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Abstract

We consider feed-forward networks, that is, networks where cells can
be divided into layers, such that every edge targeting a layer, exclud-
ing the first one, starts in the prior layer. A feed-forward system
is a dynamical system 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 each network system
to each synchrony subspace is a system associated with a smaller net-
work, which may be, or not, a feed-forward network. The original
network is then said to be a lift of the smaller network. We show that
a feed-forward lift of a feed-forward network is given by the composi-
tion of two types of lifts: lifts that create new layers and lifts inside
a layer. Furthermore, we address the lifting bifurcation problem on
feed-forward systems. More precisely, the comparison of the possi-
ble 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 sub-
space is a sufficient condition 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 in-
ternal dynamics and the lifts occurs inside an intermediate layer, we
prove that the existence of bifurcating branches of solutions that are
not lifted from the restricted system does depend generically on the
particular feed-forward system.
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1 Introduction

Coupled cell networks describe influences between cells and are represented
by graphs. A coupled cell system is characterized by an admissible vector
field that respects the structure of the network and that governs the dynamics
of each cell. Roughly speaking, a coupled cell system respects the structure
of the network if the dynamics of a cell affects the dynamics of other cell,
whenever there exists an edge on the network from the former to the latter.
In [15, 8], the authors formalized the concepts of coupled cell network and
coupled cell system. They also showed that there exists an intrinsic relation
between coupled cell systems and networks, proving that 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 on the network set of
cells determined by those equalities is balanced. Given a balanced coloring,
the associated quotient network is given by merging cells with equal color.
The original network is then said to be a lift of the smaller network.

Feed-forward networks correspond to a class of coupled cell networks are a
particular coupled cell networks where the cells can be partitioned into layers.
Consider feed-forward networks where 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 and any two cells receive the same number of inputs. Feed-
forward networks have been studied in [5, 3, 7, 11, 6, 1]. In [1], the authors
studied the balanced colorings of feed-forward networks. We will focus on
lifts of feed-forward networks that have also a feed-forward structure. Those
lifts are given by the composition of two basic types of lifts: lifts that create
new layers and lifts inside a layer. See Proposition 3.1. 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 division of cell within some layer.

In [5, 7], the authors studied Hopf bifurcation on feed-forward networks
and proved that the appearing periodic orbits have an amplitude of surprising
order. They assumed the phase space of each cell to be the two dimensional
real space. In this work, we restrict our attention to one dimensional cell
phase space and study (codimension-one steady-state) bifurcations at a full
synchrony equilibrium. It follows from the feed-forward structure that the
Jacobian matrix of a feed-forward system at a full synchrony equilibrium
has only two eigenvalues: the valency and the internal dynamics. In this
paper, we study the two different kinds of bifurcations associated to each
eigenvalue. In [11], the authors also studied bifurcations associated with
the internal dynamics on feed-forward networks which have a semi-group
structure and only one cell in each layer. They introduced, what we call,
square-root-order of a bifurcation branch that measure the growth of a bi-



furcation branch, Definition 5.1. Exploiting the techniques presented in [11],
we give a characterization of the steady-state bifurcation branches associ-
ated with the internal dynamics on a feed-forward network in terms of their
square-root-orders and slopes. See Proposition 5.3.

Last, we study the lifting bifurcation problem on feed-forward networks
for the two basic types of lifts on feed-forward networks. The restriction
of a lift system to a synchrony subspace is a feed-forward system. Thus
any bifurcation branch occurring for a feed-forward system corresponds to
a bifurcation branch occurring for the lift system. The lifting bifurcation
problem asks if there are more bifurcation branches occurring for the lift
system. This problem was first raised in [2] where the authors proved that
there are networks which have more bifurcations branches on some lift sys-
tems than the ones lifted from the original network. This problem was also
studied in [9, 10]. A well-know result gives a necessary condition for the lift-
ing bifurcation problem: There can be more 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. See Corollary 6.1.

Frequently, this condition is also sufficient for the lifting bifurcation prob-
lem and we prove it in the following cases. For lifts that create new layers
and inside a layer, and feed-forward systems with a bifurcation condition
associated to the valency, Proposition 6.2. 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 to the
internal dynamics, Propositions 6.3 and 6.4. Moreover, the previous cases do
not depend generically on the feed-forward system.

Considering lifts inside an intermediate layer and feed-forward systems
with a bifurcation condition associated to the internal dynamics, the center
subspaces of the feed-forward system and of the lift system have different
dimensions. We show, for lifts inside an intermediate layer, that there exists
an open set of coupled cell systems with a bifurcation associated to the in-
ternal dynamics such that there are more bifurcation branches on the lifted
network than the ones lifted from the original network, Proposition 6.5. Re-
markably, for a class of feed-forward networks and lifts inside an intermediate
layer, there is also an open set of feed-forward systems with a bifurcation as-
sociated to the internal dynamics such that there are no more bifurcation
branches on the feed-forward lift, Propositions 6.6 and 6.7.

The paper is organized as follows. In Section 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 3).
Coupled cell systems and feed-forward systems are recalled in Section 4.



Then we analyze the steady-state bifurcations in feed-forward systems with
bifurcation conditions associated to the valency (Section 5.1) and the internal
dynamics (Section 5.2). Finally, we study the lifting bifurcation problem for
feed-forward systems with bifurcation conditions associated to the valency
(Section 6.1) and the internal dynamics (Section 6.2). Many results assume
conditions on the feed-forward networks and we provide, throughout the
paper, examples showing that those conditions are necessary.

2 Feed-forward networks

In this section, we recall a few facts concerning coupled cell networks, fol-
lowing [8, 12], and define feed-forward networks.

Definition 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 Ei, ..., Fk.
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.

Let (0; : C — C)%_, be the collection of functions such that there exists
an edge e € E; from o;(c) to ¢, for every ¢ € C and 1 < i < k. We say that
N is represented by the functions (o; : C — C)k_,. O

Let N and N’ be two networks represented by the functions {o; : C' —
C}r_ | and {0} : C" — C'}r_,, respectively. We say that N and N’ are
equal and write that N = N’ if there exists a bijection ¢ : C' — C” such
that ¢(o;(c)) = di(p(c)), for every 1 < ¢ < k and ¢ € C. Graphically, we
use different connections to distinguish the edge’s type. See the network in
Figure 1.

Figure 1: Feed-forward network with 4 layers
A network N can be also represented by its adjacency matrices (A;)¥_;.
More precisely, each matrix A;, i = 1,...,k, is an |N| x |N| matrix, where

the entry (4;). is 1, if ¢ = 0;(c), and 0, otherwise.
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Definition 2.2. Let N be a network represented by the functions (o;)%_;.
We say that N is a feed-forward network (FFN), if there exists a partition
of the set of cells of N into subsets Cy, C1, ..., C,, such that o;(c) = ¢, for
every ¢ € Cp, and 0;(C;) C Cj_q, for every 1 < j <mand 1 <1i < k. The
subset C} is called the jth layer of N.

We assume that every cell not belonging to the last layer, is a source of
some edge targeting the next layer, i.e., for every 0 < j <m —1 and c € Cj
there exists ¢ € Cj1; and 1 <14 < k such that ¢ = 0;(¢). O

All feed-forward networks that we consider are connected, i.e., for every
two distinct cells ¢ and ¢’ of N there exists a sequence of cells ¢g, ¢1, ..., ¢_1,¢
in N such that ¢ = ¢g, ¢ = ¢; and there is an edge from ¢,_; to ¢, or an edge
from ¢, to c,_1, for every 1 < a < [.

Definition 2.3. We say that a network N is backward connected for a
cell ¢ if for every cell ¢ different from ¢ there exists a sequence of cells

Co,C1,-..,C—1,¢ in N such that ¢ = ¢y, ¢ = ¢ and there is an edge from
Ca—1 10 cq, for every 1 < a < [. The network N is backward connected if it is
backward connect for some cell. O

Figure 2: Backward connected feed-forward network with 5 layers.

The network in Figure 2 is backward connected (for the cell 10) and the
network in Figure 1 is not backward connected.

Remark 2.1. A feed-forward network is backward connected if and only if
the cardinality of the last layer is 1. O

3 Lifts of feed-forward networks

We recall now a few facts about balanced colorings, quotient networks and
lifts of networks, following [15, 8, 12] with emphasis at feed-forward networks.

b}



We define two types of basic lifts in feed-forward networks: lifts inside a layer
and lifts that create new layers. We prove that any lift of a feed-forward
network to a backward connected feed-forward network can be obtained by
a composition of lifts that create new layers and lifts inside the layers.

