO'[;ql(Aj), for j =2,...,m.
Therefore @@ is a feed-forward network with the layers Aq,..., A,.

Note that >y <. Hence ()7 is a lift of N, if >x;<, and Q1 = N, if

>di;=<. It follows from Lemma 5.3.8 that
‘Anfm+j| = |[C:L—m+j]l>41| = ‘[C;—m-‘rj]lxd = |Cj’7 L<j<m,

and
|Ajr| = [Clloar | = [[Ciloa| = |CA, 1<j <n-m.

Hence )7 is a lift of N that creates n — m new layers or Q1 = N.

The networks (1 and L have the same number of layers and L is a
backward connected lift of Q1. Following Example 5.3.6, we see that the lift
of )1 to L is the composition of lifts inside the layers. Thus the lift of N
to L is the composition of a lift that creates new layers and lifts inside the
layers. O

Example 5.3.11. Let L be the feed-forward network in Figure 5.3 which
is backward connected. Consider the balanced coloring > in L given by
1213 and 4 5. Note that L/ > is a feed-forward network.

Using Proposition 5.3.10, we know that L can be obtained from L/ < by
a lift that creates a new layer and lifts inside the layers. In fact, we can see
that L is given by a lift of L/ < that creates a new layer, then a lift on the
second layer and finally a lift inside the third layer. %

The lift in Figure 5.5 shows that Proposition 5.3.10 does not hold if the
lift is not backward connected.

In the rest of this section, we make two remarks that will be useful in
the next sections. First, we see that a lift inside a layer can be further
decomposed into simpler lifts. This will allow us to consider simpler lifts.

Definition 5.3.12. Let N be a network and L a lift of N. We say that L
is the split of a cell ¢cin N into cells ¢1, ¢, ..., ¢ in L, if the coloring > in L
given by ¢; > ¢;, for 1 <i,j <1, is balanced, L/ <= N and [¢j]s = c. ¢

The network in Figure 5.2 is a split of the cell 2 in the network B of
Figure 5.1 into the cells 2, 3 and 4. The split of the cell 2 in B into the
cells 2 and 4 gives the network C of Figure 5.1. And the split of the cell 2
in C into the cells 2 and 3 return back the network in Figure 5.2. Hence
the lift inside the second layer from B to the lift network in Figure 5.2 is
the composition of splits of a cell into two cells. Using Lemma 5.3.3, we can
easily see that this is the case for every lift inside a layer.
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Remark 5.3.13. A lift inside a layer is the composition of splits of a cell
into two cells. O

Second, we prove that each lift of a feed-forward network is given by a
unique balanced coloring, if the lifted network is backward connected. This
statement will be useful to understand which solutions are lifted from the
quotient system to the lift system. We start by looking at an example of a
lift given by more than one balanced colorings. In this example, the lift is
not backward connected.

Example 5.3.14. Counsider the feed-forward network N in Figure 5.4 and
the feed-forward network B in Figure 5.1. Take the following three balanced
colorings in B: x; given by 4 ; 5; <p given by 4 <z 6; and i3 given by
5 3 6. ThenN:B/MlzB/Nng/lx]g. <>

Using the backward connectedness of the lifted network, we have the
following lemma.

Lemma 5.3.15. Let N be a feed-forward network and L a lift of N such that

L is a backward connected feed-forward network. Let t<1,1<2 be two balanced
colorings in L. If L/ >xu= L/ <= N, then p<xii=Ix.

Proof. Let N be a feed-forward network and L a lift of N such that L is
a backward connected feed-forward network. Let p<q,0<0 be two balanced
colorings in L. Denote by C,...,C,, the layers of N, by (UZN)é“:1 the repre-
sentative functions of N, by C,...,C’, the layers of L and by (¢7)F_, the
representative functions of L. Suppose that L/ = L/ xia= N.

Since L is backward connected, we know that IV is backward connected
and |Cp,| = |C]| = 1. So for ¢ € C],, we have that [c|s, = [¢]s,. Suppose
that [clo, = [c|o,, for every ¢ € CF where j > 1. Let d € C}_;. Then there
exist 1 <i<kandcc CJ’- such that o (c) = d. Thus

[sar = 07 (Noay = 07" ([eloar) = 07" ([eloe) = 07 ()]oay = [}y

And [d]pq, = [d]s,, for every d € C_;. By induction, [c]w, = [¢]s,, for every
cc C;» and 1 < j < n. Hence xi; =x. d

Example 5.3.16. Let L be the network in Figure 5.3. Consider the balanced
coloring > in L given by 1> 2 > 3 and 4 1 5 and the quotient network N =
L/ . Note that L is backward connected for the cell 10. By Lemma 5.3.15,
we know that > is the unique balanced coloring such that N = L/

5.4 Feed-forward systems

Given a network, a coupled cell system admissible by that network is a system
that respects the network structure. In a coupled cell system, we view each
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cell of the network as a dynamical system whose dynamics depends on its own
state and on the state of the cells that are coupled to it. In this section, we
formalize coupled cell systems associated to a network, synchrony subspaces
and steady-state bifurcations, following [24, 15].

Let N be a network represented by the functions (ai)le. For each cell ¢ of
the network, we associate a coordinate z. € R. We say that F : RINl — RINI
is an admissible vector field for N, if there is f : R x R¥ — R such that

(F(x))c = f(‘TC? Loy(c)s -+ 7$ak(c))7

for every cell ¢ of N. The admissible vector fields for N are defined by the
functions f : R x R*¥ — R. We denote by fV the admissible vector field for
N defined by f.
A coupled cell system associated to a network NV is a system of ordinary
differential equations
i=fN(), zeRMN,

where fV : RINl — RIN! is an admissible vector field for N. When N is a
feed-forward network, we refer to a coupled cell system associated to IV as a
feed-forward system.

Figure 5.6: Feed-forward network with 3 layers.

Example 5.4.1. Let N be the feed-forward network in Figure 5.6. A feed-
forward system associated to N has the following form

&1 = f(@1,21,21)
By = f(z2,71,71)
i3 = f(zg,21,21)
Ty = f(x4,72,23)

where f : R xR? — R is a smooth function that defines the dynamics of each
cell. For example the variable x4, that corresponds to the cell 4, depends on
the variable z9 and x3, which correspond to its input cells 2 and 3. O
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In order to study steady-state bifurcation, we will assume that the sys-
tem has an equilibrium at a full-synchronized equilibrium. Without loss of
generality, we assume that this equilibrium is the origin.

Let Cy,...,Cy, be the layers of N. For every feed-forward system fV
associated to N, the Jacobian matrix at the origin has the form

(o 0 0 ... 0 0 ]
Ry foly, 0 0 0
JN B 0 Rs3 fo[g . 0 0
= : : D : o
0 0 0 ... folm—1 0
0 0 0 ... Rm foln
where of
;= 0,0...,0
fl axz( ) ) )7
0 <i <k, I; is the identity matrix of size |C;| x |C}|, 7 =1,...,m, R is a
|Cy| X |C)—1|-matrix, | = 2,...,m. The eigenvalues of J}V are
k
Y fi  and  fo
=0

The Jacobian matrix of a feed-forward system at a full synchrony equilibrium
has only those two eigenvalues which we call the valency and the internal
dynamics, respectively.

A polydiagonal subspace is a subspace of RN given by the equalities
of some cell coordinates. Given a coloring > on the set of cell of N, the
polydiagonal subspace associated to i is

Apg:i={z:cxad = x. =24} C RN

Note that any polydiagonal subspace of RV defines a unique coloring on
the set, of cells of V.

Given a function G : RVl — RNl and a subset A C RVl we say that
A is invariant by G if G(A) C A. A synchrony subspace of a network N is
a polydiagonal subspace of RV that is invariant by any admissible vector
field of N. There is a one-to-one correspondence between balanced colorings
1 and synchrony subspaces Ay. See [15, Theorem 4.3]. More specifically,
the polydiagonal Ay associated to a coloring 1 is a synchrony subspace of
N if and only if the coloring > is balanced.

Since a synchrony subspace Ay is invariant by every admissible vector
field £V of N, every coupled cell system of N given by f& can be restricted
to Anq. Each restricted system is a coupled cell system of N/ > given by
fN/=_ Moreover, given a solution y(t) € RN/l of the coupled cell system
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of N/ > given by fV/™ we have that x(t) = (z.(t)), where z.(t) = Y] (1)
is a solution of the coupled cell system of N given by f~. See [15, Theorem
5.2].

