Amplified steady state bifurcations in feedforward networks
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Abstract

We investigate bifurcations in feedforward coupled cell networks. Feedforward structure (the
absence of feedback) can be defined by a partial order on the cells. We use this property to
study generic one-parameter steady state bifurcations for such networks. Branching solutions
and their asymptotics are described in terms of Taylor coefficients of the internal dynamics.
They can be determined via an algorithm that only exploits the network structure. Similar
to previous results on feedforward chains, we observe amplifications of the growth rates of
steady state branches induced by the feedforward structure. However, contrary to these earlier
results, as the interaction scenarios can be more complicated in general feedforward networks,
different branching patterns and different amplifications can occur for different regions in the
space of Taylor coefficients.

Introduction

Summary of main results. We investigate feedforward network dynamical systems for their
bifurcation behavior. Most generally, feedforward structure is defined by the absence of feedback
except for self-loops, i.e., there are no directed cycles consisting of 2 or more cells. Under this
structural assumption, we classify generic steady state bifurcations of homogeneous networks with
asymmetric inputs (compare to Figure 1) by proving

Theorem (Theorems 3.7, 3.21, 3.23 and 3.24). For each branch of steady state solutions emerging
in a generic one-parameter steady state bifurcation in a feedforward network, there exists a unique
root subnetwork, i.e., a subnetwork that is surrounded by critical cells, in which the cells remain
synchronous. The state of a cell that is not in the root subnetwork grows asymptotically in the
bifurcation parameter as ~ IAI% where n is given by the maximal number of critical cells along
paths from the root subnetwork to this cell. This effect is called amplification.

The result generalizes earlier classifications of generic steady state branches for feedforward
chains and layered feedforward networks. We elaborate on this relation in the remainder of this
introduction after illustrating the main result in three numerically investigated examples.
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Figure 1: A general homogeneous feedforward network with asymmetric inputs.
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Figure 2: An amplifying bifurcation in a feedforward network. Top: a graphical depiction of the
network. Bottom left: numerical evidence of a bifurcation in which a synchrony-breaking branch
of steady state points emerges. Bottom right: a log—log plot of the synchrony-breaking branch on
the left for positive values of A. Black line-segments have fixed slopes 1/4,1/2,1/2 and 1, from
top to bottom, indicating asymptotics of the different nodes.

Some examples. Consider the feedforward network shown at the top of Figure 2. A general
family of admissible vector fields for this network is given by

Sf(x1, x2, x3, x4, x5, 1)
f(x2, x5, x4, x5, X5, A)
Yr(x) = | f(x3, x4, x5, X5, x5, D) | . 0.1)
Sf(x4, x5, x5, x5, x5, A)
S(xs, x5, x5, X5, X5, A)

where A € R is a bifurcation parameter and the colors of the variables correspond to the differ-
ent arrow-types in the figure. In the graph we have left out self-loops corresponding to the first
argument of f, as they are understood as internal dynamics.
The bottom left of Figure 2 shows a numerically computed bifurcation branch in a system of
the form (0.1). More precisely, we have used a specific choice of response function f : R*xR — R,
given by
fx,y,z,v,w, ) =y +2z7—4w + 51x — 0.5x2

(strictly speaking the fact that f does not depend on v cancels the influence of the grey arrows).
For each of 200 fixed values of 4 € [-0.1,0.1], we forward integrated the system of Equation
(0.1) up to ¢t = 10000, using Euler’s method with time steps of 0.1. The values of 1 are evenly
spaced and the integration started each time from (0.01, 0.02,0.03, 0.04, —0.05). The figure shows
all five coordinates of the final point of integration. For negative values of A, all components end
up indistinguishably close to zero, indicating that the origin is stable. For positive values of A,
however, stability is passed on to a fully non-synchronous point.
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Figure 3: Top: two feedforward chains that differ only slightly. Bottom left: numerical evidence
of a bifurcation in the top network, where one node remains at 0, two nodes grow linearly and one
node appears to grow at a sub-linear rate. Bottom right: numerical evidence of a bifurcation in the
bottom network, with one node staying at 0, one growing linearly and two growing at a sub-linear
rate. The same response function was used for both networks.

Writing (x1(A), ..., x5(4)) for this non-synchronous branch of steady state points, the figure
suggests that x5(1) = 0 and x4(1) ~ A. The components x3(1) and x>(1d) seem to grow at a
steeper rate, hinting at the amplifying behavior x5(1), x3(1) ~ 1!/2 often observed in feedforward
structures. Finally, x1(1) grows at the steepest rate, which might indicate x; (1) ~ A1/4.

The bottom right of fig. 2 corroborates these suggested growth rates for x;(4) to x4(1). Shown
here is a plot of In(1) against In(x;) for i € {1,...,4}, computed as before for 200 evenly spaced
values of In(4) € [In(0.001), In(0.1)]. The black line-segments have fixed slopes 1/4,1/2,1/2 and
1, from top to bottom. This suggests that we indeed have the asymptotics x4(1) ~ 4, x3(12), x2(1) ~
A2 and x1(1) ~ A4, Our results in this paper predict this bifurcation in a system of the form (0.1)
for an open set of Taylor coefficients of f. Additional (unstable) branches are furthermore typically
present. We investigate the bifurcations in the network in Figure 2 analytically in Section 4.

Next, we consider the two networks shown at the top of Figure 3. Their admissible vector
fields are of the form

f(x1, x2, x4, ) f(x1,x2,x1,4)
fx2, x3, 2, 4) f(x2, x3, x4, A)
f(x3, x4, x4, ) f(x3, x4, x4, D) |’
f(x4, x4, x4, ) f(x4, x4, x4, )

ZEME and  y3(x, 1) =

for the top and bottom network, respectively. The only difference between these two networks is
the placement of a blue self-loop at node 1 or 2, as opposed to a connection to node 4. The bottom
left and right of Figure 3 show the branches of a bifurcation in the top and bottom network,
respectively. They are computed numerically, in the same way as in the previous example, using
the response function

fx,y,20) =y—2z+ Ax—0.1x%.

In each of the two examples and for each of 200 values of A, the forward Euler-method started at
(0.001,0.002,0.003, —0.004) € R* and was performed up to ¢ = 10000 with time steps of 0.1.



The bifurcation plots imply a progression of node-asymptotics, from x;(1) = 0 to x;(1) ~ A to
xi(1) ~ A1/2, starting at node 4 and going through the network nodes from left to right. When going
through the nodes in this order, the asymptotics of a node changes with respect to the previous one,
only if it has no self-loops attached. For instance, in both networks node 3 has no self-loops. As
a result, we have x4(1) = 0 but x3(1) ~ A. In the top network node 2 does have a self-loop, and
so we have x»(1) ~ A. That is, we have the same asymptotics as node 3. In the bottom network
node 2 has no self-loops, and as a result the asymptotics of node 2 differs from that of node 3.
We therefore find x>(1) ~ A!/2 instead. In the top network node 1 has no self-loops, and so the
asymptotics differs from that of node 2. In the bottom network we do have a self-loop on node
1, and so the asymptotics of nodes 1 and 2 are the same. As a result, we see x(1) ~ 1/2 in
both networks. We will show that such rules of amplification — progressing through the network
and depending on the presence or absence of self-loops — are a typical occurrence in feedforward
networks.

Background. A structural feature that arises frequently in the sciences is that of a network of
clearly distinguishable units that are connected in a specific configuration to influence each other.
Examples arise in engineering (e.g. power grids), biology (e.g. food webs or neural networks),
computer science (e.g. deep learning), and many others. In mathematics the study of networks
takes place in numerous disciplines — as well as through interdisciplinary approaches — such as
graph theory, algebra, stochastics or dynamical systems. See for example the survey of the field
of network science with historical context and applications in [17] and the references therein.
Here, we are interested in dynamical systems with the underlying structure of a network, so called
coupled cell systems. In particular, we investigate systems of ordinary differential equations where
the state variable of one (or multiple) equations is also an argument of the equation for another.
We say that the corresponding cell receives an input from other cells. The configuration by which
the cells influence each other is often encoded by a (directed) graph.

The field of network dynamical systems has seen enormous activity in recent years and multi-
ple formalisms have been put forward. Most prominently we mention the groupoid formalism in
[12, 14] and its equivalent definition in [10]. More recently, so-called open systems (see e.g. [15,
27]) and asynchronous networks ([3, 4, 5]) have been introduced to model more complex appli-
cations. Network dynamical systems exhibit interesting phenomena that are highly anomalous in
general dynamical systems. Notable examples include synchronization effects and pattern forma-
tion, as well as unusual bifurcations and spectral degeneracies. These phenomena are only possible
because of the network structure, but the precise mechanisms leading to them often remain unclear.
They do, however, resemble observations made in symmetric or equivariant dynamics. It was the
introduction of graph fibrations from category theory and their implications for dynamical sys-
tems (see [6, 7, 8]) that allowed for the development of a theory to interpret networks as algebraic
structures that have a direct connection to symmetry, so-called hidden symmetry ([18, 20, 21, 23,
24, 25]). This theory applies to the class of networks with asymmetric inputs and most results
that have been established focus on homogeneous networks. We briefly recapitulate the basics in
Section 1.

Additional structure of the network itself can aid the dynamical investigation by providing ad-
ditional analytical means. A prominent example is that of feedforward structure. Broadly speaking
a network exhibits feedforward structure if information can only flow in one direction. Informa-
tion one cell emits cannot become an input into that same cell, not even indirectly, i.e. there are
no feedback effects. This rather simple structure has the convenient effect that there is a natural
partition of the cells such that the first part receives no inputs from anywhere else in the network,
the second receives inputs only from the first, the third receives inputs from the first and the sec-
ond and so on. This greatly simplifies the investigation of such networks, both in mathematical
analysis due to technical simplifications, but also conceptually as it allows to study the network
inductively. While feedforward structure and similar weaker notions are abundant in networks —
as a matter of fact, in any network that is not (indirectly) all-to-all coupled, we can find feedfor-
ward structure between parts of the network —, they are a prominent feature in deep learning via



artificial neural networks, where one type of information is processed by cells within one part and
then passed on to the next part until some output is generated. For more information and historical
background on this see [26] and the extensive list of references therein.