Let N be a network represented by the functions (0;)_;. A coloring of
the set of cells of IV is an equivalence relation on the set of cells. A coloring
< is balanced if o;(c) 1 0;(c’), for every 1 < i < k and cells ¢, of N such
that ¢ b . It follows from [13, Proposition 7.2] that this definition coincides
with the definition of balanced coloring given in [8, Definition 4.1]. Given a
subset of cells S in N, we denote by [S]x the set of i-classes of the cells in
S, ie. [Slw = {[¢|w : ¢ € S}. When defining or referring to a coloring, we
omit its classes that have only one element.

Definition 3.1 ([8, Section 5]). The quotient network of a network N, rep-
resented by the functions (o; : C' — C)¥_,, associated to a balanced coloring
> in N is the network represented by the functions (07 : [Cle — [Clw)t;,
where 0% is given by 0%%([c]w) = [04(¢)]m, for every 1 < i < k and ¢ € C.
We denote by N/ < the quotient network of N associated to 1. 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

Remark 3.1. The quotient network of a backward connected network is also
backward connected. O

Figure 3: Quotient of the network in Figure 1 associated with the balanced
coloring given by the class {3,4}.

Example 3.1. Consider the network N in Figure 1 represented by the func-
tions (oy, 09) and the coloring i, where o(i) = 09(i) = 1, if 1 = 1,2,3,4,
0'1(7) = O'2(5) = 2, 0'1(5> = 0'2(6) = 3, 0'1(6) = 0'2(7) =4 and Ul(i) = O'Q(i) =
1 — 3, if 1 =8,9,10, and x is given by 3 < 4. The coloring < is balanced,



since 0;(3) <1 04(4), for ¢ = 1,2. The network in Figure 3 is the quotient of
N associated to . O

In [1], the authors studied and described the balanced colorings of feed-
forward networks. The set of balanced colorings forms a partially order set as
studied in [14] given by the refinement relation. Given two balanced colorings
<, > of a network IV, we say that b’ refines > and we write ' <<, if ¢ >’ d
implies that ¢ < d, for every cells ¢ and d of N. We have that if >/ <<, 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 of () to L is given by
the composition of the lift of @) to N and the lift of N to L. In some cases, a
lift can be seen as the composition of two lifts, see [4, Theorem 2.4]. In the
next result, we give a sufficient condition for that to occur.

Lemma 3.1. Let L be a network represented by the functions (o; : C —
CYr_y, > a balanced coloring in L and S C C such that 0;(S) C S, for
1 <i < k. Then, there exists a balanced coloring ><" in L such that L/ > is
a quotient of L/ >, [C'\ S|sw = C \ S and there ezists a bijection between
[S]sa and [S]w -

Proof. Let L be a network represented by the functions (o; : C' — O)k_, >q
a balanced coloring in L and S C C such that ¢;(5) C S, for 1 <i < k.

Define >’ as the coloring of L such that ¢/ ¢ if cixi ¢ and ¢,¢ € S. Let
¢, € S such that ¢ >’ ¢. Then ¢ ¢, 0;(c) > 0;(¢') and o4(c), 0;(¢) € S,
for every 1 < i < k. Hence o;(c) > 0;(c), for every 1 < i < k, and <’ is a
balanced coloring of L. Note that <'=<p< and so L/ 1 is a quotient of L/ <.

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

Let a @ [S]. — [S]w be given by a([c¢|w) = [¢|sr, Where ¢ € S. Let
¢, € S such that [¢].q = [¢/].q. Then ¢ ¢ and ¢ <’ ¢. So « is well-defined.
Suppose that a([c]w) = a([¢/]). Then ¢ <’ ¢ and ¢ ¢’. So [¢]s = [/] and
« is injective. Let [¢]wr € [S]r. Then a([c]w) = [¢|s and « is surjective. So
« is a bijection between [S]. and [S]uy. O

Next, we define two basic lifts in feed-forward networks.

Definition 3.2. Let N be a feed-forward network and L a feed-forward lift
of N. Denote the layers of N and L by Cy,C4,...,Cy, and Cf,C1, ..., C!.
respectively.

We say that L is a lift inside the layer C;, where 0 < j < m, if m = n,
|C| # |C5] and |Cj| = |G| for every i # j.

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

Ci|=---=1C, |Co| and |C; = |Cy], for every 1 < j < m. O

—m| = n—m—‘rj‘

7



The network in Figure 1 is a lift inside the second layer of the network in
Figure 3. In the following example, we apply Lemma 3.1 and see that some
lifts of feed-forward networks are the composition of lifts inside a layer.

Example 3.2. 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 Cy,C1,...,C,,.

Consider the set S,,_.1 = CoUC; U ---UC,,_; and apply Lemma 3.1 to
the lift L of N, then there exists a network (),,_1 such that the lift of N to
L is the composition of the lift of N to Q,,—1 and the lift of Q,,_; to L. It
is not hard to prove that (),,_1 is also a feed-forward network with the same
number of layers than N and L. By Lemma 3.1, the layers of @,,_1 and N
have the same number of cells, except the last one. Hence @Q,,_1 is a lift of
N inside a layer (or N = Q,,—1).

We can repeat the previous process by considering the set S; = CoUC U
---UC; and applying Lemma 3.1 to the lift L of ();41, for each m—2 > ¢ > 1.
In this way, we obtain a sequence of networks Q,,,, @.,—1, . . ., @1, Qo such that
Qj+1 is a lift of @), inside a layer (or Q;+1 = Q;), where j = 0,...,m — 2,
L =Q,, and N = @Qg. Therefore the lift of N to L is the composition of lifts
inside the layers and a lift from @,,_; to L.

If L is backward connected, then (),,_1 = L and the lift of N to L is the
composition of lifts inside the layers. O

According to the results obtained in [1], we give an auxiliary lemma.

Lemma 3.2. Let N be a feed-forward network with layers Cy, C, ..., C,, and
L a feed-forward lift of N with layers C{, C1, ..., C), such that L is a backward
connected. Denote by > the balanced coloring of L such that L/ <= N. Then

[C;L—m]m == [C(l)]m = Co [C;z—j]m = Cin—j,
for0<j<m-—1.

Proof. Let N be a feed-forward network with layers Cy, C4,...,C,, and L a
feed-forward lift of N with layers C{, (1, ..., C] such that L is a backward
connected. Assume that N and L are represented by (0;)F, and (o))k,
respectively. Let > be a balanced coloring such that L/ >= N. Then n > m
and [0.(¢)]w = 0i([¢]s), for every cell ¢cin L and 1 <7 < k.

Since L is backward connected, N is also backward connected, C!, = {¢; },
Cim = {[c1]w} and [C)]sa = Cyp. If m = 0, then N has only one cell and there
is only one equivalence class of 1. Hence [C ] = - -+ = [C{]s = Co.

Now, suppose that m > 0. Let d; € C,,—; where 1 < 57 < m. Then
there exist 1 <4 < k and dy € Cy,41—; such that d; = 0;(dz). Assuming
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that [C),;_jlsa = Cpy1-j, there exists dy € C,,_; such that dy = [dh)w,
dy = [0i(dy)]sa and 0j(dy) € C},_;. Thus Cp,j € [C),_;]se. On the other hand,
let d) € C},_;. Then there exist 1 <7 < k and dj € C),, ; such that dj =
0i(dy). Assuming that [C],, ;] = Cpy1-j, we have that [dy)g € Crrp1j

and [07(dy)]oa € Cp—j. Therefore [C) ] = Cyyj. Since [C] ] = Cpy,
[ 7117]']I><1: m—j 0<j3<m.

In particular, [C!,_, ]« = Cp. From this and the fact that o;(Cy) = Co,
for 1 < i <k, using the same argument as above we conclude that

[sz—m]m == [C(l)]m = Co. L

Using the Example 3.2 and Lemma 3.2, we see how to decompose a feed-
forward lift into lifts that create new layers and lifts inside a layers.

Proposition 3.1. 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 Cy, C4,...,C,, and L a
feed-forward lift of N with layers C{,C, ..., C/ such that L is a backward
connected and represented by (o;)%_,. Denote by < the balanced coloring in
L such that N is the quotient network of L associated to <.