Example 5.4.2. Consider the network N in Figure 5.6 and the general form
of a feed-forward system associated to N given in Example 5.4.1. It is easy
to see that the polydiagonal subspace A; = {z2 = z3} is flow-invariant for
every such feed-forward system. This synchrony subspace corresponds to the
balanced coloring given by 2 <1 3 and the quotient network @ = N/ > is the
feed-forward network with 3 layers and one cell in each layer.

Let y = (y1,y2,v4) : R = R3 be a solution of § = f9(y), a feed-forward
system of (). Then we can lift this solution to a solution of the corresponding
feed-forward system of N, # = f™(x). The lifted solution has the form

x(t) = (y1(t), y2(t), y2(t), ya(t)). O

Now we define the classes of feed-forward systems with a steady-state
bifurcation from a full synchronized equilibrium.

Let G : RY x R — R? be a family of smooth vector fields, d > 0 and the
corresponding dynamical systems, depending on a parameter A,

T =G(x, ). (5.1)

Consider an equilibrium (z*, \*) of (5.1), i.e., G(z*,\*) = 0. The family
of dynamical systems (5.1) suffers a local bifurcation at (z*, \*) if for every
neighborhoods U, and Uy of x* and A\*, respectively, there exists A1, Ay € U,
such that the family (5.1) at A\; and Ay have different topological structures
(different stability /number of equilibrium points or periodic orbits, etc.). A
necessary condition for a local bifurcation to occur is that the Jacobian of
G at (v7,)*), DG+ »+), has an eigenvalue with zero real part. We focus
on steady-state bifurcations and we say that a steady-state bifurcation at
(z*, \*) occurs if the number of equilibrium points in a neighborhood of z*
changes when the parameter A\ crosses A*. A necessary condition for the
occurrence of a steady-state bifurcation at (z*, \*) is that 0 is an eigenvalue
of DG(I*7/\*)

In order to study the steady-state bifurcations of a family of coupled cell
systems associated to N from a fully synchronous equilibrium at A = 0, we
consider a family of smooth functions f : R x R¥ x R — R such that

£(0,0,...,0,)) =0,

for every A\ € R. We denote by V(INV) the set of those functions. The set of
functions f € V(N) such that a steady-state bifurcation occurs at (0,0) for
[ is given by the union of the following sets

k

Ve(N):={f €V(N): > f; =0},  W(N):={fe€V(N): fo =0}

1=0
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Thus Vi (V) denotes the set of functions with a bifurcation condition
associated with the walency of N and Vy(IV) the set of functions with a
bifurcation condition associated with the internal dynamics of the cells.

Next, we define equilibrium branches of a coupled cell system. Since our
study is local, we define branches using germs. A germ is a class of functions
with the same values in some neighborhood of the origin.

We say that D C R is a domain if D has one of the following forms:
] = X0,0]; | — Ao, Ao[; or [0, Ao[, for some A9 > 0. Let Dp, Dy be domains.
We say that two smooth functions by : D1 — RN and by : Dy — RV
are germ equivalents if there exists an open neighborhood U of 0 such that
UnNDyN Dy # {0} and b1(A) = ba(N), for every A € U N Dy N Dy. The
previous relation is not transitive, so we consider its closer by transitivity.
Given a smooth function b, we use the term germ b to refer to a representative
element of the equivalence class of b with respect to germ equivalence.

Let D be a domain. We say that a germ b: D — RIN! is an equilibrium
branch of f on N, if

FY BN, A) =0,

for every A\ € D. Since f(0,0,...,0,\) = 0 for every A\, we have that
z(A) = (0,...,0) is an equilibrium branch of f on N, called the trivial
branch of f on N. The equilibrium branches of f on N different from trivial
branch are called the bifurcation branches of f on N. We define the set of
equilibrium branches of f on V

B(N, f)={b: D — RN . b is an equilibrium branch of f on N}.

5.5 Steady-state bifurcations for FFNs associated
with the valency

In this section, we study the bifurcation branches on a feed-forward system
with a bifurcation condition associated with the valency. This corresponds
to solve the equation

f N (z,A) =0

in a neighborhood of the origin. By the feed-forward structure, we know
that the solution for each cell in the first layer is independent of the others
cells. Using the Implicit Function Theorem, we see that the solution on the
first layer determinates the solution on the other layers, and the dynamics
in each cell of the first layer has a transcritical bifurcation.

Proposition 5.5.1. Let N be o feed-forward network with layers C1, ..., Cp,.
Let f € Vi(N). Then, generically, there are 20 equilibrium branches of f

on N. Moreover, every equilibrium branch is uniquely determined by its value
at the cells of the first layer C.
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Proof. Let N be a feed-forward network with layers C1,...,Cp,. Let f €

Vi(N). Generically, assume that fy # 0, Zf,j:o fi; # 0 and Zf:o fix # 0,

where f;; is the second order partial derivatives of f(zg,z1,...,2k,A) at

(0,0,...,0,0) with respect to ; and xj, and f;y is the second order partial

derivatives of f at (0,0,...,0,0) with respect x; and A, for 0 < ,j < k.
The equilibrium branches of f on N are given by the solutions of

fN('ra )‘) =0,

in a neighborhood of the origin. The Taylor expansion of f at (0,0,...,0,0)
is given by

k k k
flzyxy, ... x5, N) = Z fizi + Zfi,\xi)\ + Z %xixj + h.o.t.,
i=0 i=0

4,j=0

where h.o.t denotes high order terms.
For ¢ € C'1, we have that

fCN(:B,)\) =0&f(xe, Teye oy Tey A) = 0.

k k
erA Y fata2 3 T hot =
i=0 i,j=0

k k
Sre=0V AY firtze %+h.o.t. =0
i=0 i,j=0

Using the Implicit Function Theorem, there exist Ay > 0 and a germ
B :] — Ao, Ao[— R such that 5(0) = 0 and

f@e, ey oo vz, \) =0 2. =0 V x. = B(N), -0 < A< Ag.

Denote by D the set of cells Co U --- U Cy,. Since fy # 0, the matrix
[8 fév / &L‘d/} a.aepis invertible. By the Implicit Function Theorem, there exist

Ay > 0 and W : RICUx] — A0 N [— RIP such that A < Ao and

NN =0s /\ f(zey ey oyxe, \) =0 A xp=W(zey,N).
ceCy

| Nre=0V ze=BN]| A ap=W(re,\).
ceCq

for =X < A < A

Therefore any equilibrium branch is uniquely determined by its value at
the cells of the first layer C7 and each cell of C; has one of two possible
values. So there are 2!€1| equilibrium branches. O
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Figure 5.7: The feed-forward network on the right is a lift of the network
on the left. This is a lift inside the first layer. There are different balanced
colorings on the right network such that the left network is the quotient
network associated to those colorings.

Example 5.5.2. Let L be the feed-forward network on the right of Fig-
ure 5.7. Consider a generic feed-forward system with a bifurcation condition
associated to the valency. By Proposition 5.5.1, there are 8 equilibrium
branches. The equilibrium branches must synchronize for at least two cells
in the first layer. Since each cell in the first layer has two possible values and
there are 3 cells in the first layer.

Consider the following colorings in L: < given by 1 > 2; g given by
2 g 3; and <3 given by 1 <3 3. They are balanced and the network on the
left of Figure 5.7 is the quotient of L by any of the colorings.

Every equilibrium branch in L corresponds to a bifurcation branch in the
quotient network. There are more bifurcation branches in L, however, they
are copies of bifurcation branches in the quotient network. O

5.6 Steady-state bifurcations for FFNs associated
with the internal dynamics

Now, we study the bifurcation branches of a feed-forward system with a
bifurcation condition associated to the internal dynamics. Layer by layer,
we solve the equation

fN<x7/\) =0

in a neighborhood of the origin. In the first layer, there exists no bifurcation
and the trivial solution is the unique solution. The inputs of each cell on
the second layer are from cells in the first layer. Using the Implicit Function
Theorem, we can see that the cells in the second layer have a transcritical
bifurcation. Fixing a solution in the first two layers, we solve the equation
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for the cells in the following layer

f(l'C,.TCl,...,JICk,A) = 07

where c1,...,c, are the input cells of ¢ which belong to the previous layer
and have a fixed solution value. In order to solve this equation, we use an
appropriate change of coordinates that was used in [20]. The solutions of
this equation have a predictable growth-rate and slopes.