The network of feedforward type that was first considered in the network dynamical systems
literature is the 3-cell homogeneous network

<O >O >O

(see [9, 13, 14]). The first cell is not influenced by any other cell, the second only by the first,
and the last only by the second. We refer to this setting as a feedforward chain. Note that the
self-loop of the first cell, although it seems to contradict the ‘no-feedback’ assumption, is due to
a mere convention where we allow cells to influence themselves. It was observed that dynamical
systems with the underlying structure of this 3-cell feedforward network exhibit surprising generic
Hopf bifurcations: if a fully synchronous steady state looses stability through a pair of imaginary
eigenvalues, the corresponding system can exhibit a Hopf branch in which the first cell remains in
the steady state, the amplitudle of the second cell grows with rate ~ |/l|%, and the amplitude of the
last cell grows with rate ~ |A|s, where A is the bifurcation parameter. In particular the growth in the
last cell is much faster than expected in ‘standard’ Hopf bifurcations. The effect is also referred to
as amplification and is forced by the network structure. In [23], the anomalous Hopf bifurcation
result is generalized to feedforward chains of arbitrary length, where the amplification is observed
to increase the ‘further down in the chain’ the cell is located. Furthermore, a similar result for
steady state bifurcations is proved. Since then, more general classes of feedforward networks, not
restricted to chains, were investigated. In [22], as an example, the authors introduce so-called ring-
feedforward networks which are feedforward chains where the first cell is replaced by an oriented
ring. Most recently, the steady state bifurcation result (as well as other investigations) has been
generalized to certain layered feedforward networks:

| S—

(see [29]). Therein the cells can be partitioned into layers such that the feedforward structure
respects these layers. In particular, if we collapse each layer to one cell, we are left with a feedfor-
ward chain. In this paper we investigate the general case that incorporates only the illustrative idea
that a feedforward network should not contain any feedback (except for self-loops) (see Figure 1).
Our definition includes feedforward chains and layered feedforward networks as special cases.
Under the assumption of homogeneity and asymmetry of inputs we prove the aforementioned
bifurcation result (see Summary of main results.).

Note that recently research has also extended to networks that do not exhibit a strict feedfor-
ward structure. In [1] the authors investigate the effect of feedback on the synchrony patterns of
weighted feedforward networks with additive input structure. Furthermore, in [11] the feedfor-
ward structure of transitive components is exploited to thoroughly investigate 1- and 2-parameter
steady state bifurcations in fully inhomogeneous networks. A similar investigation is made in [2]
for a specific 1-parameter steady-state bifurcation scenario in homogeneous networks with asym-
metric inputs. In this class of networks (or respectively in this bifurcation problem), however,
amplification is generically not possible.

Structure of the article. This article is structured as follows. In Section 1 we briefly summa-
rize the foundations of homogeneous coupled cell systems with asymmetric inputs. Feedforward
structure for this class of networks and some immediate consequences are presented in Section 2.
Finally, in Section 3, all the results are used to compute the generic steady state bifurcations for



feedforward networks. As before, we observe the amplification effect for our class of feedforward
networks. However, due to the more complicated interaction structures, the picture becomes more
complex than in feedforward chains or in layered feedforward networks. In particular, some ex-
pected amplifying branches may not exist. These results are illustrated in an example in Section 4.

1 Preliminaries: Homogeneous Networks with Asymmetric Inputs

We consider systems of ordinary differential equations with the underlying structure of a homoge-
neous coupled cell network, as described in [20, 21, 22, 23, 24, 25].

Definition (homogeneous coupled cell system with asymmetric inputs, Def. 2.1 in [24]). Let the
set of nodes (or cells) of a network be labeled by C = {py, ..., py} and denote the network inter-
actions in the form of distinct input maps £ = {0, ...,0,} where each 0;: C — C characterizes
one specific input type. To each cell we attach the same internal state space V which is a finite
dimensional real vector space. The total phase space is @pec V = V¥ with coordinates chosen
according to the cells of the network: x = (x,,,..., xpN)T. The evolution of the state x; € V of cell
pi is governed by a function f: V* — V via its inputs. The network dynamics is governed by the
ordinary differential equations

S (prys - - - Xaru(p1))

f(x Yo oo e Xomy ))
i =ypx) = o1(p2 | on(p2 ‘ (L1)

JXoi(pyys -+ > Xou(pw)

These network vector fields are also referred to as admissible maps or admissible vector fields.
Each cell receives precisely one input of each type, hence the term asymmetric inputs. A

We make one additional assumption on the set of input maps X. We want it to include the identity
map o1 = Id: C — C, which is natural, as it only means that the evolution of each cell’s state
depends on its own state. In order to investigate the inputs that a specific cell p € C receives, we
define X(p) = {o(p) | o € T} and *(p) = Z(p) \ {p} to denote the sets of cells that p receives an
input from with and without self-loops respectively. Since Id € X, we have X*(p) ¢ X(p) for all
peC.

In the remainder of this section, we recall some useful facts and definitions of homogeneous
coupled cell systems. We start with the following characterization of linear admissible maps. Let
us denote the algebra of linear maps on the internal phase space of the coupled cell system by
gl(V).

Proposition 1.1. For each o € X define a linear map By: VN — VN by (Bs(x))p = Xo(p). Then
any linear admissible map L is of the form

(Lx)p = D ba(Bo(x)), (1.2)

TeX

where by € gl(V) are linear maps on V independent of p.

Proof. A linear admissible map L is uniquely defined by linear internal dynamics given by a map
[: V' - V,ie. L = Aslis linear and its arguments are labeled by the input maps o € Z, we
find b, € gl(V) such that

(¥) = )" boYs,

oex

where Y = (Yy)pes € V™. Then for x € V¥ the p-th entry of Lx depends on the entries of cells that
p receives an arrow from, i.e. there is o € X such that o(p) = g. We obtain

(L) = iy -+ Xou(p) = Doty = . ba(Bo()),.

oeX gex



In particular, we will use the following straightforward special case for one-dimensional internal
dynamics:

Corollary 1.2. IfV =R, any linear admissible map L is a real linear combination of the B, i.e.

L= Z by B,

geX

for some b, € R.

Finally we state two definitions. The first makes the concept of a path precise in our setting.
The second defines subnetworks of a network as subsets of the set of cells that are not influenced
by any cell outside of the subset.

Definition. For two cells p,g € C let w = {pi,...,px} be a (loop-free) path from p to q if
p1 = p,pr = ¢, the p; are pairwise non-equal, and there exist 0,...,0%-; € X such that
o1(Pk) = Pi=1s--.,0k=1(p2) = p1. Define Q,, , = {w path from p to g}. A

Remark 1.3. Note that the convention of denoting a path as a set implies that it does not contain
any self-loops, i.e. it is loop-free by definition. A

Definition. A cycle of length k is a path w = {py, ..., px} with the additional property that there
exists o € X such that o(p;) = pk. A cycle of length 1 is also called a self-loop.

Definition. A subset B C C of cells of a homogeneous coupled cell system is called a subnetwork
if there are no arrows in the network starting outside of B, that target a cell inside of B. In other
words o(b) € Bforallb € Band o € X. A

2 Feedforward networks

In this section, we provide a general notion of feedforward networks. We then observe, that it can
equivalently be defined in terms of a partial order on the cells. Finally, we explore some direct
consequences of these definitions for later use.

Definition. A homogeneous coupled cell network is called a feedforward network if it has no
cycles of length 2 or more (consisting of arrows not necessarily of the same type). Put differently,
a network is a feedforward network if the only cycles are self-loops. A

Remark 2.1. The name feedforward network is natural in the sense that all the feedback a cell can
receive is via a self-loop. A

Next, we define the preorder
p<q & thereis apath from g to p.

As every cell is coupled to itself via the internal dynamics the preorder is obviously reflexive. On
the other hand, if there is a path from cell g to cell p and a path from cell r to cell g the joint path
goes from r to p, which makes the preorder transitive as well.

We encode the situation that p < g but p # g by p < ¢. In the definition we do not exclude
the possibility that there exists a path from ¢ to p and one from p to g for two different cells p and
q. In that case we have p < ¢ and ¢ < p even though p # ¢g. Thus, in general the preorder is no
partial order.

Proposition 2.2. A homogeneous coupled cell network is a feedforward network if and only if <
is a partial order.



Proof. Assume the network is not a feedforward network. Then there is a cycle {py,..., px}
with £ > 2 in the network, meaning there are input maps oy, ..., o0 such that o1(p;) = px and
oi(pi) = pi-1 for 2 < i < k. In particular, there is a path from p; to pg, which implies p; < p;,
and a path from py to p1, which implies p; < pi. As p; # px, this shows the preorder is no partial
order.

Now assume that the preorder is not a partial order. Then there are cells p # g with p < ¢
and ¢ < p. This implies the existence of a path {p, pi,..., pr-2,¢q} of length k > 2 from ¢
to p as well as a path {q, p},..., p|_,, p} of length [ > 2 from p to q. The concatenated path
{p,pP1>---»Pk-2-9, p;, .. ,p;_z} is a cycle of length k + [ — 2 > 2. Thus, the network is not a
feedforward network. O

In the remainder of this section, we collect some consequences of the definition of feedforward
networks. Note that, since the network contains only finitely many cells, there are well-defined
maximal elements with respect to the partial order <. By definition, these are cells that do not
receive any inputs from other cells.

Lemma 2.3. A cell p € C is maximal with respect to < if and only if all its inputs are from itself.

Proof. This follows almost directly from the definition of the partial order <. We prove the state-
ment by contraposition. Assume, o(p) # p for some o € Z. Then there is an arrow from o (p) to
p. This yields o(p) > p so that p is not maximal. On the other hand, if g > p then there is a path
{p,p1,--.,Pr,q} from g to p. In particular, there is an input map o € X such that o(p) = py, i.e.,
p receives an input from p; # p. O

The following results refine the notions of paths and subnetworks for feedforward networks.

Corollary 2.4. Stating the definition of a maximal cell in terms of arrows in the network immedi-
ately proves that every cell p is either maximal itself or there is a path from a maximal cell p to p.
Furthermore, it is obvious that q > p implies that q is on some path from a maximal cell to p, i.e.,
there is a maximal cell p such that q € w € Qg , (the set of paths from p to p).

Lemma 2.5. A subnetwork of a feedforward network is again a feedforward network.

Proof. Let C be the set of cells of a feedforward network. In particular, there are no cycles of
length two or greater of cells in C. Hence, there are also no cycles of length two or greater of cells
in any subset B c C. o

Lemma 2.6. A subset of cells B C C of a feedforward network defines a subnetwork if and only if
p € Bimplies q € B for all g > p. This, in turn, yields that every subnetwork contains at least one
maximal cell.

Proof. The result follows from the definitions of a subnetwork and that of the partial order <. O

Corollary 2.7. Let 0 # B C C be a subnetwork and p € C \ B such that q € B for all g > p. Then
also B U {p} is a subnetwork.