Define the coloring >i; in L such that c <y d if cxd and ¢,d € CJ’- for
0 < j <n. Let ¢ > d. Since < is balanced, we have that o;(c) > 0;(d)
and oy(c),0:(d) € C%, where j° = max{0,j — 1} and 0 < i < k. Then
oi(c) >y 0;(d) for 0 <i < k. Hence p<; is balanced.

Define the network Q1 = L/ >y and A; = [(f],, for 0 < j < n. Let
¢ € Ap. There exists d € C}, such that ¢ = [d]s,. Then 0. (¢) = 07" ([d],) =
[0(d)]say = [d]oy = ¢, for 1 <i < k. Let c€ A; and 1 < j < m. There exists
d € Cj such that ¢ = [d],. Since o4(d) € Cj_y, 077 (c) = [03(d)]se, € Aj_1,
for 1 <i < k. If j < m, then there exist d’' € Cg,‘+1 and 1 <7 < k such that
d=o;(d') and ¢ = 67" ([d'], ). Therefore @ is a feed-forward network with
layers Ag, Ay, ..., A,.

Note that <y <1, Hence ) is a lift of N, if <<, and Q1 = N, if
>y =<. It follows from Lemma 3.2 that

|An—m+j| = ‘[C%—m+j]l>41| = |[C”:L—m+j]b<1‘ = |C’j” 1 SJ S m,

and
|Aj | = |[Clloa| = [Clsal = 1Col, 05 <n—m.

Hence () is a lift of N that creates n — m new layers or ); = N.
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The networks ()1 and its lift L have the same number of layers. Following
Example 3.2, we see that the lift of )1 to L is the composition of lifts inside
the layers. Therefore the lift of NV to L can be obtained by the composition
of a lift that creates new layer with lifts inside a layer. ]

The condition imposed in Proposition 3.1 that the lift network is back-
ward connected can not be removed as the next example shows.

Figure 4: The feed-forward network on the right is a lift of the feed-forward

network on the left and it is not the composition of lifts that create new layers
and lifts inside layers. Note that the lift network is not backward connected.

Example 3.3. Let N be the feed-forward network on the left of Figure 4
and L the feed-forward network on the right of Figure 4. The network L is a
lift of IV, considering the coloring in L given by the class {la, 1b}. 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} is not balanced. However, L is
not backward connected. O

The lifts inside a layer can be further decomposed using splits.

Definition 3.3. Let N be a network and L a lift of N. We say that L is the
split of a cell ¢ in N into cells ¢y, ¢co, ..., ¢ in L, if the coloring > in L given
by ¢; > ¢;, for 1 <i,j <1, is balanced, L/ pa= N and [¢;].q = c. O

The network in Figure 1 is a split of the cell 3 in Figure 3 into the cells 3
and 4. The network in the right of Figure 4 is a split of the cell 1 in the left
of Figure 4 into the cells 1a and 1b.

Remark 3.2. By Lemma 3.1, a lift inside a layer is the composition of splits
of a cell into two cells. O

Next, we prove that if a feed-forward network is backward connected and
a lift of some feed-forward network, then there is an unique balanced coloring
associated to the lift.
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Lemma 3.3. Let N be a feed-forward network and L a lift of N such that L
1 a backward connected feed-forward network. Let t<iy,<ly be colorings in L.
]f L/ D1 = L/ D>Xlo= N, then D =D<y.

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 0,y be colorings in L.
Denote by Cy, . .., C,, the layers of N, by (o¥)F_, the representative functions
of N, by C4,C4,...,C" the layers of L and by (cF)F_, the representative
functions of L. Suppose that L/ b= L/ <= N.

Since L is backward connected, we know that N is backward connected
and |Cy,| = |C/| = 1. So for ¢ € C/, we have that [¢|sq, = [¢]s,. Next, we
prove that if for every ¢ € C%, j > 0, [c|oq, = [¢]s,, then for every d € C]_, we
have that [d]., = [d]w,. Suppose for every ¢ € C7, j > 0, that [clo, = [c]w,
Let d € Cj_;. Then there exist 1 <4 < k and ¢ € C} such that o/ (c) = d.
Thus

[d] e, = [UZ‘L(Cﬂlxn = UzN([C]ml) = UZN([C]NQ) = [UZ‘L(C)]MQ = [d] s,

By induction, for every 0 < j < n and ¢ € (] we have that [cl, = [¢]s,-
Hence < =x. ]

In the next example, we see that the previous result does not hold if the
lift is not backward connected.

Figure 5: The network on the right, L, is a lift of the network on the left,
N. There are 3 different balanced colorings in L such that N is a quotient
network of L associated to each of those colorings.

Example 3.4. Let N be the feed-forward network on the left of Figure 5 and
L the feed-forward network on the right of Figure 5. Consider the balanced
colorings in L: ><; given by 1 >y 2; by given by 2 >y 3; and <3 given by
113 3. Then N = L/ >iy= L/ <o= L/ <13 and L is a lift inside a layer. {
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4 Feed-forward systems

In this section, we recall the concept of coupled cell systems associated to a
network, synchrony subspace and steady-state bifurcations, following [15, §].

Let N be a network represented by the functions (o;)¥_,. For each cell ¢ of
the network, we associate a coordinate z. € R. We say that F : RNl — RIVI
is an admissible vector field for N, if there is f : R x R¥ — R such that

(F('x))c = f(xcﬂ xU’1(C)7 e 7$Uk(0))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 IV is a system of ordinary
differential equations
i=fNz), zeRWV,

where fV : RN — RN is an admissible vector field for N. When N is a
feed-forward network, we refer to a coupled cell system associated to NV as a
feed-forward system.

Let (A;)F_, be the adjacency matrices of N. If the function f is differen-
tiable at the origin, then the Jacobian matrix of fV at the origin is

k
TN = (DfV)o = fold+>_ fii,
i=1
where Id is the identity |N| x |N|-matrix and

_9f
fi= o

(0,0...,0), 0<i<Ek.

Let Cy, C4,...,C,, be the layer of N. For every feed-forward system f¥
associated to N, the Jacobian matrix at the origin has the form

(S f)Ide 00 0 0
R, fold, 0 0 0
o 0 Ry  folds 0 0
= : : : : :
0 0 0 fold, . 0

i 0 0 0 R, fold,y, |

where Id; is the identity matrix of size |Cy|, ¢ = 0,1,...,m, R; is a |C}| x
|C;_1|-matrix, j = 1,...,m. The eigenvalues of J}V are Zf:o f; and fo.

12



A polydiagonal subspace is a subspace of RV 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

JANS ::{x:cmdéxc:xd}gﬂ%'m.

And any polydiagonal subspace of RNl defines an unique coloring on the set
of cell of N.

Given a function G : RNl — RIM and a subset A C RVl we say that A
is tnvariant by G if G(A) C A. A synchrony subspace of a network N is a
polydiagonal subspace of RIN! that is invariant by any admissible vector field
of N. There is an one to one correspondence between balanced colorings <
and synchrony subspaces A.. See [8, Theorem 4.3]. More specifically, the
polydiagonal A, associated to a coloring i 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 f of N, every coupled cell system of N given by f can be restricted
to Ax. Each restricted system is a coupled cell system of N/ > given by
[N/ Moreover, given a solution y(t) € RV of the coupled cell system of
N/ < given by f¥/™ we have that z(t) = (z.(t)), where () = yjq..(t) is a
solution of the coupled cell system of N given by fV. See [8, Theorem 5.2].

Let G : R? x R — R? be a family of smooth vector fields, d > 0 and the
corresponding dynamical systems, depending on the parameter A,

i = G(x,\). (1)

Consider an equilibrium (z*,\*) of (1), i.e. G(z*,A*) = 0. The family
of dynamical systems (1) suffers a local bifurcation at (x*, \*) if for every
neighborhoods U, and U, of z* and \*, respectively, there exists A, Ay € U,
such that the family (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 is that the Jacobian of G at
(2%, X*), DG (3= »+), has an eigenvalue with zero real part. We focus on steady-
state bifurcations and we say that a steady-state bifurcation at (x*, \*) occurs
if the number of equilibrium points in a neighborhood of xz* changes when
the parameter A crosses A\*. A necessary condition for the occurrence of a
steady-state bifurcation at (z*, A*) is that 0 is an eigenvalue of DGz« »+.
In order to study the steady-state bifurcations of a family 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,
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for every A € R. We denote by V(N) the set of those functions. The set of
functions f € V(N) such that a steady-state bifurcation occurs at (0,0) for
N is given by the union of the following sets:

Vi(N):={f € V(N): ij =0}, Vo(N):={f € V(N): fo =0}

Thus Vi (V) denotes the set of functions with a bifurcation condition
associated with the walency of N and Vy(N) 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 associated
to N given by f € V(N). We say that D C R is a domain if D has one of
the following forms: | — Ao, 0]; | — Ao, Ao[; or [0, Ag[, for some Ay > 0.