Definition 5.6.1 (|20, Definition 2.2]). Let b : D — R be a germ and
D =[0,\o[ or D =] — X, 0]. If b = 0, we say that b. has square-root-order
—1 and slope 0. Otherwise, we say that b has square-root-order p and slope
s and write that b ~ O(27P), if p is the smallest non-negative integer such
that there is a smooth function b* : [0, \3""[— R satisfying

ey 27 _ o DA
b(A) = b (|AI7 ), S—&l&lo 70 0
AeD

In previous studies of bifurcation in feed-forward networks, different au-
thors have noticed that the layers act as amplifiers, [14, 20]. We will also see
that the square-root-order of a bifurcation branch increases from a layer to
the next layer.

In the next two lemmas, we determine the square-root-order and slope of
a solution to f(x,z1,...,xE, A\) = 0, when the square-root-orders and slopes
of the inputs x1, ...,z are known. In the first lemma, we consider inputs
that are defined for positive values of the parameter .

Lemma 5.6.2. Let f € Vo(N) generic, y : [0, o[ R¥ a germ, p1,...,pk
and si, ..., S such that y; has square-root-order p; and slope s; for 1 < i < k.
Suppose that p := max{p1,...,pr} > 0 and define

A={iry,~027P)}, Z:ZfiSi

i Joo

(i) If Z < 0, then there exist 0 < \§ < \o and germs b™,b™ : [0, \j[— R
such that b* have square-root-order p + 1 and slope +v/—2Z, and

flx,y\), ) =0 z=bT(\), 0<A<A}
(i) If Z > 0, then the equation f(xz,y(N\), ) = 0 has only the trivial solution
($, )‘) = (07 0)

Proof. Let f € Vo(N), v : [0, \o[— R¥, p1,...,pr and s1,...,s; such that
y; has square-root-order p; and slope s; for 1 < ¢ < k. Suppose that p :=
max{pi,...,pr} > 0 and define

A={ity;~027")}, Z:Zfisi

= Joo
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The Taylor expansion of f at the origin is

f(ﬂl',l‘l,...,.fk, Zfzxz+f00$2+f0)\x)\+2f1/\33z)\+

=1
fzj
+ Zfowz:r + Z 5w + hot.
i,j=1

For A > 0, consider the following transformation of variables

=2 e =z () = A ().
Then
. i (A (r+1) (p+1-p;)
w;(0) = ,1\1{% /y\lz(pz = Siy A=’ o ) yi(A) = I v wi(p)-

Moreover p — p; = 0, if i € A, and p — p; > 0, otherwise. Using the
transformation of variables and the Taylor expansion of f, we obtain that

f(zx, —0<:>Zfzyz f00962+f0,\9€)\+2fz,\% A+
=1
. i _
+Zf01yz x+z yz +h0t 0
i=1 i,j=1
@Z fipr?wi (0 f00u222 + h.ot.=0
€A
(Zflwz 1 Jo 2+hot>=o
€A

Su=0V Zflsl—i-foo 22 4+ h.o.t. = 0.
i€EA
Define
Z, 1) = Z fisi + f0022/2 + h.o.t..
i€EA
If Z < 0, we have that h(£v/—27,0) = 0 and h,(£v/—2Z,0) # 0. By the

Implicit Function Theorem, there exist a neighborhood U of 0 and functions
27,27 : U — R such that

h(z,m) =0 2 = 25 (p), 2 (u) = V27 + h.o.t.

Let 0 < A% < Ao and b, 6™ : [0,A%[— R such that [0, (\5)2 “™[C U
and

bE(N) = pt () = £V—22)2 " 1 hot. ~ 027 D),
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Then b* have square-root-order p + 1 and slope £v/—27, and
F@,yA),\) =08 p=0V z=2"(n) & pz = pz"(p) &z =b*(\).

This proves (i).

If Z > 0, then h(z,0) is always positive, when fyo > 0, or it is always
negative, when fpo < 0. So there is no solution to the equation h(z,0) = 0.
And the equation f(z,y(\),A) = 0 has only the trivial solution (z,\) =

(0,0), proving (7). O
In the second lemma, we look to the solution of f(z,x1,...,2k,A) =0
when the inputs solutions (z1,...,xy) are defined for A < 0. The proof is

very similar to the previous one and it is omitted.

Lemma 5.6.3. Let f € Vo(N) generic, y :] — Mo, 0] — R¥ a germ, p1,...,p
and s1, ..., s such that y; has square-root-order p; and slope s; for 1 <i <k.
Suppose that p := max{p1,...,pr} > 0 and define

A= iy ~027P)}, Z:Zfisi

icA foo

(i) If Z > 0, then there exist A\g < A\ < 0 and germs b* b~ :] — \§,0] = R
such that b+ have square-root-order p + 1 and slope T/2Z, and

flz,y N, A) =0 z=0F(\), 0>A>\.

(i9) If Z < 0, then the equation f(z,y(N),\) = 0 has only the trivial solution
(z,A) = (0,0).

We return to the network C of Figure 5.1 and calculate some bifurca-
tion branches of a feed-forward system associated to this network with a
bifurcation condition associated with the internal dynamics.

Example 5.6.4. Let C' be the feed-forward network in Figure 5.1 with 3
layers {1}, {2,3},{4,5,6} and f¢ a feed-forward system with a bifurcation
condition associated with the internal dynamics. In order to study the bi-
furcation branches, we need to solve the equation

(@A) =0

in a neighborhood of the origin. We solve this equation layer by layer and
start by the first layer. For the cell 1, we need to solve the equation

f(xl,a:l,a:l,)\) =0.
By the Implicit Function Theorem, there exists only the trivial branch

331()\) = 0,
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for X in a neighborhood of 0. This completes the study of the first layer and
we proceed to the second layer.

Fixing the unique solution on the first layer, we look to the equation in
one of the cells in the second layer. Take for example the cell 2, we have the
following equation

f(z2,0,0,\) = 0.
The study of this equation is similar to the bifurcations with a condition

associated to the valency. Assuming that foo # 0 and fyn # 0, we conclude
that there are two solutions

22(A) =0 V 29N\ =0°(\) = _2ony + h.o.t. (5.2)

foo

for X\ in a neighborhood of 0. Repeat the same procedure for the other cell
in the second layer. Then there are 4 solutions on the second layer

xg()\) =0 V 372(/\) = bo()\)
3 0 Vv bO(N)

Before we study the next layer, note that the branch b%(\) has square-root-
order 0 and slope —2fox/ foo-

Now, we fix one of the solutions for the previous layer and solve the
equation in the next layer using Lemmas 5.6.2 and 5.6.3. For example we
fix the solution (x1,z2,73) = (0,0,b°) and look to the equation of the cell 5

f(x5a x2,T3, A) =0« f($5, 07 bo()‘)v )‘) =0.

Remember that zo has square-root-order —1 and x3 has square-root-order
0. By the Lemmas 5.6.2 and 5.6.3, we know that any solution has square-
root-order 1. If f5fgy > 0, Lemma 5.6.2 implies that there are two solutions
with square-root-order 1

335:3;“()\) Vo5 =57 (),

where sT has slope +2v/fafox/foo and A is restricted to positive values,
A>0. If fofor < 0, we apply Lemma 5.6.3 and obtain two solutions with
square-root-order 1 and slope +2+/| f2 fox|/ foo, however the solutions will be
defined for negative values of A, A < 0.

We still need to solve the equations for the cell 4 and 6

f({lf4,$2,l'2,A) =0 N f($4,0,07)\) =0
f(.’L'ﬁ,.Tg,.TQ,A) =0 f((L'ﬁ,bO,O,A) =0

As before and using the Implicit Function Theorem, we note that the first
equation has two solutions

zaN) =0 Vv x4(N) =0°(N),
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defined in a neighborhood of 0. For the second equation, we need to use
one of the previous Lemmas. If f;fyn > 0, we obtain two solutions with
square-root-order 1

T = s;()\) Vooxe =55 (N),

slopes +2+/f1 fox/ foo which are defined for A positive. If fi fox < 0, we also
have two solutions but they are defined for A negative.