Proof. The result follows immediately from the fact that o(B) ¢ B for all o € Z, since B is a
subnetwork, and o(p) &> p for all o € X. O

Lemma 2.8. Let ) # B C C be a non-trivial subnetwork of a feedforward network and assume B
contains all maximal cells. Then there exists at least one p € C \ B such that q € B for all g > p.
That is, there are cells that ‘surround’ the subnetwork.

Proof. Since B contains all maximal cells, there is a path from a cell in Bto any p € C \ B, i.e.,
there is a cell p € B such that p > p. Assume there is no p € C \ B such that g € B for all g > p.
Then for all p ¢ B there must be p’ € C \ B such that p’ > p. As C \ B is finite and contains no
maximal cells, this implies that there are p, p’ € C \ B with p’ > p and p > p’. This contradicts
the assumption that C is a feedforward network. O



The definition of a feedforward network yields additional structure in linear admissible maps
for corresponding coupled cell systems. We choose a labeling of the nodes C = {py, ..., py} such
that it holds that

pidp; = iZ] (2.1)

This ordering is not unique as some elements may not be related by the partial order. Recall that
we denote the algebra of linear maps on the internal phase space V by gl(V).

Lemma 2.9. Choosing the ordering of cells according to (2.1) for a feedforward network yields
that any linear admissible map can be represented by an upper triangular matrix with entries in
ol(V). In particular, if V = R we identify gl(V) = R to see that the linear admissible maps can be
represented by real upper triangular matrices.

Proof. The lemma follows directly from Proposition 1.1. Fix an input map o € X. For an input
o(p) of cell p it holds that o(p) > p and therefore its index is greater than or equal to that of p.
This shows that the linear map B, is upper triangular with non-zero entries 1y € gl(V). Then (1.2)
implies that any linear admissible map L is upper triangular with entries in gl(V) as well. O

Remark 2.10. We could have used upper triangularity of linear admissible maps as a definition
for feedforward networks as well. Assume the cells {py,..., py} are labeled such that all linear
admissible maps are upper triangular. Suppose p; < p; and p; < p;. Then there exists a path
{pjspis---»py,piy withO <k < Nand 1 <[, < N from p; to p;. In particular, there exist input
maps o,...,0k+1 € X such that o(p;) = py, ..., 0x1(py;) = pj. These maps describe the input
structure that is reflected by the linear admissible maps. Hence, there exists such a map with non-
zero values in the (i, [;)-th, in the (I, [x—1)-th, and so on until the (/1, j)-th entry. Due to the upper
triangular structure, this implies i < I, [y < lk-1,...,l; < jand, in particular, i < j. Applying
the same argument to p; < p; implies j < i. As a result, we obtain i = j and therefore p; = p;.
Hence < is a partial order. Summarizing, the upper triangular structure of linear admissible maps
is equivalent to < being a partial order on C. A

Lemma 2.9 has immediate consequences for generic 1-parameter Hopf bifurcations in feed-
forward networks. These can only occur, when the internal dynamics is at least 2-dimensional.
A thorough investigation of steady state bifurcations in feedforward networks can be found in
Section 3.

Theorem 2.11. In a 1-parameter bifurcation in a feedforward network with one-dimensional in-
ternal dynamics there cannot be a pair of conjugate imaginary eigenvalues at the synchronous
bifurcation point. On the other hand, if the internal dynamics is at least 2-dimensional, a 1-
parameter bifurcation in which a pair of complex eigenvalues crosses the imaginary axis is possi-

ble.

Proof. In order for a bifurcation to occur, a 1-parameter family of linear admissible maps has
to have an eigenvalue/a pair of complex conjugate eigenvalues that crosses/cross the imaginary
axis at the bifurcation point. In the case V = R all linear admissible maps are real upper triangular
matrices. Their eigenvalues are the diagonal elements which are real. Hence, only real eigenvalues
can cross the imaginary axis. On the other hand, when the internal dynamics is in V = R? with
d > 2, linear admissible maps are upper triangular with entries in gl(V). Thus the eigenvalues of a
linear admissible map are the union of the eigenvalues of all diagonal elements which are arbitrary
elements in gl(V) (some of which might be related). In particular, there are possible diagonal
elements with complex eigenvalues. O

Remark 2.12. In particular, the emergence (or collapse) of periodic solutions in a bifurcation — as
in classical and non-classical Hopf bifurcations — requires a pair of complex conjugate eigenvalues
to cross the imaginary axis. The previous theorem shows that this can only occur in feedforward
networks, if the internal dynamics is at least 2-dimensional. A

In the case V = R the linear admissible maps are real upper triangular matrices (compare
to Corollary 1.2). These have their eigenvalues on the diagonal. We introduce the following
definition that turns out to be useful for determining diagonal entries of linear admissible maps.



Definition. Given a homogeneous coupled cell network (not necessarily of feedforward type), we
define an equivalence relation o— on the nodes as follows: p o—o g if

loeX|o(p)=pl=loceXlolg =g} 2.2

We denote the sets involved by £, = {0 € £ | o(p) = p}. If p o—o g then we say that p and ¢ have
the same loop-type. In a network, two nodes have the same loop-type if and only if they have the
same self-loops (of the same type given by .£,). A

Corollary 2.13. From Lemma 2.3 we obtain L, = X for all maximal p € C in a feedforward
network. In particular, for p maximal, p o—o g, if and only if q is maximal.

Remark 2.14. The loop-type of a node p can easily be read off from the admissible vector fields
of a network; it is given by those entries of the response function through which the variable x,
depends on x,. A

The following result shows the importance of the loop-type relation: there is a one-to-one
correspondence between loop-types and eigenvalues of a linear admissible map.

Theorem 2.15. In a feedforward network, the number of different loop-types of the nodes (that is,
the number of equivalence classes under o—) equals the maximal number of different eigenvalues
a linear admissible map can have.

Proof. As a linear admissible map for a feedforward network is upper triangular (Lemma 2.9),
the maximal number of eigenvalues is just the maximal number of distinct values the diagonal
entries can attain. We define the standard basis of the total phase space using the Kronecker delta
0p4 — Which equals 1 if p = g and O otherwise — as {¥?},cc given by (Yg)pec = (Opg)pec € RV,
Note that this basis respects the labeling of cells chosen as in (2.1) so that the linear admissible
maps with respect to this basis are upper triangular. Recall furthermore from Corollary 1.2 that
the algebra of linear admissible maps is spanned by the adjacency matrices B, for o € X, defined
by (B,(x))p = Xo(p) for p € C. That is, any linear admissible map is of the form

> boBy,
o)

with b, € R for all o € X. For anode p € C, the (p, p)-entry of this matrix is given by

{Z ba'BO'(Yp) = bayg(p) = Z b0'6p,0'(17) = Z by .

() p O€X o) o(p)=p

Hence, for two nodes p,q € C the (p, p)-entry and the (g, g)-entry are always the same, if and
only if p o—o ¢g. This shows that the number of different eigenvalues is at most the number of
loop-types. If p and g do not have the same loop-type, then for a dense open set of values (by)gesx,
the p-th and g-th diagonal entries of . s b, B, are distinct. Intersecting these sets for all pairs of
nodes with a different loop-type, we find a dense open set of values (bs)s ey for which ) cs by B
has as many different eigenvalues as there are loop-types. This proves the theorem. O

Remark 2.16. As mentioned in the introduction, an often considered generalization of feedforward
chains is that of so-called layered feedforward networks. In such a network the cells are partitioned
in layers and the feedforward structure is only with respect to these layers, i.e., if we collapse each
layer to a single node we obtain a feedforward chain. Most notably we would like to mention [29].
Therein, layered feedforward networks, their quotients and lifts as well as the lifting bifurcation
problem are investigated thoroughly. It is shown that these networks exhibit similar steady state
bifurcations as the ones presented in Section 3. As a matter of fact, completing the set of input
maps for the networks considered in [29], we obtain networks that are included in our framework
of feedforward networks. However, no self-loops (except for the internal dynamics governed by
Id € ¥ and for the maximal cells) are possible. As a result, the branching patterns in the more
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general case considered in Section 3 are more complex than in [29]. Note that in our more general
definition of feedforward networks, we may also group nodes together in layers, where we allow
for self-loops and arrows that skip layers. In fact, it can be shown that we may give a definition in
terms of layers that is equivalent to the definitions in Proposition 2.2. However, we decided not to
include the precise definition here, as we deemed the ‘graphical’ and ‘order theoretic’ definitions
to be more natural. A

3 Amplified Steady State Bifurcations in Feedforward Networks

In this section, we classify generic steady state bifurcations in one-parameter families of coupled
cell network vector fields as in (1.1) where the underlying structure is that of a feedforward net-
work. It turns out, that the most useful definition for the computations in this section is that the set
of cells C = {py, ..., pn} is partially ordered with respect to <. Assuming the labeling of nodes is
according to (2.1), the parameter-dependent dynamics on the total phase space VV = @p e Vis
governed by

TCaipys -+ s Xoru(pry> D)

fx s e Xoy(po)s D)
= ’)’f(x, ) = o1(p2) | on(p2) ’ 3.1)

FGaipnys -+ s Xora(pa)s D
where A € R and y¢(x, 1), depends only on g € C with g > p.
We aim at investigating generic bifurcations from a fully synchronous steady state. Without
loss of generality, we may assume this to be the origin and the bifurcation to occur for 4 = 0.
Hence, we assume

v7(0,0) =0,

which implies f(0,0) = 0.

Due to the implicit function theorem, a bifurcation of steady states can only occur if the lin-
earization D,y (0, 0) is non-invertible. As the inputs of f are labeled by the input maps o € X, we
may define

as = 05£(0,0),

which is an arbitrary linear map on V, i.e. a, € gl(V). Furthermore, recall the definition
L, ={ceX|olp) =p}

as in Equation (2.2). Then p and g are of the same loop-type, p o— ¢, if and only if £, = L,. We
compute the linearization to be the block-triangular matrix

ZUELP] ay [ ] e ®
0
nyf(o’ 0) — Z(J'E.sz ag (32)
0 e O ZO—ELI’N dg

Then, the linearization D,y (0, 0) is non-invertible, if and only if there is a node p € C such that

0e spec(Z(TeLE a,). Note that ngp ag = deiq ag, if p o—o g. Thus, 0 € spec(zaeip a.-) for all

p o— p. We call these nodes critical. Furthermore, as a, € gl(V) arbitrary, generically }.,cr, do

does not have an eigenvalue O if p is not of the same loop-type as p (compare to Theorem 2.15).