Since we study local bifurcations, we use germs to define branches. Let
Di, Dy be domains. We say that two smooth functions b, : D; — RN and
by : Dy — RNl are germ equivalents if there exists an open neighborhood U
of 0 such that UND1N Dy # {0} and by (A) = ba(N), for every A € UND;NDs.
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 — RNl is an equilibrium
branch of f on N, if

YN, A) =0,
for every A € D. Since f(0,0,...,0,\) =0 for every A\, 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 trivial branch are
called the bifurcation branches of f on N. We define the set of equilibrium
branches of f on N:

B(N, f) ={b: D — R™ : bis a equilibrium branch of f on N}.

5 Steady-state bifurcations for FFNs

5.1 Steady-state bifurcations for FFNs associated with
the valency

First, we study the bifurcation problem of f when f € Vi(N).

Proposition 5.1. Let N be a feed-forward network with layers Cy, Cy, . .., C,.
Let f € Vi(N). Then, generically, there are 2\ equilibrium branches of f
on N. Moreover every equilibrium branch is uniquely determined by its value
at the cells of the first layer Cy.

14



Proof. Let N be a feed-forward network with layers Cy, Cy,...,C,,. Let

f € Vi(N). Generically, assume that fy # 0, Zf,j:o fij # 0 and Z?:o fix #

0, where f;; is the second order partial derivatives of f(xo,z1,..., 25, A) at

(0,0,...,0,0) with respect to z; and z;, and f;) is the second order partial

derivatives of f at (0,0,...,0,0) with respect x; and A, for 0 <i,j < k.
The equilibrium branches of f on N are given by the solutions of

Mz A) =0,

in a neighborhood of the origin. The Taylor expansion of f at (0,0,...,0,0)
is given by

k k k
flr,zy, .. 26, \) = Z fix; + Z firxi A + Z %xixj + h.o.t.,
i=0 i=0 i,j=0

where h.o.t denotes high order terms.
For ¢ € Cy, we have that

Nz, N) =0 f(re, e, ... 26, \) = 0.

k k
STAY i+l Y % + hot. =0
=0

i,j=0
Sr.=0VAY fintae ) S hot.=0
i=0 4,j=0

Using the Implicit Function Theorem, there exist A\g > 0 and a germ

B :] — Ao, Ao[— R such that 3(0) = 0 and
fle, ey .y, \) =0 2. =0V x. = B(N), —Ao < A < Ap.

Denote by D the set of cells C; U ---U C,,. Since fy # 0, the matrix
[8 i/ axd/] daen’s invertible. By the Implicit Function Theorem, there exist

Ny >0 and W : RIx] — XA [— RIPIsuch that A < A and

Nz N)=0s (/\ fxe,@ey .o T, N) :O> ANzxp =W(xe, A).

ceCyo

N ( N e =0V, = ﬁ(A)]) Axp =W(xe,, A
ceCy
for =\ < A < AL
Therefore any equilibrium branch is uniquely determined by its value at
the cells of the first layer Cjy and each cell of Cj has one of two possible
values. So there are 2/l equilibrium branches. ]
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5.2 Steady-state bifurcations for FFNs associated with
the internal dynamics

Next, we focus on the bifurcation problem when f € Vy(N). We follow the
analysis done in [11, Section 2].

Definition 5.1 ([11, Definition 2.2]). Let N be a feed-forward network and
b: D — RNl a bifurcation branch on N, where D = [0, \o[ or D =] — ), 0].
For any cell ¢ in N such that b, # 0, we say that b. has square-root-order p,
and slope s. and write that b. ~ O(277¢), if p. is the smallest non-negative
integer such that there is a smooth function b7 : [0, \2 " [— R satisfying
e - bE(A])
be(N) = b(IAFT),  s.= lim -~ £,
(W) =be(IA" 7). se =l =5 7
AeD
If b. = 0, we say that b. has square-root-order —1 and slope 0. For a subset
of cells A, we say that b has square-root-order p in A and we write that
ba ~ O(27P), if
= N ~ ~Pe
p=max {p,: b ~ O(27)}. O

In [11], the authors describe the bifurcation branches on feed-forward
networks that have only one cell in each layer, [11, Theorem 2.3]. Using the
same ideas, we study the bifurcation branches on any feed-forward network.
In the next two lemmas, we see how the square-root-order of a solution
to f(x,z1,...,2k,A\) = 0 grows when the square-root-order of the inputs
x1,...,T are known. In the first lemma, we consider inputs that are defined
for positive values of the parameter \.

Lemma 5.1. Let f € Vo(N) generic, y : [0, \o[— R¥ a germ, pi1,...,pr and
S1y..., Sk such that y; has square-root-order p; and slope s; for 1 < i < k.
Suppose that p := max{py,...,pr} > 0 and define

A={i1y,~027")}, Z:Zfisi.

icA Joo

(i) If Z < 0, then there exist 0 < A\ < Ao and germs b, b : [0, \j|— R such
that b* have square-root-order p + 1 and slope £v/—2Z, and

f(,y(\),\) =0 2 =b5(N), 0< A< A

(i1) If Z > 0, then the equation f(x,y(\),\) =0 has only the trivial solution
(z,A) = (0,0).
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Proof. Let f € Vo(N), y : [0, \o[— R*, p1,...,pr and sy,...,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={i1y,~027")}, Z:Zfisi

icA Joo

Recall the Taylor expansion of f at the origin

k
f(x7$17"'7xk7 Zfzxz+@x2+f0>\x)\+z,fz)\xz/\+
=1

+ Z foirix + Z &xl:c] + h.o.t..

4,7=1

For A > 0, consider the following transformation of variables

(p 1) —Pp;
p=X""" r=pz, (N =N wi(p).
Then
.Yy A (p+1) (p+1-p;)
wi(0) = lim Ag(,f =5, A= g =2 ).

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

k
=1

k
+Zf01yi $+Z&yz A)+hot.=0
=1 2,J=1
@Zfzuwz fOO W22+ hot. =0
€A
2 fOO 2
i€A
(:)M—O\/Zf,sﬁ—foof%—hot =0.
€A
Define
= Z fiSi + f0022/2 + h.o.t..
i€A
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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,p) =0 2z = 25(p), 2 (p) = £V—=2Z + h.o.t.
Let 0 < A < Ao and bT, b : [0, \j[— R such that [0, (A\))2"“"[C U and
bE(N) = pat(p) = +V=22X2 " £ hot. ~ 02" P,
Then b* have square-root-order p + 1 and slope ++v/—2Z, and
fla,yM),\) =06 p=0V2=25(n) & pz = pz"(n) & o= b=(\).

This proves (7).

If Z > 0, then h(z,0) is always positive, when fyoo > 0, or it is always
negative, when foo < 0. So there is no solution to the equation h(z,0) = 0.
And the equation f(z,y(A), A) = 0 has only the trivial solution (x, \) = (0, 0),
proving (1). O

The second lemma consider inputs defined for negative values of the pa-
rameter A. Since the proof is very similar to the previous one, we omit it.

Lemma 5.2. Let f € Vo(N) generic, y :] — \o,0] — R* a germ, p1,...,px
and s1, . .., Sk such that y; has square-root-order p; and slope s; for 1 <i < k.
Suppose that p := max{py,...,px} > 0 and define

A={i:y~027")}, Z:Zfisi

icA foo

(i) If Z > 0, then there exist \g < A\ < 0 and germs b+, b~ :] — A\§,0] — R
such that b* have square-root-order p + 1 and slope Fv/2Z, and

f(z,y(\), ) =0 2 =b5()), 0> \> N

(17) If Z < 0, then the equation f(x,y(N),\) = 0 has only the trivial solution
(z,A) = (0,0).