We have computed the possible solutions on each cell of the third layer
when we fix a solution on the first two layers. Now, we need to patch the
solutions into a solution of the network system. In order to do that we define
the solution in the intersection of the domain of each cell solution. However,
the solutions can be defined on different sides of A = 0. When this occurs,
it does not correspond to a solution of the whole system. For example take
fofox < 0and fifor > 0, then the solutions for x5 are defined for A\ positive
and xg is defined for A negative. Thus, it does not correspond to a solution
of the whole system.

Fixing the solution (x1,x2,73) = (0,0,0%). If fifo > 0, we have the
following solutions

4 =0 V x4= 0
sT(A) Vo5 =157())
S (\) VvV oxe=s5(N),

x5
T =S
where s have square-root-order 1 and it is defined for A > 0(\ < 0), when
fifox > 0(f1fox <0, respectively). If fifo < 0, then there is no solution to
the equation in the next layer and there is no bifurcation branch b of f on
C such that (bl, bg, bg) = (0, 0, b0>

Repeating this process for the other solutions on the first two layers,
we find all bifurcation branches of f on C'. We can check that there is no
bifurcation branch of f on C without synchrony on the cells 2 and 3, if

fife <0. O

Finally, we represent all bifurcation branches using their growth-rates
and slopes. Let N be a feed-forward network and f € Vo(IN). We define the
function that assign for each bifurcation branch a symbol

©:B(N, f) = {-1,0,1} x ZN x RIV|
(be)e 7 (8, (Pe)es (8¢)e),

where b, has square-root-order p. and slope s., for each cell ¢ of N, and §
indicates the domain of the branch b. If b is defined in a neighborhood of 0,
then § = 0. If b is only defined for A > 0, then § = 1. Finally, if b is only
defined for A < 0, then § = 1.
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Example 5.6.5. Returning to the feed-forward network C of Figure 5.1, we
give the complete description of the bifurcation branches using the symbols
(0, (Pe)es (Se)e)- There is the trivial branch

0,(-1,-1,-1,-1,-1,-1),(0,0,0,0,0,0)).
There are 7 branches with square-root-order 0
(0,(-1,-1,-1,-1,-1,0),(0,0,0,0,0, s9)),

(Oa(—]—’_17_17_1707—1)7(0?0707()’80,0))7
0,(-1,-1,-1,0,—1,-1),(0,0,0, s9,0,0)),

0,(-1,-1,-1,-1,0,0),(0,0,0,0, sg, s0)),
(07( 17 17 70)7(O>O>073070780))a
(0,(—1,-1,-1,0,0,—1), (0,0,0, 50, 50, 0)),

(0,(=1,-1,-1,0,0,0), (0,0, 0, so, S0, 50)),

where sog = —2fox/foo. There are 8 branches with square-root-order 1
((57 (_17 07 07 17 17 1)7 (07 50, 50, :l:Sl, :|:81, :l:Sl)),
where § = Sign((f1 + f2)fox and s1 = 24/|(f1 + f2) foxl/foo. If fifa >0,

there are 16 more branches with square-root-order 1
(6,(—=1,0,—-1,1,1,1), (0, sp, 0, =81, £82, £53)),
(6,(—=1,-1,0,-1,1,1),(0,0, 50,0, £s3, +52)),
(6,(—-1,-1,0,0,1,1), (0,0, so, S0, £53, £52)),

where s9 = 2\/M/f00 and s3 = Zm/foo. O

The symbols which are the image of some bifurcation branch respect
some rules. If (0, (pc)e, (Sc)e) € O(B(N, f)), then

Q1 p.=-1&s.=0,
This follows from Definition 5.6.1.
N2 6=0=V.p:. <0,

The bifurcation branch is defined on an open neighborhood of 0 if and
only if § = 0. By Lemmas 5.6.2 and 5.6.3, we know that every branch
with a square-root-order greater than 0 is defined only on one side of
A=0and é #0. So § = 0 implies that p. < 0 for every cell c.

0.3 Pe = —1= Vz pai(c) = —1,

Suppose that the branch is not trivial on one input of ¢, i.e., py, () > —1
for some 7. By Lemmas 5.6.2 and 5.6.3, we have that p. > —1.



The Lifting Bifurcation Problem on Feed-Forward Networks 138

Q4 pe>-1=Vipse) <Pe—1 A Fir poye) =Pe — 1,

Suppose that the branch has a square-root-order greater than p. — 1
for some input of ¢, i.e.; ps,;(c) > pc — 1 for some i. By Lemmas 5.6.2
and 5.6.3, we obtain the contradiction that b, has square-root-order
greater than p.. Supposing that every input of ¢ has square-root-order
less than p. — 1, Lemmas 5.6.2 and 5.6.3 lead to an absurd.

2
Q.5 pczoiscz—ﬁ,
Assume that p. = 0. By Q.4, we know that p, ) = —1 for every

1 <4 <k and by;() = 0. In the running example, we saw that if a
cell has trivial inputs, then there are two options. See equation (5.2).
Since p. = 0, we know that b. # 0 and b. has slope —2fy5/foo. So

se = —2fox/ foo-

27(5
foo

This follows from Lemma 5.6.2, if § = 1, and Lemma 5.6.3, if 6 = —1.

N6 p.>0=>s.==+ [— Z fiSa,(c), where Ae = {i : py, () = Pe — 1}.

€A

Let Q(N, f) € {—1,0, 1} xZINIxRIN be the set of symbols (3, (pe)e (S¢)e) €
{=1,0,1} x ZIVI x RINI satisfying Q.1, Q.2, .3, .4, Q.5 and Q.6. Next, we
prove that © is a one-to-one correspondence between B(N, f) and Q(N, f).

Proposition 5.6.6. Let N be a feed-forward network and f € Vo(N) generic.
If (8, (pe)es (Sc)e) € QUN, f), then there exists a unique b € B(N, f) such that

G(b) = (5a (pc)c’ (Sc)c)'

Proof. Let N be a feed-forward network represented by the function (o;)%_,
and f € Vo(N) generic.

Let (9, (pc)es (5¢)e) € QUN, f). We construct the equilibrium branch b of
f on N such that ©(b) = (6, (pc)e, (Sc)e)- It follows from .4 that p. = —1
for every cell ¢ in the first layer and —1 < p. < m — 2, for every cell ¢ of V.

Let ¢ be a cell of N such that p. = —1. Then s. = 0, by €.1. Define b,
as the germ defined on an open neighborhood of 0 such that b, = 0. Then
b. has square-root-order p. and slope s.. It follows from 2.3 that

f(bcabzn(c)a .- '7bok(c)a>‘) = f(070> -0, >\) =0.

Let ¢ be a cell of N such that p. = 0. Then s. = —2fyx/ foo, by ©.5, and
Poy(c) = —1 for 1 <i <k, by Q.4. Define b. as the germ b0 defined in (5.2)
on an open neighborhood of 0. Then b, has square-root-order p., slope s,
and

F(besboy(eys - > bog (), A) = f(B,0,...,0,A) = 0.
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The following germs are defined by induction on p > 1. Assuming that
by is defined for every cell ¢’ of N such that p < p and b has square-root-
order p» and slope s, we define the germ b, which has square-root-order p,
and slope s, for each cell ¢ of N such that p. = p. Since p. < m — 2, this
process must terminate.

Let p > 1 and ¢ be a cell of N such that p. = p. By Q.4 and the
assumption, p,, () < p and by, () is defined for every 1 < i < k. Consider
the germ y : D — RF such that y; = bo,(c) for every 1 <4 < k, and let b,
be the germ obtained in Lemma 5.6.2 (5.6.3), if § = 1 (—1, respectively),
such that b. has square-root-order p. slope s. and it is defined for positive
(negative) values. It follows from .6 that there exists such germ and it is
unique. Moreover,

f(b07 bal(c)v s 7bak(c)7 )‘) =0.