Hence, we say and assume the loop-type of p is critical and all other loop-types are non-critical.
The steady state bifurcation problem is to find solutions to

Yr(x, ) =0 3.3)

locally around (0,0) € @pEC V X R for a generic f satisfying the basic bifurcation assumptions
(B),i.e.,

11



(B.i) f(0,0)=0;
(B.ii) there exists p € C such that 0 € spec(} L a,).

An immediate observation following the definition of criticality is
Lemma 3.1. Maximal cells are either all critical or all non-critical.

Proof. This follows from the fact that every maximal cell p receives all inputs from itself, i.e.
L, = X — compare to Lemma 2.3 and Corollary 2.13. ]

Hence, when the maximal cells are critical, all non-maximal cells may be assumed not to be and
vice versa when a non-maximal cell is critical all maximal cells may be assumed not to be.

We explicitly compute the generic steady state bifurcation behavior in individual cells in the
case of one-dimensional internal dynamics, that is V = R. The results and their proofs are rather
notation heavy. Furthermore, they consist of overlapping inductive definitions and statements.
However, the branching solutions can be summarized informally as follows:

(i) The steady state solutions in maximal cells grow asymptotically as ~ A, if these maximal
cells are non-critical, and as ~ + /|4, if they are critical.

(i) The steady state solutions of non-critical cells are, to leading order, linear in their inputs,
i.e., X, ~ MaXges [Xo(p)l. Hence, to leading order they have the same asymptotics as the
leading order of their inputs.

(iii)) The steady state solutions of critical cells grow, to leading order, as the square root of their
lowest order inputs, i.e., x, ~ *\/MaXqes |Xr(p)|. We refer to this phenomenon as amplifi-
cation.

These results follow from an inductive investigation of the bifurcations in individual cells starting
from the maximal cells and following the order <. Additionally, we have to carefully distinguish
the cases when a bifurcation occurs for positive or negative values of A. Furthermore, taking square
roots of inputs is only possible if the signs of inputs are suitable. This results in restrictions on
system parameters — i.e. Taylor coefficients or partial derivatives of the governing function f.

The key ingredient in the computations in this section is the fact that for an arbitrary cell p € C
the function y¢(x, 1), = f(Xo(p)s - - - » Xor(p)» A) depends only on those g € C with g > p. Together
with the bifurcation assumption (B.i) this allows us to Taylor expand the governing function to
obtain the following expanded bifurcation equation

0= f(XO'l(p)’ - Xou(p)s A) = Z f(f‘rx[z; + Z agXp + Z fovl/lxp

O',TELI; (TGL]) (TELI’
+ Z arxy + €A+ Z Jradxy
pg=1(p): Pg=1(p):
¢ Lp ¢Lp
) 34
+2 Z fa'Txp-xq + Z fO’quxS + faad
oel, o,1¢L,
T¢Ly: P<g,5=0(p),7(p)
p<q=(p)

+0(ll(Cxg 1 g = p), DIF).

The constants fi+, fra, €, and fy, are defined to be partial derivatives of f in directions labeled by
the input functions o € X, similar to the a, before, or by the parameter A:

fa"r = %807']“(0, 0) (hence fa"r = fT(J')’

Joa = 0:2£(0,0) = 9. (0,0,
€ =0,1(0,0),

1
fu= Ea/l/lf (0,0).
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Note that in the case V = R all these constants are real numbers and especially (B.ii) becomes
Doe ;00 =0 for a critical cell p. We will use (3.4) to inductively solve the bifurcation equation
(3.3) with respect to <. It turns out that this results in significantly different solutions depending on
the two possible cases presented in Lemma 3.1 — either the critical cells are maximal or not. Even
though the computations follow the general idea outlined above in both cases, it is convenient to
separate the investigations.

Remark 3.2. Note that, due to the partial order, the bifurcation problem (B) can be ‘restricted’ to
subnetworks with the ‘same’ branching pattern restricted to the subnetwork. By definition, the
dynamics of a subnetwork B C C is governed by the ordinary differential equations

xp = f(x(rl(p), < Xou(p)s A,

where f is as in (3.1) and p € B. In particular, if the network undergoes a steady state bifurcation
according to the bifurcation assumption (B), then the bifurcation assumption (B) (and the Taylor
expansion (3.4)) holds for the subnetwork as well. In particular, if B contains a critical cell,
the subnetwork undergoes a steady state bifurcation with the branching pattern of the full network
restricted to cells in B. The linearization of the restricted vector field arises from (3.2), by removing
rows corresponding to cells in C \ B. Hence, a cell p € B is critical for the reduced bifurcation
problem, if and only if it is critical for the full bifurcation problem. A

3.1 The critical cells are maximal

We start with the simpler case by assuming the maximal cells to be critical. From Lemma 3.1
we know that this is equivalent to },.x @, = 0 and to all non-maximal cells not being critical
generically. This greatly simplifies the computations as there are fewer cases to take care of.
Furthermore, the bifurcation condition (B.ii) is equivalent to

Yar=-a (3.5)

for every cell p € C, which is a useful identity. We start by computing the bifurcation behavior of
(3.4) for maximal cells, where we detect a saddle node bifurcation. Then we proceed inductively
with respect to < to all non-maximal cells, whose state variables mimic the bifurcation behavior
of their inputs.

Lemma 3.3. Let p € C be maximal. The state variable x, generically bifurcates as in one of the
following two cases:

(i)
xp(D) = DE - VA+0(A)

for A > 0 small, if
¢

_— <
Z(r,reZ f oT

4
D) =+ 1 /—— #0.
P Za‘,‘re):fa‘r

xp(2) = Dy - V=2+0())

0.

Here

(ii)

for A < 0 small, if
{

—_ >
Za’,TGZ fO'T

l
D=z, /— # 0.
b ZO',TGZfO'T
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Proof. As a maximal cell p only receives inputs from itself (see Lemma 2.3), the equations to be
solved (3.4) only depend on the state variable of that specific cell. Hence, the bifurcation behavior
is exactly the same for all maximal cells. As ), s a, = 0, (3.4) becomes

0= foriy+ €A+ 007 + [xp* + [x,l1A). (3.6)

O, TEX

In both cases we employ the standard method to detect saddle node bifurcations (see for example
[16]). Assume €/ Y res for < 0. We introduce a new variable x,, = py where y = VA for small
A > 0, hence u > 0. Equation (3.6) transforms into

0= > forty" + 4 + Ol + P ly).

o,TEX

As p1 > 0, we may divide by x? and obtain

0= fory? + €+ O0(ul + lully) = g0y, ).

O, TEX

For p = 0 this is equation is solved by

ZO’,TEZ fcrr

Furthermore, (%g(ii,O) = 2 yrex ooy, Which, generically, does not equal 0. Hence, by the
implicit function theorem, we obtain two branches of solutions

Y () = 7 + O(lu)).

Transforming back into the original variables we obtain two branches

xp(A) = = - VA +0( )

ZO’,TEE f oT

for small A4 > 0, which completes the proof for the first case.
The case €/ 3 s zex for < 01s analogous. We introduce x, = py with u = V-4 for 4 < 0 with
small absolute value. Then the proof is the same. O

Remark 3.4. (i) The critical maximal cells simultaneously undergo a saddle node bifurcation,
that is two steady state branches exist for either only positive or only negative values of A.
The sign of A for which branching solutions occur is the same for all maximal cells. We
refer to the former as the supercritical and to the latter as the subcritical case. Note that a
generic f satisfying the bifurcation conditions (B) always fulfills one of the two assumptions
from the previous lemma, as generically ¢, 3, -5 for # 0. However, we see that the generic
bifurcation behavior is different in different regions of system parameter space, i.e. partial
derivatives of f.

(i) Note, furthermore, that in both cases the equations for maximal cells are completely un-
coupled. Hence, for a specific branch of solutions not all maximal cells need to evolve
according to the same branch. In particular the choice of sign in D; may differ in different
maximal cells. As a result, globally, when restricting only to maximal cells, we obtain 2™
branches of solutions where m is the number of maximal cells. A

For the non-maximal cells, we proceed inductively. We assume to know a specific branching
pattern for all cells above a given cell p and compute the solutions for that cell. Hence, we need
to distinguish between the super- and subcritical cases.

14



Lemma 3.5 (supercritical case). Let p be non-maximal. Assume for all g > p
x,() = dy - YA+ 0(Al)

for small A > 0 and some d, € R\ {0}. Then
xp() = D, - VA+0(A)

for small A > 0, where

2L, Geldup)  Drgr, Godr(p)

Dp - -
ZaeLP o Zﬁz[p ar

Proof. As the maximal cells are critical and p is non-maximal, p is non-critical. Using the as-
sumption on all g > p, (3.4) becomes

0= agxy+ D, ady VA+O0(Ix,P + 1A + x| - ViAl).

oely p<1q=2(p):
7¢L,

Since p is non-critical, 3.y, do # 0. Thus, by the implicit function theorem, we obtain that this
equation is uniquely solved by

Lrgr, Ardr(p)

xp(D) = — N1+ 0(A).

YoeL, dr
The second representation of the coefficient follows from (3.5) which completes the proof. O
Lemma 3.6 (subcritical case). Let p be non-maximal. Assume for all g > p
xg(D) = dg - V=2+0(2)
for small A < 0 and some d, € R\ {0}. Then
xp() = Dy - V=2+0()
Sfor small A < 0, where

YL, drldip)  Dirgr, Gode(p)

Dp - -
ZO‘ELP Ao ZreL,, ar

Proof. The proof is completely analogous to the previous one. O

The maximal cells simultaneously determine whether a bifurcation occurs super- or subcrit-
ically. The non-maximal cells have no further influence, as we have seen in the previous two
lemmas. We may, therefore, perform an inductive proof with respect to <, summarizing Lem-
mas 3.3, 3.5 and 3.6, to obtain

Theorem 3.7. Under the bifurcation assumption (B) and assuming the maximal cells in C to
be critical, the state variables x, for all p € C bifurcate according to one of the following two
asymptotics.

(i) (supercritical)

l
xp(D) =D, - VA+0(A) forsmall 1>0, if ———— <0;
Zo-,reZ f(TT
(ii) (subcritical)
l
xp(A) =Dy - N=A+O0(A|) forsmall A<0, if ————>0.
ZO',TGZ fO'T
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Therein the coefficients D, are defined recursively. For p maximal they are

oD i N S N —
P Za-,‘rez fm’ Zo-,rezfar ’
D, e+ d - d

b Zo-;rezf(rr, Za’,TEZfO’T '

The remaining (non-maximal) ones are defined via

(i) (supercritical)

(ii) (subcritical)

bo- _ Zrer, @Dy Xrgr, acDrip)
, = .