Now, we describe the square-root-orders of any bifurcation branch in the
layers of a feed-forward network.

Proposition 5.2. Let N be a feed-forward network with layers Cy, C1, ..., Chp,
and f € Vo(N) generic. If b is a bifurcation branch of f on N, then there
exists 1 < r < m such that

bco == bCr—1 =0, bcr ~ 0(20), be ~ 0(2_1), - ,bcm ~ O(Q(r_m)).

r+1
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Proof. Let N be a feed-forward network with layers Cy, C4,...,C,,, and
f € Vo(N). Denote by (0;), the functions that represent N. Let b be
a bifurcation branch of f on N. Since b # 0, define

r = min{j : bo, # 0}.

We check first that 1 < r < m. The restriction of f¥(z,\) = 0 to C
is equivalent to f(z., x¢,...,2x.,\) = 0, for every ¢ € Cy. Generically, we
assume that Zf:o f; # 0. By the Implicit Function Theorem, there exists
an open neighborhood D of 0 such that f(x., z,...,z. A) = 0 if and only if
z:(A) =0, for A € D. Hence b, (A) = (0,...,0) and 1 <r < m.

Now, we prove the result when m = r. Then bc,uc,u.-uc,,, = 0 and
f(be,0,...,0,\) = 0, for every ¢ € C,,. Generically, we can assume that
foo # 0 and fon # 0. The Taylor expansion of f(z,0,...,0,)) at the origin
is

f(z,0,...,0, ) =forxA + %ﬁ + h.o.t.

=z(foa\ + %x + h.o.t.)

=zh(x, \).

Hence
f(z,0,...,00A\)=0<2=0Vh(x,\) =0.

Note that h(0,0) = 0 and h,(0,0) = foo/2 # 0. Then there exist an open
neighborhood D of 0 and a germ ° : D — R such that

(N = —2@A + h.o.t., (2)

Joo

and
h(z,\) =0 < x=0b"()\), AeD.

Moreover, f(z,0,...,0,A) = 0 if and only if z(\) = 0 or z(\) = b°(N).
Then be,, € {0,6°}9"l. Note that the restrictions of 6 to the positive and
negative values of \ have the same square-root-order, 0, and slope, —2 fo»/ foo-
Because b # 0, there exists ¢ € C,, such that b, = b’ has square-root-order
0. Therefore

be, =bo, = -+ =be,,_, =0,bc,, ~ O(2°).

In order to prove the result we use an inductive argument on the number
of layers. The case m = 1 is covered in the analysis of » = m. So we assume
that the result is valid for networks with m’ + 1 > 2 layers, and we prove it
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for networks with m 4+ 1 = m/ + 2 layers. If r = m, then the result holds.
Suppose that » < m/. Let N’ be the restriction of N to the first m’ + 1
layers of N. Then b = boyu--uc,, is an equilibrium branch of f on N . From
r < m/, we know that b’ £ 0 and V' is a bifurcation branch of f on N’. Since
r = min{j : b’cj # 0}, we have, by induction hypothesis, that

bCO = bcl == bC’r‘—l =0, bC’r ~ 0(20)7 S 7me/ ~ O(Q(T_ml))

For every ¢ € C,, and 1 < i < k, we have that o;(c) € Cy,_1, bs,() has
square-root-order p; < m —r — 1 and b, is a solution of the system

f(xc, bgl(c)(A), ce ,bak(c)()\), )\) =0.

Following Lemmas 5.1 and 5.2, define p. = max{p1,...,pr} < m —1r — 1.
If p. > 0, then b, has square-root-order p. + 1 < m —r. If p. = —1, then
boi(c)(A) = 0 for every 1 <i < k and b, has square-root-order —1 or 0. Hence
b. has square-root-order less or equal to m — r, for every ¢ € C,,.

Because bo,, ~ O(2U~="+D)  there exists ¢ € C,,_; such that b, has
square-root-order m — r — 1. And there exists ¢ and a cell ¢ € C,, such that
oi(c) = . So p. = m —r — 1 and b, has square-root-order p. +1 =m —r,
by Lemmas 5.1 and 5.2. Hence

be,, ~ O2r=™), O

As we saw, the definitions of square-root-order and slope naturally extend
to bifurcation branches defined in a neighborhood of 0. We note that Lem-
mas 5.1 and 5.2 also provide a formula to classify every bifurcation branch
on a feed-forward network.

Let N be a feed-forward network and f € Vy(INV). We define

©: B(N, f) = {-1,0,1} x ZN x RV
b= (0, (Pe)er (Se)e),

where ¢ is 0 if some function in the germ equivalence class of b is defined in an
open neighborhood of 0, § is 1 (—1) if b is defined only for positive (negative,
respectively) values of A, and b. has square-root-order p. and slope s, for
each cell ¢ of N. If (6, (pc)e, (S¢)e) € O(B(N, f)), then

N1 6=0=V.p.<0,
0.2 De=—1= Vi DPoi(c) = -1,

03 p.>-1=Y, Doy (c) <p.—1Ady Doy(c) = Pe — 1,
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N4 p.=-1<s.=0,

2 fox

Q.5 pC:0:>sC:—f00,

20
Q.6 pc>0:>5’c::l: __Zfisoi(c)a
foo €A,

where A, = {i : po,(c) = pc — 1}. The statements 2.1, 2.2 and .3 follow
from Lemmas 5.1 and 5.2, by reduction to the absurd. The equivalence
.4 follows from Definition 5.1. The statement 2.5 follows from the proof of
Proposition 5.2 and 2.3, since p,,) = —1 for every 1 < ¢ < k. Finally, 2.6
follows from Lemma 5.1, if § = 1, and Lemma 5.2, if § = —1.

Let Q(N, f) € {~1,0,1} x ZINI xRNl be the set of points (8, (pe)e, (5c)e) €
{—1,0,1} x ZINI x RIN satisfying €2.1,..., ©.6. Next, we prove that © is an
one-to-one correspondence between B(N, f) and Q(N, f).

Proposition 5.3. Let N be a feed-forward network and f € Vo(N) generic.
If (6, (pe)es (Se)e) € QUN, f), then there exists a unique b € B(N, f) such that

O(b) = (9, (Pe)es (¢)e)-

Proof. Let N be a feed-forward network with layers Cy, C1, ..., C,, and rep-
resented by the function (0;)%_, and f € Vy(IV) generic.

Let (0, (pe)e, (Sc)e) € QN, f). We construct the equilibrium branch b of
f on N such that ©(b) = (9, (pe)e, (Se)e). It follows from .3 that p, = —1
for every ¢ € Cy and —1 < p. < m — 1, for every cell ¢ of N.

Let ¢ be a cell of N such that p. = —1. Then s. = 0, by .4. 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 2.2 that

J(be,boy(e)s - - -5 bop(e)s A) = f(0,0,...,0,X) =0.

Let ¢ be a cell of N such that p. = 0. Then s, = —2fy/ foo, by 2.5, and
Poi(e) = —1 for 1 < i <k, by Q.3. Define b, as the germ b° defined in (2) on
an open neighborhood of 0. Then b, has square-root-order p., slope s, and

F ey bor(e)s - - - s boge)s A) = f(B°,0,...,0,A) = 0.

The following germs are defined by induction on p > 1, i.e. we assume,
for every cell ¢ of N such that p. < p, that b is germ which has square-root-
order p» and slope s and we define, for every cell ¢ of N such that p. = p,
the germ b. which has square-root-order p. and slope s.. Since p. < m — 1,
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this process must terminate. Let p > 1. Assume that b. is a germ which has
square-root-order p. and slope s, for every cell ¢ such that p, < p. Let ¢ be
a cell of N such that p. = p. Then by, () is defined for every 1 < i < k, by Q.3.
Consider the germ y : D — R¥ such that vy; = bo,(c) for every 1 < ¢ < k, and
let b. be the germ obtained in Lemma 5.1 (5.2), 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,

J(be boy(eys - - -5 bay(e)s A) = 0.