Define the germ b = (b.). : D — RIVI where D is the intersection of the
domains of each b.. By construction fV(b(\),\) =0, so b is an equilibrium
branch of f on N. Let (&, (pl)c, (sL)e) := O(b). By construction, p. = p
and s, = s, for every cell ¢. If § = 0, then p. < 0 and &' = 0, by Q.2. If
0 = %1, then there exists p. > 0, by .1 and Q.6. If § = 1, then b, is defined
for positive values and ¢’ = 1. Similar, if 6 = —1, then ¢’ = 1. Therefore

@(b) = (57 (pc)67 (SC)C)'

We can see in each step of the construction of b that we choose the
unique germ that respects the conditions of square-root-order, slope and be
a solution to the equation. O

Next, we see how to use this result to find some bifurcation branches.
Let N be a feed-forward network with layers Cy,...,C,, and f : RFt1 x
R — R € Vy(N) generic. Define

k

5 for D fi

0 =Sign(for Yy fi)=——— Pi=-1, 5=0, (53
= foa > fi
=1

and

i 1—92-(-2)

> fi
=1

—(i-2)
. _ ) 2| fox]?
Dj=J—2, 5j=-— Slgn(fox)T

for 2 < j < m. Now, for each 3 <r < m, define §"* = 4,

+ ~ 4 ~
P =D1, S, =81, ceChrU---UChn_rt1,
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PE=p, sF=5 c€Cp,p2<i<r—1,

Tt =5, sit=45  c€Cpy,
We also define 62 = 0,

~ 2fox
foo

st =0, pi:—l, st=0, ceCilU---UC,,.

[

pi:—l,sizo, ce CrU---UCy_1, pgzo,sg: ce€ Cp,

We can see that the symbols

(6%, (Pe)es (s2)e),

(527 (pz)m (Sz)c)v

(6", (0h)es (527)e)
respect the rules 2.1, 2.2, 2.3, Q.4, Q.5 and Q.6, for 3 < r < m. Therefore,
they belong to Q(N, f) and correspond to equilibrium branches of f on N,
Proposition 5.6.6.
This means that the set B(V, f) contains the trivial equilibrium branch

b!, a bifurcation branch b? which have a square-root-order 0 and two bifur-
cation branches b"*, 0"~ with square-root-order r — 2 for every 3 < r < m.

Moreover, those equilibrium branches have synchrony inside each layer. We
summarize the previous in the following result.

Corollary 5.6.7. Let N be a feed-forward network with m layers and f €
Vo(N) generic. For every 1 < r < m, there exists b € B(N, f) such that b
has square-root order r —2. If b € B(N, f), then b has square-root-order less
or equal to m — 2.

In Example 5.6.5, we saw that the network C' in Figure 5.1 respects the
previous corollary.

Example 5.6.8. Let NV be the feed-forward network C' in Figure 5.1 with
3 layers. In Example 5.6.5, we saw that any feed-forward system on N with
a bifurcation condition associated to the internal dynamics has equilibrium
branches with square-root-order —1, 0 and 1. Moreover, every equilibrium
branch has square-root-order less or equal to 1. %

5.7 Lifting bifurcation problem on FFNs

The bifurcation branches occurring in a quotient system are lifted to bifur-
cation branches occurring in a lift system. In this section, we study the
lifting bifurcation problem which consists on understanding if every bifurca-
tion branch occurring in a coupled cell system associated to a lift network is
lifted from a bifurcation branch occurring in the coupled cell system associ-
ated to the quotient network.



141 Lifting bifurcation problem on FFNs

Definition 5.7.1. Let N be a network and L a lift of N. We say that «a
bifurcation branch b of f on L is lifted from N, if there exists a balanced
coloring < in L such that b € Ay and N = L/ . O

In the next proposition, we recover a well-known result about the bifur-
cation branches being inside a flow-invariant space which contains the center
subspace. We present the proof here for completeness. Let A : R — R¢ be
a linear operator from R? to itself and d > 0. The center subspace of A is
given by

ker*(A) = {v € R?: A%y = 0 for some k}.

We denote the orthogonal complement with respect to the usual inner prod-
uct of a subspace B C R¢ by B,

Proposition 5.7.2. Let F : R* xR — R? be a smooth function and K C R?
such that ker*(DF o)) € K, F(0,0) = 0 and F(K,\) C K for every A € R.
Suppose that there exists a function x : D — R? defined in a domain D such
that F(x(X),\) =0 for A\ € D. Then there exists a neighborhood U of 0 such
that x(\) € K for every A\ € UND.

Proof. Let F : R x R — R? be a smooth function and K C R such that
ker*(DFo)) € K, F(0,0) = 0 and F(K,\) C K for every A € R. Note that
R? = K @ K+. Writing every element of R? in its decomposition in K and
K+, v=y+w, where y € K and w € K+, there are g : K x K+ xR — K
and h: K x K+ x R — K such that

. y:g(vavA)
0 =F(v,\) < {w by w. )

Hence
Dyg Duwyg
DFgg = |Pvi00) Do <0’0>} .
00 {Dyh(o,m Duho,0)

Observe that h(y,0,A) = 0, because K is invariant. Then Dyh o) = 0
and Dy, h g o) is invertible, since ker*(DF)) € K. By the Implicit Function
Theorem, thereis W : K xR — K= such that W(0,0) = 0 and h(y,w, \) = 0
if and only if w = W (y, A).

From h(y,0, ) = 0, we have that W(y, A) = 0. Therefore

F(y,w,A\) =0< g(y,0,A\) =0 A w=0.
Supposing that x is a solution to F'(v,\) = 0, we have that € K. O

It follows that a necessary condition for the existence of a bifurcation
branch on a lift network not lifted from the original network is that the center
subspace of the coupled cell systems associated to the original network and
the lift network have different dimensions.
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Corollary 5.7.3. Let N be a network, L a lift of N associated to the coloring
> and f € V(N). If ker*(JJ]cV) and ker*(J]%) have the same dimension, then
every bifurcation branch of f in L belongs to Ay and it is lifted from N.

We recall the dimension of the center subspace of J }V for feed-forward
systems with a bifurcation condition associated to the valency and internal
dynamics.

Remark 5.7.4. Let N be a feed-forward network with layers Cy, ..., Cy,.
(i) If f € Vi(NN), then the dimension of ker*(J}V) is |Cy].
(ii) If f € Vo(N), then the dimension of ker*(J}V) is |[Cal + -+ [C|. O

Example 5.7.5. Let N be the network on the left of Figure 5.7 and L the
lift of N on the right of Figure 5.7.

Consider f € Vy(NN) with a bifurcation condition associated to the inter-
nal dynamics. The spaces ker* (J J{V ) and ker*(J f ) have the same dimension,
the conclusion of Corollary 5.7.3 holds and every bifurcation branch of f on
L is lifted from N.

Consider f € Vi(N) with a bifurcation condition associated to the va-
lency. Note that ker*(J }V ) has dimension 2 and ker*(Jf) has dimension 3.
We saw in Example 5.5.2 that every bifurcation branch of f on L is lifted
from N. This example shows that the condition in Corollary 5.7.3 is sufficient
but not necessary. O

5.7.1 Lifting bifurcation problem on FFNs associated with
the valency

In this section, we study the lifting bifurcation problem for feed-forward
systems determined by a regular function that has a bifurcation condition
associated to the valency. We prove that a lift has an extra bifurcation
branch if and only if the center subspace is bigger on the lift than on the
quotient network.

Proposition 5.7.6. Let N be a feed-forward network, f € Vi(N) generic
and L o feed-forward lift of N.

(i) If L is a lift that creates new layers or a lift inside a layer, except the
first layer, then every bifurcation branch of f on L is lifted from N.

(i) If L is a lift inside the first layer and L is backward connected, then there
1s at least one bifurcation branch of f on L which is not lifted from N.

Proof. Let N be a feed-forward network, f € Vi(N) generic and L a feed-
forward lift of N. Denote by C; and by Cf the first layer of N and L,
respectively.

If L is a lift that creates new layers or a lift inside a layer, except the first,
then ker*(J}V) and ker*(Jf) have the same dimension. Recall Remark 5.7.4.
By Corollary 5.7.3, every bifurcation branch of f on L is lifted from N.
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Suppose that L is a lift inside the first layer and L is backward connected.
By Remark 5.3.13, we assume that L is the split of a cell ¢ € C] into two cells
c1,¢2 € C] and denote by > the balanced coloring in L given by ¢1 I ca.
By Lemma 5.3.15, < is the unique balanced coloring such that L/ <= N.
By the proof of Proposition 5.5.1, we know that there exists a bifurcation
branch b € B(L, f) such that b., # be,. So b ¢ A and it is not lifted from
N. O

We give two examples where the previous result can be applied.