Zo-eLp Ao ZTQL,, ar

There are 2™, with m = #{p € C | p maximal}, different branches of steady states in both cases,
that are determined by the choices of D, for p maximal.

Remark 3.8. The branching solutions in Theorem 3.7 are the same as the ones described in Propo-
sition 5.1 in [29] for layered feedforward networks (compare to Remark 2.16) and in Proposi-
tion 5.7 of [2] investigating feedforward structure of transitive components. Here we extend these
results by the explicit computation of the leading coefficients. A

Remark 3.9. Note that by restriction to the invariant fully synchronous subspace, we obtain a fully
synchronous saddle node bifurcation similar to the proof of Lemma 3.3. This will be made more
precise in the case of non-critical maximal cells (see Lemma 3.11 in Section 3.2) where it is of
great importance. Hence two of the branching solutions provided by Theorem 3.7 necessarily
describe this branch. It can easily be seen from the recursive formulas using (3.5) that these are
exactly the ones where the coefficients of maximal cells all have the same sign. This is also to be
expected, as in all other cases not even the maximal cells are synchronous. A

Remark 3.10. The results of Theorem 3.7 are only fully accurate if none of the D), vanish. This can
be seen to be the case generically for the maximal cells. The system parameter ¢ does not vanish
generically. Hence, D), # 0 for p maximal. In particular, the coefficients of the fully synchronous
branching solutions do not vanish generically. For the remaining cells, this has to be checked in the
inductive computation. The structure of the network could force some D,, to vanish identically, a
case that we do not expect to occur and have never encountered in any examples. Furthermore, the
branching statement holds true generically in the sense that the maximal cells undergo a saddle
note bifurcation and there is a unique solution for (3.4) for p non-maximal due to the implicit
function theorem. In the case that D, vanishes, the leading square root order increases.

Finally, additional structure in the network can give us the means to prove that the leading
coeflicients do not vanish generically for all cells. For example, this holds true if there is an input
map k € X such that x(p) is maximal for all p. This is the case if the network is a ‘semigroup
network’ in the language of [24].

A

3.2 The critical cells are non-maximal

Next, we assume that the maximal cells are non-critical. In particular, ) ey a- # 0 under the
condition of genericity. The general strategy for finding branching solutions remains the same as in
the previous part. We solve (3.4) for a given cell p assuming knowledge of its inputs. However, the
considerations, especially for non-maximal cells, become more involved, as we have to distinguish
whether a cell is critical in each step. Inductively, this provides all possible solutions for all cells.
As a result of the multitude of different cases, the explicit bifurcation patterns — governed by
simultaneous solutions of (3.4) for all cells — become a lot more complex than when maximal
cells are critical. Once again, we have to distinguish branching solutions that exist for positive and
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negative values of the bifurcation parameter 4. We refer to these cases as super- and subcritical,
as before. The result for the subcritical case, however, can be obtained as a corollary from the
supercritical case, as we see in Theorem 3.23.

3.2.1 Root subnetworks

As we will see, branches of steady states for the bifurcation problem (B) are determined by sub-
networks that are ‘surrounded’ by critical cells. Similar to the maximal cells in Section 3.1, these
serve as the starting point for the inductive investigation of the entire network. All cells within
the subnetwork remain synchronous. Non-trivial solutions branch off in cells that are not in those
subnetworks. More precisely, the non-trivial solutions will be higher-order saddle node branches
whose amplitude increases the lower a cell is in the network.

Definition (Root subnetwork). Let C be the set of cells of a feedforward network and assume the
bifurcation scenario (B). We call a non-trivial subnetwork @ # B C C a root subnetwork, if it
contains all maximal cells and, if for every cell p € C \ B such that g € B for all ¢ > p, it holds
that p is critical.

Example 3.1. In the classical N cell feedforward chain a subnetwork contains the first & cells for
any 1 < k < N. Furthermore, there are exactly two loop-types given by the maximal cell on
the one hand and all other cells on the other. Hence, for non-maximal critical cells it can readily
be seen that each subnetwork is a root subnetwork. As was shown in [23], all generic branches
of steady states are of the form that there is 1 < k < N such that the first £ cells in the chain
remain synchronous, while the states of the remaining cells branch off in higher order saddle node
branches whose amplitude increases with the distance to the synchronous cells.

Solutions in the root subnetworks behave as the following fully synchronous branch.
Lemma 3.11. Recall that the bifurcation assumption (B.i) implies that there exists a fully syn-

chronous steady state at the bifurcation point: y¢(0,0) = 0. If maximal cells are non-critical, this
fully synchronous steady state persists under (small) parameter variations. It grows as

xp(2) = X() = DA+ RA* + O (|aF) (3.7)
for|A| small and all p € C. Therein
4
D = _—Z —ay’ 3.8)
(oS (o
Re— Yores frrl? = Loes o Soex fral + (Zoes a0) fua (3.9)
(Z(TEZ a0')3

which generically do not vanish.

Proof. Consider the fully synchronous subspace {x,, =...=x,,} C @p cc R. This can readily be
seen to be invariant under the flow induced by network vector fields of the form (3.1). Choosing a
coordinate y for this subspace, the bifurcation problem becomes the same for all cells p € C. The
Taylor expanded equation (3.4) is

0= ay+ L1+ O + il + 1.

oeX

The implicit function theorem yields a unique branch of solutions

xp(A) = y() = -

A+0(1aP)

Yires Ao

for f(y,...,y,4) = 0 with |4] small. Performing second order implicit differentiation — for which
we omit the details —, we compute

] Zo-,reZ fm’gz = 2rex Ao Doex Joal + (20-62 ao’)2 Jfa
(ZO'EZ dg-)?’

As both derivatives generically do not vanish, this completes the proof. O

Y'(@)=-2
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Corollary 3.12. Let B C C be a subnetwork and assume bifurcation assumption (B) holds with
non-maximal critical cells. For all cells p € B there exists a synchronous branch of steady states

R =

xp(2) = X(2) = DA+ RA* + O (|aF) (3.10)
for |A| small solving the bifurcation equation (3.4). Therein
4
D=— , (3.11)
ZO'EZ ag
_ Zo’,‘rez fO"rf2 - Z(TEE dog Z(TEE fovlg + (Z(TEE ao’)2 f/u

3.12)
(20'62 a0')3

which generically do not vanish.

Proof. Restrict the system of bifurcation equations (3.3) to the cells of the subnetwork B, i.e.
discard all the equations for variables x, with p ¢ B, and apply Lemma 3.11. O

Remark 3.13. Note that the previous corollary does not make any claims concerning uniqueness
of the solution branch — except inside the synchrony space. It also does not cover the impact of
cells p € C\ B, which might prevent the existence of this branch for the entire network, as we will
see later. A

Lemma 3.14. Let p € C be non-maximal and critical. Assume that all cells g > p are in the fully
synchronous state x4(1) = X(A). Define

orel,
B = Z Joat2 Z JoiD,
O'ELP JELI)7T¢L])
2
C= Z aR + Z JfaaD + Z JoeD”™ + faa,
TeLp Tng 0—9T¢Lp

with D, R as in (3.8) and (3.9). The solutions to (3.4) generically undergo a transcritical bifurca-
tion

xp() = DEA+O (1),

for |A| small, where

DY = - ¢
b Z(TEE dg
D; _ £ ) (1 + 2Z(reL,,;r¢L,, fo"r) B Zo-eL,, fcr/l .
ZU'EE do ZU,TELP fO’T Za’,‘re.ﬁp fO'T

We will see in the proof of Lemma 3.15 below that the branch with the coefficient D}, is the fully
synchronous branch X(A).

Proof. The bifurcation assumption (B) implies

{
Z a.D = Za,D: —Za,zaezaa =={,

2L, TEL T€EX

as Yrer, do = 0. In particular, the linear terms in A in (3.4) vanish and the equation becomes
- 2 2 2
0= ) forxp+ > foadip+ D, aR¥+ ) fuDA
otel, oel, ¢L, 2L,

+2 D forDAxp+ D [ D2+ fad? + O (15, + 1xp P+ IxplIAP + (2F)
oely,1¢L, o1¢L,

= Ax) + BAx, + CA + O (Ixp + [x, P11 + [x, [l + 14F).
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Similar to the previous proofs, we employ the standard method to detect transcritical bifurcations
(see for example [16]) by introducing a new variable x, = Ay. The equation becomes

0= APy + BA%y + CA* + O (yllaP + 4P
= 22 (47 + By + C+ O (yllAl + 1) = (3. D).

Note that the coefficients A, B and C are composed of the second order partial derivatives of f.
Hence, generically A, B> — 4AC # 0. By Lemma A.1 in the appendix, generically B> — 4AC > 0

and we obtain two solutions:
—-B+ VB2 —4AC

v =
2A '

Furthermore, 6% g(y*,0) = 2Ay" + B which, generically, does not vanish. Hence, by the implicit
function theorem, we obtain two branches of solutions

Y (1) =¥ +0(4)

for small A > 0. Transforming back into the original coordinates, we obtain

-B+ VB2 -4AC 9
xp() = 7 -A+0(12P).
The computation of the leading coefficients can be found in Lemma A.1 in the appendix. O

Lemma 3.15. For every generically existing branch of bifurcating steady states of (3.3) with non-
maximal critical cells, there is a unique root subnetwork B C C such that all x, with p € B remain
synchronous, i.e.,

xp() = X() forall peB

for |A| small and X(Q) as in Lemma 3.11. Furthermore, for each p € C \ B such that g € B for all
q > p the steady state solution of (3.3) grows as

xp(1) = D, A+ O0(aP)

for || small with

D,

_ £ (1 + ZZUGL,,,TeLI, fo’T) ZUEL,, fcr/l
ZO'EZ ag ZO’,TELP fO'T ZO',TGLP fO'T .

Proof. We prove the statement by investigating the bifurcation equations (3.4) and constructing
the subnetwork B inductively. We begin with the maximal cells. As o(p) = p for each maximal p
and for each o € X, we see that

By = {p | p is maximal}

is a subnetwork. The bifurcation equation (3.4) for maximal cells is the same as the one restricted
to the fully synchronous subspace in the proof of Lemma 3.11 and the implicit function theorem
guarantees the existence of a unique branch of solutions. As By is a subnetwork, Corollary 3.12
implies that this is necessarily the synchronous branch of solutions x,(1) = X(4) (note that this
also follows from the fact that (3.4) for maximal cells is the same as the one restricted to the
fully synchronous subspace in the proof of Lemma 3.11). As the maximal cells do not depend
on any other cells, their state variables always branch according to this solution, independent of
the branching behavior of the entire network. In particular, we may assume the existence of a
subnetwork B of synchronous cells for any branch from now on, since By C B.