Define the germ b = (b.). : D — RNl where D is the intersection of the
domains of each b.. By construction f¥(b(\),\) = 0, so b is an equilibrium
branch of f on N. Let (&', (pl)c, (sL).) := ©(b). By construction, p. = p. and
sl = s., for every cell c. If § =0, then p. <0 and § =0, by Q.1. If § = +£1,
then there exists p. > 0, by Q2.4 and Q.6. If § = 1, then b, is defined for
positive values and ¢’ = 1. Similar, if 6 = —1, then ¢’ = 1. Therefore

O(b) = (0, (Pe)es (s¢)e)-

We can see that 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

Let N be a feed-forward network with layers Cy, C4,...,C,, and f :
R*1 x R — R € Vy(N) generic. Define

k

’ fon > fi

0= Sign(fO/\Zfi) =" fy=-1, 5 =0, (3)

k
= fo Y fi
=1

and

2l for "
foo

for 1 < j < m. Now, for each 1 <r < m — 1, define §"* = 4,

, (4)

p;=7—1, 35; = —sign(foa)

i=1

pzi:ﬁ()a Szi:‘§07 CECOU"'UCT—la

+ ~ + P
pz = DPi+1, Sz = Si+1 CGC’I‘+170<l<m_]—_T7

4 ~ r+ ~
b = Pm—r, S = :tsm—r ceE Cm7

Cc
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We also define 6™ = 0,

2
pe=—-1,8"=0, ceCyU---UCy_1, pZ”:O,sT:—&,
Joo

=0 pl=-1, 2=0, ceCoU---UCy,.
For every 1 <r <m — 1,

(0% (B)es (52)e)s (8™, (D" )es (521)e), (875, (D5 )es (525)e) € O(N, f).

By Proposition 5.3, the set B(N, f) contains the trivial equilibrium branch
b°, a bifurcation branch b™ such that

c € Cpy,

Oo==bg =0,b8 ~ (9(20),

and for every 1 < r < m — 1 there exist two bifurcation branches b"*,b"~
such that
by = = b, = 0,b5 ~ O2°), b5, ~027"),.... b5 ~0@U™™).

Cr+l

Hence there exists a bifurcation branch with square-root-order r, for every r.

Corollary 5.1. Let N be a feed-forward network and f € Vo(N). Generi-
cally, for every 1 < r < m, there exists b € B(N, f) such that

bco =---=be_, =0, bcr ~ 0(20),50,«4_1 ~ 0(2_1), o be, ~ O(Q(T_m)).

In [11, Theorem 2.3], the authors prove that the germs 8° = (2),, b™* =
(br%), and b™ = (b™)., where 1 < r < m — 1 are the unique equilib-
rium branches of f on N, if N has only one cell in each layer. By ex-
amining the set O(N, f), we can see that (6°, (p9), (s%)c), (6™, (P™)e, (8™)e),

C

(6%, (p%)., (s7%).) are the unique elements of O(N, f), when N has only
one cell in each layer and recover [11, Theorem 2.3]. The characterization of

bifurcation branches is illustrated in the following example.

Example 5.1. Let N be the feed-forward network represented in Figure 2
and f € Vy(IN) generic. We assume that forfoo > 0, the other case is
identical. The possible bifurcation branches of f on N are described in
Table 1, where §; = —sign(forf1), 02 = —sign(forf2), 03 = —sign(forf3),
04 = —sign(for(f1 + f2)), 05 = —sign(for(f1 + f3)), 06 = —sign(for(f2 + f3)),
o7 = —sign(for(f1 + fo + f3)), Ya = £1, kK1 = 0367, Ko = 0103, k3 = 0107,

8% = —2fox/ foo, 5L, s2 and s? are inductively calculated using (Q.6), e.g. for
the bifurcation branches in row 17,
. 2
5= VI + o+ fo) foal,
| fool

23



\/h/lfl + Yo fol VIf1 + fo + f3l] forl,

2
=2
S = —
b ool

under the following condition

(fi+ fa+ f3)(nfi +2/f2) > 0.
The other conditions are
LAV A+ v2feVIA+ f2]) >0,

fs(nfivIfa+ f3| +v2f24/1f5]) >0,
finfvVIAl+efeVIfi + fl +sfsvV L+ fo + f3]) >0,
fsnfivIfe + fsl +v2feVIfsl 3 fsv/ | L + fo + f3]) >0,

(fi+ fot fa)(nfi + 72 fe +3f3) >0,

(fnfiVIfi + Fo + fal +0(fo+ f)V/1fe + f3]) > 0
fs(n(fr + )V 1+ fo+ fal =72 fsv/[fa+ f3]) >0

03 73f1\/‘71f1\/ |fi+ fo+ f3| +72(fo+ f3)VIfe + f3|‘
+74f2\/ (fi + )V + fo+ f3l FefsvV]fe + f3|)
s/ I +fz+f3|\/|f3|> >0

51(71]”1 |fo+ sV il + v fo\/ | fs]V ] 1
+73f3\/!f1+f2+f3!v ’f1+f2‘> >0

((fl + fo+ f3)(m(fi + f2) +72f3) >0
(fi+ fot fs)nfi+v2(fa+ f3)) >0

o7 (73f1\/|’71f1 + 72 (fa + f3)] +’Y4f2\/”71(f1 + f2) + 7afs]
+sf3v/ | f1 + f2 + f3|> >0

\

(11)

(12)

(13)

The conditions (6), (7), (5), (8), (9), (10), (11), (12) and (13) are gener-
ically satisfied at least for one choice of 7;. In the table 1, we indicate the
domain d, the slope of the bifurcation branch at each cell, s. and under
which conditions the guarantee the bifurcation branches exist. The square-
root-order p, is inferred from the slope in the following way it is —1 if s, =0
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and p if s, = s?. By Proposition 5.3, we recover the bifurcation branches
of f on N from the table’s rows. Many rows of the table correspond to
more than one bifurcation branch. The bifurcation branches with square-
root-order greater or equal than 1 have two different slopes in the last cell,
10. Depending on the function f and the network structure, the slope on the
other cells can be positive or negative, and we represent this choice using 7;.
On the other hand the condition 2.6 can force one of the signals and we use

K. <>
O | 81| 8y | 83| sS4 Sx S S7 Sg Sg S10 Conditions
0O]0]0/O0 0 0 0 0 0 0 B
0010010 0 0 0 Y 0 0 +35]
| 000 0 0 0 0 Y 0 +3!
31 01010 0 0 0 0 0 Y +351
0| 01010 0 0 0 0 Y 0 +3!
5] 0l0[0] 0 00 & [0 | & |£a
5% 0]0][0] 0 0] 0 0] & | @ |£3
5;]0[010] 0 [ 0] 0] & | & | & |=xa
10010 & [ 0 | 0 | sl | wa | 0 [ £ 00:>0, (6
10010 & [ 0 | 0 | nial | ws | @ [ £532] 00,50, (6)
53 0 0 0 0 30 0 715513 ’725% 0 :f:gg 5366 > 0, (7)
53 0 0 0 0 Ry 0 ’715% ’yggé Ry j:§% 5356 > 0, (7)
5; 0100 0 [ 0 | & | 0 | 0 | |x52
5;[0[0]0] 0 0] & @ | 0 |md|xe
5101001 0 [ 0 | & | 0 | & |rmst |+
;10010 0 [ 0 | & | @ | & | mal | £22
510010 & [ & | 0 | nal | wak | 0 |£22 )
510010 & [ & | 0 | sl | it | @ |£52 ()
51 0 0 0 §0 0 §0 ’}/15% ’ygg}l ”}/35% j:gg 5154, 5157 > 07 (8)
53 0 0 0 0 50 §0 ’ylgé 725})) ’}/35% :tgg 53567 6367 > 0, (9)
511 000 & [ & | & | 75 | yesh | yaal | £32 (10)
O3 | 0 |8V | O | m8F | %8t | 8% | 7382 | 7482 | 7557, | 157 | 0306, 0307 > 0, (11)
61| 01 0|8 0 | koSl | k3Sh | 1185, | 728% | 13575 | 155 | 0104, 0306 > 0, (12)
51 0 0 §O 50 /‘igg% /635411 ’)/15%1 "}/25%2 ’}/35%3 :i:gg 5154, 5356 > 07 (12)
07 | 0 [ 8% [ 8% | »87 | 7287 | 57 | v381y | 7aS%5 | V5516 | £33 (13)

Table 1: The possible bifurcation branches on the FFN in Figure 2 for a
steady-state bifurcation associated to the internal dynamics.
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6 Lifting bifurcation problem on FFNs

The bifurcation branches occurring in a quotient system are lifted to bifurca-
tion branches occurring in a lift system. Next, we define when a bifurcation
branches is lifted. In this section we study the lifting bifurcation problem
which consists on understanding if every bifurcation branches occurring in
a coupled cell system associated to a lift network are lifted from bifurca-
tion branches occurring in the coupled cell system associated to the original
network.