Example 5.7.7. Consider the networks in Figure 5.1 and f € Vj,(A) generic.
The network B is a lift that creates a new layer from A. Moreover, the
network C' is a lift inside the second layer of B.

By Proposition 5.7.6 (i), every bifurcation branch of f on B is lifted
from A. Again by Proposition 5.7.6 (i), every bifurcation branch of f on
C is lifted from B. Thus every bifurcation branch of f on C' is lifted from
A. O

Figure 5.8: Lift inside the first layer from the first network to the second.

Example 5.7.8. Let N be the network on the left of Figure 5.8, L the
lift inside the first layer described on the right of Figure 5.8 and f € Vi (L).
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Consider the balanced coloring < in L given by 2 1 3. By Lemma 5.3.15, this
is the unique balanced coloring in L such that L/ = N, as L is backward
connected. There exists a bifurcation branch b € B(L, f) such that by # b3
and thus it is not lifted from N. This agrees with the Proposition 5.7.6 (7).

O

In Examples 5.5.2 and 5.7.5, we saw that Proposition 5.7.6 (i7) is not
valid if the lift is not backward connected. In the above example, the lifted
network has more bifurcation branches but they are copies of some bifur-
cation branches on the smaller network. The bifurcation branches of the
smaller network can be lifted in multiple ways because there is more than
one balanced coloring on the lift network that corresponds to the quotient
network.

Example 5.7.9. Let N be the feed-forward network on the left of Figure 5.7,
L the lift inside the first layer of N represented in the right of Figure 5.7
and f € Vi(N) generic. In Example 5.5.2, we saw that L has three balanced
colorings <y, g and <3 such that L/ >xty= L/ xio= L/ xi3= N. Every
bifurcation branch b € B(L, f) is lifted from N using one of the previous
colorings. %

5.7.2 Lifting bifurcation problem on FFNs associated with
the internal dynamics

In this section, we study the lifting bifurcation problem for feed-forward
systems determined by a regular function that has a bifurcation condition
associated to the internal dynamics. We start by the lifts that create new
layers and lifts inside the first layer. These cases do not depend on the feed-
forward system and every bifurcation branch is lifted if and only if the center
subspace in the lifted network is equal to the center subspace on the smaller
network.

Proposition 5.7.10. Let N be a feed-forward network, f € Vo(N) generic
and L a feed-forward lift of N.

(i) If L is a lift inside the first layer, then every bifurcation branch of f on
L is lifted from N.

(i) If L is a lift that creates new layers, then there is a bifurcation branch
of f on L which is not lifted from N.

Proof. Let N be a feed-forward network, f € Vy(N) generic and L a feed-
forward lift of V.

Suppose that L is a lift inside the first layer. Then the center subspace of
J}V and Jf have the same dimension. By Corollary 5.7.3, every bifurcation
branch of f on L is lifted from V.

Suppose that L is a lift that creates new layers. By Corollary 5.6.7, there
exists a bifurcation branch b € B(L, f) having square-root-order greater than
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any bifurcation branch of f on N. Hence there is a bifurcation branch of f
on L which is not lifted from V. O

We apply the previous result to the networks in Figures 5.1 and 5.7.

Example 5.7.11. Let N the feed-forward network on the left of Figure 5.7
and L the lift inside the first layer of IV given on the right of Figure 5.7.
Consider f € Vy(N). Using Proposition 5.7.10 (i), we know that every
bifurcation branch of f on L is lifted from N. O

Example 5.7.12. Consider the networks A and B in Figure 5.1 and f €
Vo(A) generic. The network B is a lift that creates a new layer from A.
Proposition 5.7.10 (i7) states that there exists a bifurcation branch of f on
B not lifted from A. In fact, the feed-forward system fZ has a bifurcation
branch with square-root-order 1 but every bifurcation branch of f on A has
square-root-order less or equal to 0, because A has only 2 layers. O

There is one more special case that does not depend on the specific feed-
forward system considered. For lifts inside a layer such that the next layer
only has one cell, there is a bifurcation branch on the lift network not lifted
from the original network.

Proposition 5.7.13. Let N be o feed-forward network with layers Cq, ..., Cpy,
f € Vo(N) generic and L a feed-forward lift of N.

If L is a lift inside Cj, 1 < j < m and |Cj41| = 1, then there is a
bifurcation branch of f on L which is not lifted from N.

Proof. Let N be a feed-forward network with layers C1,...,Cp, f € Vo(N)
generic and L a feed-forward lift of V. Suppose that L is a lift inside Cj},
1 <j <mand Cj41 = {d}. Denote by C; the j-layer of L and by (eh)k_,
the representative functions of L. By Remark 5.3.13, we assume that L is
the split of a cell ¢ € C} into two cells ¢1,c2 € CJ‘ and denote by > the
balanced coloring in L given by ¢; b ¢o. Since [d] = d and Cj11 = {d},
is the unique balanced coloring such that L/ <= N.

Using Proposition 5.6.6, we construct a bifurcation branch b € B(L, f)
such that be, # be,. Let A = {i: ol (d) = ¢z}, 6§ = Sign(for Y ;c4 fi) and

Po=—1, s,=0, aEClU"'UCj_lUC]/-\{CQ},

foa > fi

€A

9—1

0A .
= O, Scog — T, d — ]_7 Sq = — Sign 1) E i | ——
pcz c2 fOU D g < p fZ fOO

1—2—(-1) o1

k k
. 2
Pa=1, sa=—Sign (> fi| — > _f ford_fi
i=1 Joo | icA
for a € Cj4; and 2 <1 < m — j. We have that (0, (pc)e, (5¢)c) € QL, f).
By Proposition 5.6.6, there exists a bifurcation branch b € B(L, f) such that
be, # be,, since pe, # Pe,. Thus b ¢ Ay and b is not lifted from N. O

)
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Example 5.7.14. Let L be the network in Figure 5.6 and < the balanced
coloring in L given by 2 > 3. The network L is a lift inside the second layer
of L/ < and L/ > has only one cell in the third layer. Taking f € Vy(L),
we know that there exists a bifurcation branch of f on L not lifted from

L/ . O

The last layer of a backward connected feed-forward network has only
one cell. So we can apply Proposition 5.7.13 for backward connected lifts
inside the last but one layer.

We look next to a lift inside a layer such that the next layer has more
than one cell. The example is similar to Example 5.5.2 and it exemplifies
how multiple balanced colorings can allow for the existence of new bifurcation
branches which are copies of bifurcation branches on the quotient network.
In this case the conclusion of Proposition 5.7.13 does not hold.

Example 5.7.15. Consider the network C' in Figure 5.1 and the network
L in Figure 5.2. The network L is a lift inside the second layer of C. Note
that the third layer of L has 3 cells.

The lift network has three balanced colorings <, <o and g such that
C =L/ »y= L/ 9= L/ <13. The balanced colorings in L are defined by
2 >y 3;3[><]24; and2b434.

Let f € Vo(C) generic and b € B(L, f). We know that by, b3 and by
have square-root-order —1 or 0 and only two possible values. Thus by = b3,
by = by or by = by and b is lifted from C. O

We focus on backward connected lifts, since every backward connected
lift has a unique corresponding balanced coloring, see Lemma 5.3.15. Lifts
that create new layers and lifts inside the first layer are covered by Proposi-
tion 5.7.10. A backward connected feed-forward network has only one cell in
the last layer. So a backward connected lift cannot be a lift inside the last
layer. And Proposition 5.7.13 includes backward connected lifts inside the
last but one layer. The following results consider lifts inside an intermedi-
ate layer. This result depends on the specific feed-forward system consider.
The first result shows that there exists an open set of feed-forward systems
in Vo(IV) such that every lift inside an intermediate layer has a bifurcation
branch which is not lifted.

Proposition 5.7.16. Let N be a feed-forward network with layers Cy, ..., Cpy,
f € Vo(N) generic and L a feed-forward lift of N such that L is backward
connected and a lift inside a layer C;, where 1 < j <m — 1.

If fi >0 for every 1 <i <k (or f; <O for every 1 < i < k), then there
1s a bifurcation branch of f on L which is not lifted from N.