It remains to show the properties of B and of cells p € C \ B with g € B for all g > p. To that
end let us assume the existence of a subnetwork B ¢ C such that xp(A) = X(A) forall p € B. Then
we consider a cell p € C \ B such that ¢ € B for all ¢ > p. We consider two cases.

First, assume p is non-critical. Similar to before, the derivative of (3.4) with respect to x,
equals )¢, ar which does not vanish generically according to bifurcation assumption (B). By
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the implicit function theorem the equation has a unique solution x,(2) for || small. On the other
hand, also BU {p} is a subnetwork which contains B as a subnetwork itself. Furthermore, equation
(3.4) for p is the same in the full network as well as in BU {p}. Hence, according to Corollary 3.12
the solution for cell p is necessarily the same as the synchronous branch, x,(1) = X(4), and we
may set B U {p} C B. In particular, if p is non-critical and ¢ € B for all ¢ > p, then also p € B.

Second, we assume that p is critical. The investigation is similar. We are in the situation of
Lemma 3.14, which tells us that generically the bifurcation equation (3.4) for cell p has precisely
two solution branches

xX5(2) = DEA+O0(1AF)

with coefficients

pr=—__*t

P ZO'GZ ag
D; - L ) (1 + ZZG-ELP,TQEL,, fa’r) 3 Zo-e.[jp fo-/l ‘
ZU’EE dg ZO',TEL,, Jor Z(J-,TELP for

On the other hand, also B U { p} is a subnetwork which contains B as a subnetwork itself. Further-
more, equation (3.4) for p is the same in the full network as well as in B U {p}. Hence, according
to Corollary 3.12 the synchronous solution for cell p is also generic in the full network. Hence,
necessarily one of the branching solutions xg(/l) is the same as the synchronous branch. As was
shown in Lemma 3.14, the leading coefficient generically only matches the leading coefficient of
the synchronous branch for one choice of sign: x;(/l) = X(A4). In that case we once again set
B U {p} c B. For the other choice we generically have X, () # X(2) so that p ¢ B. This completes
the proof. O

Remark 3.16. Note that the previous lemma does not make any claims concerning existence of
a solution branch for each root subnetwork B c C. In particular, it does not cover the impact of
cells p € C\ B, which might prevent the existence of this branch for the entire network, as we will
see later. Furthermore, the result does not exclude the possibility that a cell p € C \ B branches
according to the synchronous branch of solutions. However, we will see below that this is not to
be expected generically. A

Remark 3.17. The argument identifying the synchronous branch in the previous proof is a special
case of quiver symmetry. In particular, the subnetworks B and B U {p} induce two non-classical
symmetries each. On one hand, there is the inclusion of the total phase space of the subnetworks
into the total phase space of the original network. On the other hand, each subnetwork gives rise
to a quotient network by identifying all cells within the subnetwork. The dynamics on the original
network respects these maps, which in turn guarantees genericity of the synchronous branch in
the equations corresponding to the subnetwork. Note that these symmetries are parts of larger
structures, namely the subnetwork quiver and the quotient quiver. For more details, see [19]. A

3.2.2 Solving Equation (3.4)

In this subsection we set up the technical tools for the inductive proof of the bifurcation result
for the entire network. In particular, we solve (3.4) in individual cells under specific assumptions
on the branching solutions for cells above with respect to <. As we have seen in Lemma 3.15,
any generically existing branch for the entire network is determined by a root subnetwork B ¢ C
in which the cells evolve according to the fully synchronous branch. Hence, we fix such a root
subnetwork. Furthermore, we focus on A4 > 0 and assume the following input scenarios for a fixed
non-maximal cell p € C \ B as an inductive hypothesis:

(H) For all g > p and small A > 0 the solution to (3.4) has the asymptotics
Xy () = dy- 27+ 0 (),

where d;, € R \ {0} and the &, are integers with 0 < &, that define the square root order of
the branching solution of cell g.
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Under the assumption (H) we define the quantity

Ep = max &, (3.13)

to be the highest (and thus ‘leading’) square root order of inputs into cell p. Then, £, = 0, if and
only if all inputs into cell p evolve linearly in A up to leading order. To further simplify, we denote
the subset of cells ¢ € £*(p) which are of highest square root order in A by Q,. That is

Q)= {q € =*(p) | g =dy- 27 +O0(F ") and d, # 0}. (3.14)

In the case Z, = 0 all state variables x, for ¢ € X*(p) evolve linearly in A up to leading order.
Hence, 0, = Z*(p). Note that Z, and Q, are only defined for p non-maximal.
Depending on =, we formulate the following non-degenericity conditions:

L)
E,=0 and ) ardp + L #0,
¢L,

(SN)
E,>0 and Z ardr(p) # 0.
7: 1(p)EQp

The conditions (L) and (SN) guarantee that the leading order terms in A in (3.4) do not vanish.
In what follows, we observe that the two cases lead to a continuation of the trivial solution at the
bifurcation point, which is linear up to leading order (L) and a higher order saddle node bifurcation
(SN) respectively.

Under the given inductive assumptions, we prove statements providing branching solutions to
(3.4) for non-maximal cells. The technical proofs are postponed until the appendix Appendix A.
We start with the case that p is non-critical.

Lemma 3.18. Let p € C\ B be non-critical. Under assumptions (H) and (L) or (SN), depending
on the value of Z,, (3.4) has the unique solution

) = dy- 27 0P ")
for A > 0 small, where d,, # 0 is given by

irgr, drdep) + L

Zo-e.ﬁp (20

dy =
ZTZ T(P)GQ[) aTdT(P)

if ,>0.
ZO'GLP dg ’ r

The corresponding result for critical non-maximal cells is proved in multiple lemmas. We
distinguish between the cases (L) and (SN).

Lemma 3.19. Let p € C \ B be critical. Assume (H) and (L) to hold true. The solutions to (3.4)
generically bifurcate as in one of the following two cases:

(i) If
ZT¢‘£17 aTdT(P) + {
Za’,‘re.[:p fO'T

> 0,

there are no branching solutions.
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(ii) If
Dirgr, drdep) + L
Zo-;re[l, f oT

the solutions undergo a saddle node bifurcation

<0,

xp(A) =di - VA+0 ()

for A > 0 small, where

d; =+

p

\/_ irgr, drdrep) + L 0

ZU',TELI, fO’T

Now, we turn to the branching solutions for critical cells p with the additional non-degenericity
condition (SN).

Lemma 3.20. Let p € C \ B be critical. Assume the induction hypothesis (H) and the additional
non-degenericity condition (SN) to hold true. The solutions to (3.4) generically bifurcate as in one
of the following two cases:

(i) If
ZTI 7(p)eQp aTdT(P)

>,
Zo-,reLp fO’T

there are no branching solutions.

(ii) If
ZT: (p)eQ, aTdT(P)
Za’,‘re.[:p fO'T

the solutions undergo a higher order saddle node bifurcation as

<0,

@) =ds- 27 o (),

for A > 0 small, where

T, _Z‘r: 7(p)eQ, ard'r(p) 40
b B Zo-,re[,, fO’T '

3.2.3 Branches of steady states for the entire network

The results in the previous section form the technical background for the inductive investigation
of branching solutions to the bifurcation problem (B) with non-maximal critical cells. Subtleties
arise while investigating which cases from Lemmas 3.18 to 3.20 can generically occur, when (3.4)
is solved for all p € C simultaneously.

For a given root subnetwork B C C, the branching behavior of cells p ¢ B is determined by
the number of critical cells ‘in between’ B and p. In particular, we will need the quantity

Mp = max max #{g € w | g critical,q ¢ B} — 1, (3.15)
DPEB wel);,
which is the maximal number of critical cells ¢ ¢ B along paths from any cell in B to p (recall that
Q5 , denotes the set of all paths from p to p without any loops). For convenience we set i, = 0
for p € B. It can readily be seen via induction on the partial order < that y,, can alternatively be
characterized iteratively:

0 for pe B,
0 for B withg € Bforall g > p,
y = pEawng " (3.16)
maxgsp Mg for p non-critical,
maxgyp pg + 1 for p critical.
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The second line is necessary because for any cell p € C \ B with g € B for all g > p we have that

p is critical and all inputs come from inside B so that u,, = 0.

The main results in Theorems 3.21, 3.23 and 3.24 below describe branches for the entire
network. They combine Lemma 3.15 with an inductive investigation of cells outside of root sub-
networks employing Lemmas 3.18 to 3.20. The number of critical cells along paths from the root

subnetwork 1, will be the induction parameter.

D, Case
d €B
-~ p
Z(TEE ao
Z ¢ a;D (p) 4
ST TP p non-critical, 1, = 0
ZO'ELI, do

2 7(p)eQ, arDr(p)

Zo-eLF ao
£ ) (1 + ZZ(rGLP,TgEL,, fO'T]

Yires Qo Zor,re[l, Jor

N \/ Dirgr, GxDrp) + £

Zo-eL,, fcr/l
Za’,‘re.ﬁp fO'T

Zo-,‘reLp fa"r

+ ZTI T(P)EQ[) aTDT(P)
- ZO',TELP fO’T

p non-critical, u,, > 0

p critical, u, =0

p critical, u, = 1

p critical, u,, > 1

Table 1: Leading coefficients for the root subnetwork B in supercritically branching steady states.

D, Case
¢
- peEB
ZO'EZ ag
irgr, xDrp) — €

ZO’ELP ag

2ir: 1(p)eQ, A Dr(p)

Zo-e[jp do

£ ZJEL,,,T%LP fO’T + Zo-e,Cp fO'/l
Zo—ez ag Zo-;re[l, fa"r Za,-re[l, fO'T

L [Zeer, @D =
- Za-,-re.ﬁ » f o1

N Z‘r: (p)eQ, aTDT(p)
- Zo‘,‘re.[p fO'T

-(1+2

p non-critical, u, = 0

p non-critical, u,, > 0

p critical, u, =0

p critical, u, = 1

p critical, u, > 1

Table 2: Leading coefficients for the root subnetwork B in subcritically branching steady states.