Definition 6.1. Let N be a network and L a lift of N. We say that «a
bifurcation branch b of f on L s 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-know result about the bifurca-
tion 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*v = 0 for some k}.

We denote the orthogonal complement with respect to the usual inner prod-
uct of a subspace B C V by B*t.

Proposition 6.1. Let F': R x R — R? be a smooth function and K C R?
such that ker*(DFo ) C 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(z(X),\) =0 for A € D. Then there exists a neighborhood U of 0 such
that x(\) € K for every A € UN D.

Proof. Let F : R? x R — R? be a smooth function and K C R? such that
ker*(DF0)) € 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+, thereare g: K x K* xR — K
and h: K x K+ x R — K* such that

. y:g(yawa)‘)
v=F(v,\) < {w:h(y,w,)\)

Hence

Dygo,00 Dwgo,
DF — Yy ( 5 ) ( ; ) .
©0) [Dyh(o,m Dyho )

Observe that h(y,0,)) = 0, because K is invariant. Then Dyhg) = 0
and D,,h(o,) is invertible, since ker*(DF( ) € K. By the implicit function
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theorem, there is W : K x R — 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, \) = 0. Therefore

F(y,w,\) =0< ¢(y,0,\) =0Aw = 0.
Supposing that x is a solution to F'(v, A) = 0, we have that z € K. ]

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.

Corollary 6.1. Let N be a network, L a lift of N associated to the coloring
>a and f € V(N). If ker"(J') and ker*(Jf) have the same dimension, then
every bifurcation branch of f in L belongs to Ay and is lifted from N.

Remark 6.1. Let N be a feed-forward network with layers Cy, C4, ..., C,,.
(i) If f € Vi(N), then the dimension of ker*(J}) is [Col.
(ii) If f € Vo(IN), then the dimension of ker*(J}') is [Cy| 4 - + |Chp,l. O

6.1 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 have a bifurcation condition
associated to the valency. We prove that every bifurcation branch is lifted
if and only if the center subspace of the feed-forward systems of the orignal
network and lifted network have the same dimension.

Proposition 6.2. Let N be a feed-forward network, f € Vi(N) generic and
L a feed-forward lift of N such that L is backward connected.

(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.

(i1) If L is a lift inside the first layer, then there is 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 NV such that L is backward connected. Denote by Cy and by
C}{ 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}) and ker*(J{¥) have the same dimension. Recall Remark 6.1.
By Corollary 6.1, 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. By Remark 3.2, we assume
that L is the split of a cell ¢ € Cj into two cells ¢1, o € Cf) and denote by >
the balanced coloring in L given by c¢; &< ¢5. By Lemma 3.3, < is the unique
balanced coloring such that L/ ><= N. By the proof of Proposition 5.1, we
know that there exists a bifurcation branch b € B(L, f) such that b., # b,.
So b ¢ A, and it is not lifted from N. O

The next example shows that if we do not impose the condition of back-
ward connectedness when we do a lift in the first layer, then every bifurcation
branch on the lift network mey be lifted from the original network.

Example 6.1. Returning to the Example 3.4, let N be the feed-forward
network on the left of Figure 5 and L the feed-forward network on the right
of Figure 5 and f € Vi (N) generic. Note that L is a lift inside the first layer
of N. In Example 3.4, we saw that there are three balanced colorings in L
>y given by 1 >y 2, by given by 2 >y 3 and <3 given by 1 <3 3 such that
L/ v<y= L/ 9= L/ xi3= N. Consider a bifurcation branch b € B(L, f). It
follows from the proof of Proposition 5.1 that by = by and b € A, by = b3
and b € Ay, or by = bz and b € A,,. Therefore b is lifted from N. O

6.2 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 cases that do not depend
on the regular function.

Proposition 6.3. 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 s 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(IN) generic and L a feed-
forward lift of N.

Suppose that L is a lift inside the first layer. Then the center subspace
of J}" and Jf have the same dimension. By Corollary 6.1, every bifurcation

branch of f on L is lifted from N.
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Suppose that L is a lift that creates new layers. By Corollary 5.1 and
Proposition 5.2, there exists a bifurcation branch b € B(L, f) having square-
root-order greater than any bifurcation branch of f on N. Hence there is a
bifurcation branch of f on L which is not lifted from N. ]

For a lift inside a layer, except the first, such that the next layer has only
one cell, there is a bifurcation branch on the lift network not lifted from the
original network. In particular, this happens for backward connected lifts
inside the last but one layer.

Proposition 6.4. Let N be a feed-forward network with layers Cy, ..., Cy,
f €Vo(N) generic and L a feed-forward lift of N.

If L is a lift inside Cj, 0 < 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 Cy,...,Cp,, f € Vo(N)
generic and L a feed-forward lift of N. Suppose that L is a lift inside C},
0 < j <m and Cj;; = {d}. Denote by C; the (j + 1)-layer of L and by
(o5)k_, the representative functions of L. By Remark 3.2, we assume that
L is the split of a cell ¢ € C; into two cells ¢1,c; € C} and denote by < the
balanced coloring in L given by ¢; > ¢y. Since [d] = d and Cj4 = {d}, v
is the unique balanced coloring such that L/ = N.

Using Proposition 5.3, we construct a bifurcation branch b € B(L, f) such

that be, # be,. Let A= {i:0}(d) = c2}, 6 =sign(for D ,c4 fi) and
P =—1, s,=0, CLGC()U"'UOj_lLJCJ/-\{CQ},

2—1

Y

fon > f;

i€A

k
2 fox , 2
P, =0, S, =——"—, pa=1 sq4= —sign 0 Ji|l —
foo ! T ‘ ( ; foo

1—2-0=1) 9-1

k
Zfz )

i=1

k
. 2
Pa=1, sa=—sign|dY fi| fox Y fi
i=1 foo icA
for a € Cj4y and 2 <1 < m —j. We have that (6, (pc)e, (sc)e) € QUL, f).
By Proposition 5.3, there exists a bifurcation branch b € B(L, f) such that
be, # bey, SINCE Pe; # Pey. Thus b ¢ Ay and b is not lifted from N. O

The next example shows that the previous result is not always valid if
the next layer to the one lifted has more than one cell. This example is very
similar to Example 3.4.
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Example 6.2. Let N be the feed-forward network in Figure 3 and L the
feed-forward network in Figure 1. Consider the following balanced colorings
in L: >y given by 2 >y 3; g given by 3 Xy 4; and <3 given by 2 >3 4.
Then N = L/ xy= L/ o= L/ <13. Note that L is a lift inside the second
layer. Let f € Vy(NN) generic and b € B(L, f). Since by, by and b must have
square-root-order —1 or 0, we know that by = by and b € Ay, by = b3 and
be Ay, or by = bs and b € A.,. Therefore b is lifted from N. Note that the
third layer of L has three cells. O

Next, we consider backward connected lifts inside a layer, except the first
and the last two layers. The previous results already include the cases of a
lift inside the first layer and a backward connected lift inside the last but one
layer. And a lift inside the last layer breaks the backward connectedness. In
the next result, we see that there exists an open set of functions in Vy(N)
such that there is a bifurcation branch on the lift which is not lifted from the
original network, for lifts inside an intermediate layer.

Proposition 6.5. Let N be a feed-forward network with layers Cy, ..., 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 0 < j <m — 1.

If fi >0 for every 1 <i <k (or f; <0 for every 1 < i < k), 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 Cy, ..., Cp, f € Vo(IV)
generic and L a feed-forward lift of N such that L is backward connected and
a lift inside a layer C;, where 0 < j < m — 1. Denote by C; the (j + 1)-layer
of L and by (cF)¥_; the representative functions of L. By Remark 3.2, we
assume that L is the split of a cell ¢ € Cj into two cells ¢, ¢ € Cf) and denote
by > the balanced coloring in L given by c¢; < ¢o. By Lemma 3.3, > is the
unique balanced coloring such that L/ <= N.