Proof. Let N be a feed-forward network with layers C1,...,Cy,, f € Vo(N)
generic and L a feed-forward lift of N such that L is backward connected
and a lift inside a layer C;, where 1 < j < m — 1. Denote by Cj’- the j-layer
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of L and by (oF)k_| the representative functions of L. By Remark 5.3.13,
we assume that L is the split of a cell ¢ € C; into two cells ¢1,¢c2 € C;- and
denote by i the balanced coloring in L given by ¢; > co. By Lemma 5.3.15,
> is the unique balanced coloring such that L/ b= N.

Assuming that f; > 0 for every 1 < ¢ < k, we use Proposition 5.6.6
to construct a bifurcation branch b € B(L, f) such that b ¢ A.. Define
6 = Sign(for), pa = —1 and s, = 0, for a € C1 U--- U C) \ {1}, pe, =

0 and s, = —2fox/foo- We define the value of p and s by induction in
the layers Cji1,...,Cy, in the following way: for a € (7, j < 1 < m, if
Pol(a) = " = Pol(a) = —1 define p, = —1 and s, = 0, otherwise define

Pa = maX{pU{,(a)7 e 7po']€(a)} + 1 and

‘ 2
sa = — Sign(foofox) "o > fisaa

i€A(a)

where A(a) = {i tPol(a) = Pa — 1}.

We have that (6, (pa)a, (Sa)a) € UL, f) and p., # pe,.- By Proposi-
tion 5.6.6, there exists b € B(L, f) such that b ¢ Au. Thus there is a
bifurcation branch of f on L not lifted from N.

The case f; < 0 for every 1 < ¢ < k is analogous. O

Example 5.7.15 shows that the previous result does not always hold if
the lift is not backward connected.

Example 5.7.17. Let L be the feed-forward network of Figure 5.3, > the
balanced coloring in L given by 2 > 3 and N the quotient network of L
associated to pa. The network N is a feed-forward network and L is a lift
inside the second layer of V. And L is backward connected for the cell 10.
Take f € Vo(NN) generic such that f; > 0, fo > 0 and f3 > 0.

Proposition 5.7.16 states that there exists a bifurcation branch of f on
L not lifted from N. In Example 5.7.23, we will see that this is not true for
every generic f € Vo(N). In fact, there exists an open set of functions in
Vo(IN) such that every bifurcation branch of f on L is lifted from N. O

Finally, we give sufficient conditions on a feed-forward lift, with a bigger
central subspace, and on a feed-forward system for every bifurcation branch
on the lift be lifted from the quotient network. First, we look to lifts inside
the second layer. By Remark 5.3.13, we assume that the lift inside the second
layer is a split of two cells.

Proposition 5.7.18. Let N be o feed-forward network with layers Cq, ..., Cpy,
[ €Vo(N) generic and L a feed-forward lift of N. Denote by C the second

layer of L and by (oF)%_, the representative function of L. Assume that L

is the split of ¢ € Cy into c1,ca € CYy (and a lift inside Cs).
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If for every I C CL\ {c1,ca} there exist d',d” € Cs such that
(wf +wi)(wf +wi’) <0 A (f +uwf)(wf +uwg’) <0,

where wi = 3" 1 L(g)er fi, wi = oL (d)= o fi and wd = Zaf(d):q fi, then
every bzfurcatzon branch of f on L is lzfted from N.

Proof. Let N be a feed-forward network with layers C1,...,Cy,, f € Vo(N)
generic and L a feed-forward lift of N. Denote by C the second layer of L
and by (0F)¥_, the representative function of L. Assume that L is the split
of ¢ € Cy into ¢1,¢9 € CY.

We prove the result by contraposition. Suppose that there exists b €
B(L, f) not lifted from N. Then b, # be,. Let (9, (pa)a, (Sa)a) = O(b) €
Q(L, f). For every a € C} we have that

2fox
foo

Let I ={a € C)\ {c1,c2} : pa = 0} C CH\ {c1,c2}. By Q.6, for d € C5 such
that pg = 1 we have that

su =47 [6fn 3 £
1€A(d)

where A(d) = {i : Pol(d) = 0}. Then (3 ;caw) fi)(Xicaw@n fi) > 0, if
P = par = 1, (ZieA(d’) fi)(zieA(d”) fi)=0,if pgy <1 or pgr < 1, for every
d',d" € C3. Thus

Pa € {_LO} Saq = _(pa + 1)

o fi > fi| =0,

i€A(d) i€ A(d")

for every d',d" € Cy. Since by, # bey, =1 < pey # Pey < 0. If p,, =0
and p., = —1, then ZzeA(d) fi = wi+wi. If p,, = —1 and p., = 0, then

ZiGA(d) fi= wI +wd. So
(wf +wf) (! +uwi) >0 v (of +uf)(w] +wi) >0,
for every d',d” € C3. By contraposition, we obtain the result. O

Example 5.7.19. Consider the networks B and C in Figure 5.1. Consider
f € Vo(C) such that f1fy < 0. The lift C of B and the function f satisfy the
conditions of Proposition 5.7.18. As we saw in Example 5.6.5, and accord-
ingly with Proposition 5.7.18, every bifurcation branch of f on C' is lifted
from B. O
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Last, we consider lifts inside the other intermediate layers. We give
sufficient conditions on a lift network and feed-forward systems such that
there is no new bifurcation branch. We will assume that the lift is given by
the split of a cell into two cells which are the unique inputs cells of two other
cells in the next layer.

Proposition 5.7.20. Let N be o feed-forward network with layers Cq, ..., Cp,
f € Vo(N) generic, L a feed-forward lift of N and 2 < j < m—1. Denote by
Cj( the j layer of L and by (o’iL)f:1 the representative function of L. Assume
that L is the split of c € C; into c1,co € C;- (and a lift inside C;).

If there exist d',d" € Cj1 such that oL (d'), ol (d) € {c1,ca}, for every
1<i<Ek, and

d/ d/ d// d// d/

! /! ! i ! i
& & pd & pd <wy wy +wy wy,

wjyw; <0 A wywy <0 A wy wy +w2,w
where w1 = > oL (d)=cy fi and w2 = Zaﬁ(d):@ fi, then every bifurcation
branch b of f on L is lifted from N.

Proof. Let N be a feed-forward network with layers C1,...,Cp, f € Vo(N)
generic, L a feed-forward lift of N and 2 < j < m — 1. Denote by C]’- the
j-layer of L and by (¢7)¥_, the representative function of L. Assume that L
is the split of ¢ € Cj into c1,cp € C. Suppose that there exist d',d” € Cjt1
such that of(d'),cl(d') € {c1,c2}, for 1 < i < k. Let b € B(L, f) be a
bifurcation branch and (0, (pa)a, (Sa)a) = O(b) € Q(L, f) the corespondent
symbol.

We know that b € B(L, f) is not lifted from N if and only if b., # b.,. We
assume that b., # b., and obtain a contradiction with the given conditions.

Suppose that be, # be,. Then pe, =0 A pe, = —10rpe;, = —1 A pe, =0
O Pey = D¢y > 0 A Se; = —Sey- We have that wil/wil” >0, if p., =0 and
Pey, = —1. And w§ wg >0, if p,, = -1 and p., = 0. If po, = pe, > 0 and
S¢y = —S¢y, then py = py = pe, +1 and

25 " , 25 11 11
sg = +y | ———(wf§ —wd)s,,, s = 4 [ ———(w]" —wd")se, .
~ foo -~ foo

Thus (w§ —wd)(wd" —w§ ) > 0. Generically, (w{ —w§)(w{ —w§ ) #0.
Therefore

U U ! 1 U U U U 11 u 4
wlwl <0 A wiwd <0 A wiwd +wd wd <w1w§l + wi wd

implies that b., = b., and that b € B(L, f) is lifted from N. O

Example 5.7.21. Let L be the network in Figure 5.9 and < the balanced
coloring in L given by 4 0 5. Consider a function f € Vo(L) such that f~
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Figure 5.9: Feed-forward network with 5 layers.

has a bifurcation condition associated to the internal dynamics. Denote by
N the quotient network L/ .