Theorem 3.21 (Supercritical branches). Consider a feedforward network with cells C and input
maps X. Assume bifurcation assumption (B) with non-maximal critical cells. For every root sub-
network B C C for which we may define real non-vanishing coefficients as in Table 1 such that the
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inequalities
irgr, rDrp) + €

<0, for p critical with u, = 1; !
ZO’,TGLP fO'T 3.17
. D G.17)
Z‘r. 7(p)eQ, drllx(p) .. .
<0, for p critical with u, > 1;
Za‘,‘reL,, fO'T
hold, there is a branch of steady states such that
X)) =D,A+0(A) for p e B;
xp(A) = zwp -t (3.18)
D,- 2" +0(I ) for p¢B,

for A > 0 small, where p,, is the maximal number of critical cells g € B along paths from any cell
in B to p (see (3.15)) and

Q= {q €X*(p) lug = maxus}
s>p

(compare to (3.14)). In particular, cells in B are synchronous with X(A) as in (3.7) while all cells
not in B are not synchronous to those in B.

Remark 3.22. The assumptions on the coefficients D), in the theorem are made to guarantee the
genericity conditions (L) and (SN), which are nonvanishing conditions on the nominator of D,,.
By specifying the sign, we restrict to supercritical branches in this theorem. In Theorem 3.23
below, we consider the corresponding situation for subcritically branching solutions.

Proof of Theorem 3.21. We have seen in Corollary 3.12 that the bifurcation equation (3.4) for cells
p in an arbitrary subnetwork B C C can be solved by the fully synchronous branch x,(1) = X(1)
independent of the system parameters. Thus, for a root subnetwork B it suffices to investigate cells
p ¢ B which we will do with nested iterative arguments. The main induction is with respect to
Hp as indicated by the subheadings. The base case u,, = 0 requires another inductive investigation
with respect to the partial order <.

Base case p;, = 0:  Cells p € B, for which u, = 0 satisfy the statement of the theorem. Consider
acell p ¢ B with u, = 0. We have to distinguish two cases. If p is critical, the definition of u,
shows that necessarily g € B for all ¢ > p. In particular, this is the situation of Lemma 3.14 and
we generically obtain two branches of solutions for the bifurcation equation (3.4) for p:

xp(D) = DEA+ O (1)

for |A| small with coefficients

pr—__t

d 2oes Ao
D; — L . (1 + ZZO-GLP,TQELP fo"r) B Za-e[,, fa-/l
Za-ez ao Z(J’,TG.[,]; f(rr Za-;re[,, fO'T

as in Lemma 3.14. The assumption that these coefficients do not vanish implicitly implies that we
are indeed in the generic situation. We consider only the second case

xp(1) = DA+ O(IAP),

Le., Dp = D, (compare to the proof of Lemma 3.15).

We investigate the case that p is non-critical inductively with respect to <. The argument above
indicates that there must be a critical cell g ¢ B with g > p such that s € B for all s > g and no
other critical cells along any path from g to p. There may, however, be additional non-critical cells

'Note that this assumption implies that the coefficients in the first and fourth row do not coincide due to Lemma A.1.
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along paths from g to p. First, assume that for all ¢ € X*(p) either g € B or g is critical with s € B
for all s > g and x,(1) = DA+ O (|/1|2) as above. We define

ZT%LP aTDT(P) + f

D, =
14
Zcre.[p ag

By assumption D, # 0, which implies

Z aTDT(p) +{£#0.
T¢-£]7

In combination with the fact that x,(1) grows linearly in A for all g > p this is condition (L) so that
we are in the situation of Lemma 3.18. Hence, there is precisely one solution to the bifurcation
equation (3.4) for cell p

xp(2) = Dpd + O(|AF)

for |A| small.

Now consider an arbitrary non-critical cell p with u;, = 0. As an inductive hypothesis, we
assume that for all non-critical cells ¢ € X*(p) with u, = 0 the bifurcation equation (3.4) is
uniquely solved by

xy(A) = Dygd + O (1)

for |A| small with D, as in Table 1. Note that with this assumption we have characterized the branch
for all cells g € X*(p), as these are either in B, critical with s € B for all s > ¢, or non-critical with
Hq = 0. As before, we define

2rgr, GrDrp) + €

Zcre[,, ag

D, =

By assumption D, # 0, which implies (L). By Lemma 3.18 there is precisely one solution to the
bifurcation equation (3.4) for cell p

xp() = Dpd + O (141

for |4 small. By induction with respect to < this characterization of generically branching solutions
to the bifurcation equation (3.4) holds for all non-critical cells p with y, = 0.

Induction step u, > 0:  We investigate cells p ¢ B with y, > 0 inductively with respect to u,
focusing on branching solutions for 4 > 0. Fix a cell p ¢ B with g, > 0 and, as an inductive
hypothesis, assume

() = DA™ + 0 (") (3.19)

for A > 0 small with non-vanishing real coefficients D, as in Table 1 for all g € X*(p) with ¢ ¢ B.
For g € 2*(p) define

A

ftq = max pi
s>q

such that
Q = {s €Z*(9) | s = i1y}

Note that p, = fi4, if g is non-critical, and u, = fi, + 1, if g is critical. We have to distinguish
multiple cases.

Case p non-critical, i, = 0: This situation has already been investigated in the base case,
as f1, = u, for p non-critical.
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Case p non-critical, i, > 0: We define

Z‘r: 7(p)eQ, aTDT(P)
Dp = — .

Zo-e[,, ao

By assumption D,, # 0, which implies (SN). By Lemma 3.18 there is precisely one solution to the
bifurcation equation (3.4) for cell p

xp(2) = Dpd +O(|AF)

for A > 0 small. Since p is non-critical, we additionally have fi, = u,, and the coefficient matches
the third row in Table 1.

Case p critical, {1, = 0:  The situation is as in Lemma 3.19 (assumptions (H) and (L)). Since

v, GrDep) + €
ZU,TGL » f oT

by assumption, we obtain two branching solutions to the bifurcation equation (3.4) in cell p

xp() = DEZ +0(A)

with

+
- =4
Dp +

Drgr, ArDrp) +€
ZO',TELP fO'T '

which we assumed to be real and nonzero. Since p is critical, fi, = 0 implies u, = 1. Hence, the
coefficient matches the fifth row in Table 1.

Case p critical, 1, > 0: The situation is as in Lemma 3.20 (assumptions (H) and (SN)).

Since
ZT: 1(p)EQ, aTDT(p)

Za’,‘re.ﬁp f(TT

by assumption, we obtain two branching solutions to the bifurcation equation (3.4) in cell p

<0

() = Di - 22 0P,

for A > 0 small, where

Dty | 2T e, 4
P - Za-,re.ﬁp fo'T
which we assumed to be real and nonzero. Since p is critical, y, = fi, + 1 and the coefficient
matches the sixth row in Table 1. O

As a corollary we obtain an analogous result for subcritical branches.

Theorem 3.23 (Subcritical branches). Consider a feedforward network with cells C and input
maps X. Assume bifurcation assumption (B) with non-maximal critical cells. For every root sub-
network B C C for which we may define real non-vanishing coefficients as in Table 2 such that the
inequalities

irgr, xDrp) — €

<0, for p critical with u, = 1; 2
Za’,'re.ﬁp fo"r (3 20)
ZT: 1(p)EQ, aTDT(P) .. . ‘
<0, for p critical with u, > 1;
Za’,‘re[p fO‘T
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hold, there is a branch of steady states such that

) = {X(/l) = D,1+0 (1) for peB; 321)

D,- (=" +0(AP™™"),  for peB

for A < 0 small, where p,, is the maximal number of critical cells g ¢ B along paths from any cell
in Bto p (see (3.15)) and

Q,= {q eX*(p) lug = maxm}
s>p

(compare to (3.14)). In particular, cells in B are synchronous with X(A) as in (3.7) while all cells
not in B are not synchronous to those in B.

Proof. Substituting the parameter u = —A and the system parameters ¢ = —{,0,) = —fya, the
governing function Taylor expands as

f(xm(p), <o Xou(p)s )= Z Qg Xo(p) T LU+ Z fO'T-xO'(p)-xT(p) + Z eo—/lllxtf(p) + f/l/l,uz +h.o.t,,

og) o,TEX og)
as in (3.4). The result follows immediately from Theorem 3.21 for u > 0. O

Finally, we complete our considerations by observing that all occurring branches of steady
states are as described in Theorems 3.21 and 3.23, as long as the non-degenericity conditions (L)
and (SN) can be satisfied by the leading coefficients.

Theorem 3.24. Consider a feedforward network with cells C and input maps . Assume bifur-
cation assumption (B) with non-maximal critical cells and generic system parameters. Every
occurring branch of steady states that is not the fully synchronous continuation (see Lemma 3.11)
is either as in Theorem 3.21 or as in Theorem 3.23, if leading coefficients can be chosen as in
Tables 1 and 2 such that non-degenericity conditions (L) and (SN) are satisfied. In particular,
there is a root subnetwork B C C such that the cells outside of B branch super- or subcritically
with asymptotics determined by the number of critical cells along paths into these cells.

Proof. The fully synchronous continuation of the bifurcation point exists for all values of system
parameters. Lemma 3.15 shows that for all other generically existing branches there is a root sub-
network B C C such that x,(1) = X(4) for all p € B. Fix a root subnetwork B C C and investigate
the remaining cells. By assumption, (L) and (SN) hold, which implies that the conditions of Lem-
mas 3.14, 3.19 and 3.20 are satisfied and branching solutions to the bifurcation equation (3.4) are
as in these lemmas (for subcritically branching solutions this requires a substitution as in the proof
of Theorem 3.23).

Note that for a critical cell p ¢ B with u,, = 1 inequality (3.17) is satisfied if and only if (3.20)
is not and vice versa. In particular, these cells indicate either a super- or a subcritical branch of
steady states as in Theorems 3.21 and 3.23. If two critical cells p,p” ¢ B with p, = p,y =1
indicate a branch of steady states for opposing signs of A there is no branch generated by B.

If the direction of branching is determined uniquely, for a critical cell p ¢ B with u,, > 1, there
is a choice in signs for the coefficients D, with g € Q. Due to (SN), exactly half of these signs
satisfy the inequality (3.17) or (3.20) respectively. If two critical cells p, p” ¢ B with u,, = 1,y > 1
require opposing signs for a cell g € Q, N Q,, the branch fails to exist and B does not generate a
branching solution. Otherwise, the solutions branch as in Theorems 3.21 and 3.23. O

Remark 3.25. Throughout this section we have used the term ‘generic’ on multiple occasions. It
is used to indicate that the corresponding statement holds true for an open and dense subset of the
system parameters, i.e., the low-order partial derivatives of the governing function f. In particular,
where used it guarantees that we do not divide by O or that leading order terms in the equations we
investigate do not vanish.