Assuming that f; > 0 for every 1 < ¢ < k, we use Proposition 5.3
to construct a bifurcation branch b € B(L, f) such that b ¢ A.. Define
6 = sign(for), pa = —1 and s, = 0, for a € CoU--- Ui\ {c1}, pe, =

0 and s., = —2for/foo. We define the value of p and s by induction in
the layers Cjyq,...,C), in the following way: for a € Cj, j < 1 < m, if
Pol(a) = =" = Pol(a) = —1 define p, = —1 and s, = 0, otherwise define

Pa = maX{pof’(a)7 e ,po.lg(a)} + 1 and

Sq = —Sigl’l(fo()f(])\ -7 Z fzsaz (a)

fOO i€A(a
where A(a) = {i: pyL() = Pa — 1}
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We have that (9, (pa)a, (Sa)a) € QL, f) and p., # pe,- By Proposition 5.3,
there exists b € B(L, f) such that b ¢ A.. Thus there is a bifurcation branch
of f on L not lifted from N.

The case f; < 0 for every 1 < i < k is analogous. O

Example 6.2 shows that the previous result is not valid if the lift is not
backward connected. The network in Figure 3 is not backward connected.

For lifts inside the second layer, we give sufficient conditions on the lift
network structure and on the function f € Vy(IV) such that every bifurcation
branch on the lift network is lifted from the original network.

Proposition 6.6. Let N be a feed-forward network with layers Cy, ..., C)y,,
f € Vo(N) generic and L a feed-forward lift of N . Denote by C| the second
layer of L and by (oL)k_, the representative function of L. Assume that L is
the split of ¢ € Cy into c1,co € C] (and a lift inside Cy).

If for every I C C} \ {c1, a2} there exist d',d" € Cy such that

(wf +wf)(wi +w) <OA (wf +w§)(wi +wg") <0,

where w§ =Y rer Jis wi =31 (d)=c, Ji and wi =3, L(d)c, Ji» then every
bifurcation branch of f on L is lzfted from N.

Proof. Let N be a feed-forward network with layers Cy, ..., Cp,, f € Vo(IV)
generic and L a feed-forward lift of N. Denote by C] the second layer of L
and by (oF)F_, the representative function of L. Assume that L is the split
of c € (4 into ¢1,¢9 € CF.

We prove the result by contra position. Suppose that there exists b €
B(L, f) not lifted from N. Then b, # b.,. Let (9, (pa)a,(Sa)a) = O(b) €
Q(L, f). For every a € C] we have that

2 fox
foo

Let I = {a € C{\{c1,¢2} : po =0} C C7\ {c1,¢2}. By Q.6, for d € Cy such
that p; = 1 we have that

ce{-1,0}  sq=—(pa+1)——

Sd—if— Sfox > fi

1€A(d)
where A(d) = {i : p,r(4q) = 0}. Then (ZzeA(d’) J)Qicaan i) > 0, if por =
par =1, (Qicaw fl (D ica@n fi) = 0, if pp < 1 or pgr < 1, for every

d,d" € Cy. Thus

Z fz Z f’L 207

1€ A(d") i€ A(d")



for every d',d" € Cy. Since b., # be,, =1 < pey # Py < 0. If p,, =0
and p., = —1, then ZieA(d) fi = wd+wd If p., = —1 and p,, = 0, then

(wf +wf)(wi +w!") 20V (wf +wg)(w] +wg) >0,
for every d’,d” € Cy. By contra position, we obtain the result. O
The next example shows that the previous condition is not necessary.

Example 6.3. Returning to Example 5.1, let N be the feed-forward network
of Figure 2, 1 the balanced coloring in N given by the class {2,3} and @
the quotient network of N associated to <. The network @ is a feed-forward
network and N is a lift inside the second layer. Let f € Vy(N) generic such
that (f1 + f2)f1 > 0 and f5(fs + f3) < 0. Table 1 describes the possible
bifurcation branches of f on N. Examining the table, we can see that there
is no bifurcation branch b of f on N such that by # b3. So b € A, and
every bifurcation branch of f on N is lifted from (). However, the condition
of Proposition 6.6 is not satisfied. Let wi = fi + fo + f3, w5 = fo + f3,
w§ = f3, wy = 0, wi = f1 and w§ = f1 + fo, then wiwi = wiwi = 0,
wiw3 = fi(f1+ f2) > 0. O

Next, we consider a lift inside an intermediate layer, except the second
one, and give sufficient conditions on the lift network structure and on the
function f € Vy(N) such that no new bifurcation branch occurs besides the
ones lifted from N. We will assume that the lift is a split of two cells which
are the unique inputs cells of another two cells in the next layer.

Proposition 6.7. Let N be a feed-forward network with layers Cy, ..., Chpy,
f € Vo(N) generic, L a feed-forward lift of N and 1 < j < m — 1 . Denote
by C; the (j + 1) layer of L and by (oE)E_| the representative function of L.
Assume that L is the split of ¢ € Cj into c1,co € C% (and a lift inside C}).

If there exist d',d" € Cjiq such that oF(d'),cF(d') € {c1,ca}, for every
1<i<k, and

wflwfﬁ <O0A wg/wgﬁ <O0A willwf" + wglwgﬁ < wf/wg” + wf"wgl,

where wé = ZUZ_L(d):CI fi and wé = ZJZ_L(d)ZCQ fi, then every bifurcation branch
b of f on L is lifted from N.

Proof. Let N be a feed-forward network with layers Cy, ..., Cp,, f € Vo(IV)
generic, L a feed-forward lift of NV and 1 < j < m~—1. Denote by C’ the (j+1)
layer of L and by ()%, the representative function of L. Assume that L is
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the split of ¢ € Cj into ¢1,¢co € Cf. Let b € B(L,f) (0, (Pa)as (Sa)a) = O(b) €
Q(L, f) and d” € Cj41 such that ol(d),cF(d) e {01,02} for 1 <i<k.
Suppose that b., # bc2 Then p,, =0 /\p02 =—lorp, =—1Ap, =0o0r
Pe, = Pey > 0 A 5., = —5.,. We have that w{w? >0, if p,, = 0 A p,, = —1.
And wwd" >0, if po, = =1 Apey = 0. If po; = pe, > 0A 5., = —5,, then
Par = Par = pe, +1 and

25 ’ , 25 11 "
sg =ty [ ——(w{ —wd)s.,, S = 4| ——(w{" —w§")s,,.
Joo oo

Thus (wé —wd)(w —wd") > 0. CGenerically, (wf — wg/)(wll — d”) # 0.
Therefore if b € B(L f) and d',d” € Cj;; such that o/ (d) (d’)
{c1, 2}, for 1<i< E, wiw? < 0Awdw < O/\wlwil +w2w2 <
wlwd" +w?wf, then b, = b.,. And b € B(L, f) is lifted from N. O

When the splitted cells only target one cell, the lift network structure can
allow asynchronized bifurcation branches. When the splitted cells are not the
unique source cells of two cells in the next layer, the lift network structure or
the strength of the connections can allow asynchronized bifurcation branches.
In the next example we present a lift network L which is a split of two cells
that are not the unique inputs cells of another two cells in the next layer and
independently of the regular function there exists a bifurcation branch on L
which is not lifted from N.

Figure 6: A network L with a quotient network N obtained by the balanced
coloring < given by 5 1 6. If f € Vy(N), then there exists a bifurcation
branch of f on L not lifted from N.

Example 6.4. Let L be the feed-forward network of Figure 6, > the balanced
coloring in L given by 516 and N the quotient network of L associated to
<. The network N is a feed-forward network and L is a lift inside the third
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layer. Let f € Voy(N) generic. Then there exists a bifurcation branch of f on
L not lifted from N.

Let 6 = sign(foa(fi + f2)), p1 = ps =ps = —1, p2 = p5s =0, ps = 1,
Pr=ps=2,p9g =3, 8 =53 =355=0,

5 — 55 — —sign(foa%, 51 = —sign(fon) 2V fo: ol AL

\/ ’fo,\

A1+ fol

S7 = S§g = —81gn

and

S = 2\ |f0A \/|f1+f2| |filV | fi + fal

Note that (0, (pa)a, (sa)a) € Q(L, f). Let b € B(L, f) be the bifurcation
branch associated to (0, (Pa)as (Sa)a). Since b has square-root order 3, it can
be lifted from N if and only if b5 = bg. However p; # pg and b is not lifted
from N. O
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