The network L is a split of a cell in IV into the cells 4 and 5 and the cells
6 and 7 only receive inputs from those cells. Denote by wff the sum of the
linear inputs from ¢ to d, where ¢ = 4,5 and d = 6,7. We have that

w§ = fi wy = f1+ f3 wl = fo+ f3 wi = fo.

By Proposition 5.7.20, we know that every bifurcation branch of f on L
is lifted from N if

AL+ ) <0 A falfot+f3) <0 A (fi— f2)* < f3.

In order to see that the previous inequalities are satisfied by some function
f, take fi =2, fo =1 and f3 = —3. %

The previous result does not necessary hold if the splitted cells only target
one cell or if the splitted cells are not the unique inputs of two cells in the
next layer. We present next an example where the splitted cells are not the
unique inputs and the conclusion does not hold.

Figure 5.10: A network L with a quotient network IV obtained by the bal-
anced coloring > given by 5 <1 6. If f € Vy(IN), then there exists a bifurcation
branch of f on L not lifted from N.

Example 5.7.22. Let L be the feed-forward network of Figure 5.10, 0 the
balanced coloring in L given by 5 pa 6 and N the quotient network of L
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associated to <. The network N is a feed-forward network and L is a split
of one cell inside the third layer. Let f € Vo(IN) generic. We show that there
exists a bifurcation branch of f on L not lifted from N.

Let 6 = Sign(fox(f1 + f2)), 1 = p3 =ps = —1, p2 = p5s = 0, ps = 1,
pr=Dps =2,pg =3, 81 =383 =2356=0,

52’;;"0*’, B Sign<fm>2vf‘f°* VIR AL

00
S7 =53 = — Sign(fm)2\/fLLZTX| |f1lV 1+ fal

s9 = 2'f[’)iw\/lf1 + o\ AV + fol

Note that (9, (pa)a, (Sa)a) € QUL, f). Let b € B(L, f) be the bifurcation
branch associated to (d, (Pa)a, (Sa)a). Since L is backward connected, a bi-
furcation branch b on L can be lifted from N if and only if b5 = bg. However
ps 7 peg and b is not lifted from N. O

sy = s5 = — Sign(f1)

and

In the next example, we see that the lifting bifurcation problem goes
beyond the one layer to the next layer reasoning. As the example shows, the
network structure can further restrict the possible bifurcation branches. In
this case, we need to look for the next two layers to understand the possible
bifurcation branches.

Example 5.7.23. Let L be the feed-forward network of Figure 5.3, > the
balanced coloring in L given by the class {2,3} and N the quotient network
of L associated to <. The network N is a feed-forward network and L is a
lift inside the second layer.

Let f € Vo(L) be generic such that f3(f2 + f3) < 0. As we show next,
there is no bifurcation branch b € B(L, f) such that by # b3 and every
bifurcation branch of f on L is lifted from N.

Let b € B(L, f). Suppose by contradiction that by # bs. We know that by
and b3 are the trivial branch or the branch »° with square-root-order 0 and
defined in (5.2). There are two options: by = b and b3 = 0; or by = 0 and
b3 = b0. If by = b° and by = 0, we have that b5 and bg are defined on different
sides of A = 0, like we saw in Proposition 5.7.18. Thus there is no bifurcation
branch of f on L such that by = b° and b3 = 0. If by = 0 and b3 = b°, then by
has square-root-order —1 or 0 and b5 has square-root-order 1. Now, we look
to the next layer, in particular to the cells 7 and 8. We know that by and bg
have square-root-order 2 and that the side of A = 0 where they are defined
depend on b5. Since f3(f2 + f3) < 0, the cell 7 receives inputs of type 2 and
of type 3 from the cell 5 and the cell 8 receives an input of type 3 from cell
5, we know that b7 and bg are defined on different sides of A = 0. So there is
no bifurcation branch of f on L such that bs # bs. O
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5.8 Discussion

The main goal of this work is to address the lifting bifurcation problem in
the context of feed-forward systems. We identify two important types of lifts
in feed-forward networks, lifts that create new layers and lifts inside a layer.
We show that every backward connected lift is given by the composition
of basic lifts. When studying codimension-one steady-state bifurcations on
feed-forward systems, we identify two possible bifurcations conditions, that
we call valency and internal dynamics. For both conditions, we give a com-
plete description of the bifurcation branches. For bifurcations associated to
the internal dynamics, we introduce a new symbolic set which describes all
bifurcation branches. The symbols represent the growth rate and slope of
the bifurcation branches and the symbolic set is given by the symbols that
satisfy some given rules. Finally, we study the lifting bifurcation problem
for feed-forward systems. For a fixed bifurcation condition, when the lifted
network has a center subspace bigger than the center subspace associated
to the smaller network, we expect the existence of new synchrony-breaking
bifurcation branches. We prove this for different cases, including lifts that
create new layers. From the lifting bifurcation problem point of view, it can
be important when no new bifurcation branches appear and so the study of
the quotient network is sufficient to understand the bifurcations on the lift
network. For some lifts inside an intermediate layer, we prove that there
is a class of feed-forward systems without new bifurcation branches. This
depends on the correct balance between the signs of each of the input’s lin-
earization.

We stress that some of the restrictions that we impose at the class of
feed-forward systems in this work can, in fact, be easily removed. If the
dimension of each cell phase space is bigger than 1, then the steady-state
bifurcation analysis is generically the same, using the Lyapunov-Schmidt
reduction. If every layer has a different type of cells, then we only have
lifts inside a layer and the steady-state bifurcation study is similar to the
case of feed-forward systems with a bifurcation condition associated with the
valency. Also, if we do not impose that the origin is an equilibrium for every
value of the parameter, then the steady-state bifurcation with a condition
associated to the internal dynamics is the same. This follows from the fact
that the full-synchronized subspace does not support a bifurcation and a
full-synchronized equilibrium will still exist for every value of the parameter
which can be assumed to be the origin. For the steady-state bifurcations with
a condition associated to the valency, we will have a fold bifurcation instead
of a transcritical bifurcation. However, the lifting bifurcation problem with
a condition associated to the valency will be essentially the same, because
we still have two options for each cell in the first layer.

Example 5.7.23 shows that the study of the lifting bifurcation problem for
feed-forward networks is not limited to the next layer reasoning. Examples
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that depend on the next two (or more) layers are not covered by our results
on the lifting bifurcation problem. It would be interesting to have results
that include that kind of examples.

We could consider the lifting bifurcation problem for feed-forward net-
works with a fixed number of layers. And we can ask if there exists a minimal
feed-forward network such that all bifurcation branches of any feed-forward
lift, with the same number of layers, are lifted from that minimal network.

We can also ask the same questions about the lifts, the bifurcation
branches and the lifting bifurcation problem for feed-forward networks with
intra-layer connections.
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6. Conclusions and future work

The goal of this thesis is to understand the codimension one steady-state
synchrony-breaking bifurcations on coupled cell systems. For homogenous
networks with asymmetric inputs, we characterize the fundamental networks
in terms of their graphical properties. Methods to study the synchrony-
breaking bifurcations for this class of networks are available in the litera-
ture. For regular networks, we study the synchrony-breaking bifurcations
on maximal and submaximal synchrony subspaces. Here, we show that the
lattice structure of the synchrony subspaces of a network is not sufficient to
understand the synchrony-breaking bifurcations of the coupled cell systems
associated with the network. In the last two parts of the thesis, we focus
on the lifting bifurcation problem, a problem that compares the synchrony-
breaking bifurcations between a network and their lifts. We study the lifting
bifurcation problem where the bifurcation condition is given by the net-
work valency. We prove that there exists a class of networks such that the
dimension of the eigenspace associated with the valency is sufficient to un-
derstand this problem. Last, we address the lifting bifurcation problem for
feed-forward networks. Ome of the main conclusions from our work, it is
that the lifting bifurcation problem does depend on the chosen coupled cell
system.

The study of synchrony-breaking bifurcations on coupled cell systems is
an ongoing subject of research, as well as, the study of robustly supported
heteroclinic networks in coupled cell systems. An interesting question is
to determine the bifurcations in coupled cell systems that lead to robust
heteroclinic networks. Some other directions of study in coupled cell systems
are:

e Hopf bifurcations.

e Classification of singularities.
e Transversality.

e Degree theory.

We can also ask which networks are dynamical equivalent to a funda-
mental network.
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