2Note that this assumption implies that the coefficients in the first and fourth row do not coincide due to Lemma A.1.
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However, proving genericity of (L) and (SN) is not possible due to their inductive nature.
We cannot thoroughly exclude the possibility that the network structure forces one of the corre-
sponding weighted sums of leading coefficients to vanish identically, an issue that we have never
encountered. It would lead to vanishing leading order coefficients in Tables 1 and 2 and therefore
to lower square root orders. When applying our results to a specific network, one computes the
leading coeflicients algorithmically anyway (see Remark 3.27 below). In this process the condi-
tions (L) and (SN) are checked.

Finally, the following reasoning underlines, why we do not expect (L) or (SN) not to hold
generically. For any cell p ¢ B that is either non-critical or critical with u,, = 1 there exists a cell
q > p with g critical, g ¢ B, and s € B for all s > g. Hence, there are cells g > p for which D, is
as in the fourth row of Table 1 (Table 2) as well as cells ¢’ > p for which D is as in the first row
of Table 1 (Table 2). In particular, some of the terms in the weighted sum

S arbup

¢L,

depend only on the a, and ¢, while others also depend on the f;.. We do not expect this weighted
sum to equal —¢ identically, which would be necessary for (L) to be violated.

A similar argument for (SN) can be made. For p ¢ B non-critical with ¢, > 0 or for p ¢ B
critical with u,, > 1 there exists a cell ¢ > p with u, > 1. For such a cell the coefficient D, consists
of square roots of terms depending on the a,-. By definition this holds true for all ¢ € Q,. In

particular,
Z arDr(p)
7: 7(p)eQ,

is a weighted sum of these square root terms with weights given by the a,. Again, we do not
expect this weighted sum to vanish identically.

Remark 3.26. The branching solutions in Theorems 3.21, 3.23 and 3.24 contain those that are
described in Section 6 in [29] for layered feedforward networks as a special case. Therein, gener-
ically all non-maximal cells are critical if the maximal cells are non-critical. This generalization
is due to the fact that the class of feedforward networks satisfying the equivalent definitions in
Proposition 2.2 contains layered feedforward networks (compare to Remark 2.16). A

Remark 3.27. Theorems 3.21, 3.23 and 3.24 provide a constructive method to determine all pos-
sible branching solutions for the bifurcation problem (B). The first step is to determine all root
subnetworks B C C. A solution branch is computed as x,, staying in the fully synchronous state
for all p € B and the states of the remaining cells being determined by the number of critical cells
in between p and B where the leading coefficients D), are chosen according to Tables 1 and 2.
In each cell, we have to check whether (3.17) or (3.20) can be satisfied, i.e. whether the root
subnetwork generates a branch. Critical cells outside of B determine existence and direction of
branches of steady states as in the proof of Theorem 3.24. The asymptotic order can be determined
inductively via (3.16). A

Remark 3.28. Note that the conditions determining the existence of branching solutions in The-
orems 3.21 and 3.23 depend only on the system parameters — the partial derivatives of f. This
implies the existence of different branches in different regions of system parameter space which
may also vary according to the direction of branching — super- or subcritical. A

4 An example

We illustrate the analytic results from Theorems 3.7, 3.21, 3.23 and 3.24 in the network in Figure 2
that was numerically investigated in the introduction. In the case of non-maximal critical cells
we employ the algorithm presented in Remark 3.27 and highlight the peculiarities mentioned in
Remark 3.28. Consider the feedforward network given by the graph in Figure 2. Each arrow color
corresponds to one input map o: C — C. Note that we have not drawn an arrow for oy = Id
corresponding to the internal dynamics which we implicitly assume to be there. This network is
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clearly a feedforward network as it does not contain any cycles besides self-loops (note that it is
not a layered feedforward network as in [29]). Its only maximal cell is cell 5. Furthermore, it
possesses two different loop-types L5 = X and £ = L = L3 = L4 = {Id}, see (2.2). As a matter
of fact, this network is a fundamental network in the language of [24] but this is not important for
the upcoming investigations. Assuming a one-dimensional internal phase space x; € V = R and
additional dependence on a real parameter A € R, the corresponding dynamics is governed by

fx1, x2, x3, x4, x5, 1)
f(x2, x5, x4, x5, X5, A)
X =7yr(x) = | f(x3, x4, x5, X5, x5, 1)
S (x4, x5, x5, X5, x5, A)
f(xs, x5, x5, X5, x5, A)

as in (0.1). We want to investigate bifurcations of steady states as in the bifurcation scenario (B)
described in the beginning of Section 3. That is, we assume

v7(0,0) = 0.
The linearization at this steady state is
aid dg, Aoy Aoy Aos
0 au 0 as, Aoy + Aoy + Ao
Dx'}’f(o’ 0= 0 0 au Ao, gy + Ay, + Ao
0 0 0 ayd ag, + gy + gy + Ao
0 0 0 0 aw+ag, +as, +ag, + de

Herein we define a, = 9, f(0, 0) (see (3.2)). Furthermore, we follow our convention o-; = Id. The
other partial derivatives are abbreviated accordingly again:

1
fa"r = Eazrrf(oa 0)7 fa'/l = aa'/lf(oa 0)5
1
t =0,/(0,0), S = iauf((), 0).

The eigenvalues of the linearization are in one-to-one correspondence with the loop-types of
the network. This can also easily be read off of the matrix. As a matter of fact the linearization
has two eigenvalues Y c . - =aw + ag, + Aoy + Ay, + Aoy, Which is simple, and Y ;e r, a5 = aw
which has algebraic multiplicity 4. For a steady state bifurcation to occur, the linearization has to
have an eigenvalue 0. Generically —i.e. for a generic choice of system parameters —, in such a
point only one of the two eigenvalues vanishes. Under these assumptions we investigate generic
solutions to

Yr(x, ) =0

close to the bifurcation point.

Casel Letusinvestigate the case ) ¢, 5 =a1d+ oyt Aoyt ao,taos=0and Ypcr ar = alg # 0
first. In particular, this means the maximal cell is critical while all other cells are not. As a result,
all branches of steady state solutions are given in Theorem 3.7. As there is only one maximal
cell, necessarily all branches are fully synchronous. We obtain two different saddle node branches
depending on the system parameters. If

L < 0
ZO‘,TEZ fo--r
we compute
¢
%) =+ |[-———— - VA1 +0(A)).
Zo-,rez frr‘r
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fori = 1,...,5. Note that therein the choice of sign is the same for all cells simultaneously
yielding exactly two fully synchronous branches. On the other hand, if

¢

Soresfrr
we obtain
xi(A) = + _ Y vae o).
Do res for
fori = 1,...,5 accordingly. These branches exists for |1| small. Generically, no other cases are

possible so that no other branching solutions exist.

Case Il Next, we turn to the case K= ;¢ r. do =a1d + Ao, + Aoy + Aoy + dos 7 0 and Y oc ) ag =
aig = 0. Equivalently, the maximal cell is not critical but all the other cells are. Theorems 3.21
and 3.23 provide all generic branching solutions and we employ the algorithm in Remark 3.27
to characterize them. As a first step, we have to determine all possible root subnetworks, i.e.
subnetworks B € C such that p ¢ B but g € B for all ¢ > p implies p critical. The possible
choices are {5}, {4,5},{3,4,5},{2,4,5},{2,3,4,5},{1,2,3,4,5}. For each solution branch the cells
in exactly one of these subnetworks are in the fully synchronous state X(A) as in Lemma 3.11 while
all others are not. The solutions for the variables of the remaining cells are computed iteratively
with respect to the partial order < according to the rules in Theorems 3.21 and 3.23. If for a cell p
the necessary inequalities (3.17) or (3.20) are not satisfied for all choices of coefficients for cells
q > p, this implies that the solution branch does not exist. We describe the branches as briefly as
possible starting with the most simple case.

Case ILi) Assume B = {1,2,3,4,5}. All cells remain in the fully synchronous state, i.e.
D) = X() = —La40 (1)
' K

fori = 1,...,5. This branch exists for || small independent of the sign and without any further
restrictions on the system parameters.

Case ILii) Next, assume B = {2,3,4,5}. We obtain
x5(A) = x4(1) = x3(1) = x2(1) = X(A).

As cell 1 is critical but not in the fully synchronous state, this leaves

x() = (é (1 4 pfidos * fidgs + S, + i ) _ Jua )a +O(1P).

fId Id fId Id

This branch exists without any further restrictions on the system parameters as well.
Case IL.iii) For B = {3,4,5} we obtain
4 2
x5() = x(d) = 13(2) = X() = =4 +O0(1P)

and abbreviate D5 = D4 = D3 = —{/K. As cell 2 is critical but 2 ¢ B, we obtain

x() = (é (1 +2

=D1+0 (|/1|2) .

fidor + fidos + fidow +fld0'5) fId/l) ’
- A+0(|4
fidu fiaud (| | )
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Then cell 1 receives an input from a cell not in B. Thus, we have to distinguish two cases according

to (3.17). If
_ anDz + ag3D3 + au-4D4 + aGSD5 +{

(%) =

fiaua
we obtain

£ VA +0(1)

ao—zDZ + a(T3D3 + a(74D4 + a(TSD5 +
x1(A) = 4 |- 7
IdId

for small A > 0. If, on the other hand, () > 0, there is no supercritical solution branch with
B = {3,4,5}. On the other hand, the solutions for cells 2, 3,4, 5 can be written as x;(1) = E;(—-1) +
O(|1%), where E; = —D,. The condition (3.20) for the existence of a subcritically branching

solution for cell 1 is
aa-zEz + amE3 + ag-4E4 + aO-SEs - 0
- < 0.

Jidud
Note that the left hand side of this inequality is —(*). Hence, if (x) > 0, we obtain

Dy +ay,D3+ay, Dy + ay.Ds + €
xm):i\/""z Rl 3f“°'4 I T NI o).
IdId

If (x) < O there is no solution for cell 1 for 4 < 0. Summarizing we see that depending on the sign
of (x), the branch exists for precisely one sign of A — this includes the solutions for cells 2, 3,4, 5.

Case ILiv) The considerations for B = {2,4, 5} are almost identical to those made for B =
{3,4,5}. Exchanging cells 2 and 3 as well as the input maps o and o3 provides the solution
branches.

Case IL.v) The case B = {4,5} is very similar as well. Cells 4 and 5 remain in the fully
synchronous state X(1). More precisely for cellsi = 2,...,5 we obtain

() = DA+ O (1), xi(D) = E; - (=) + O(IAP)

with

4
Ds=-Es=Dy=—Ey=——,
5 5 4 4

f —+ + +
D3 =-E3=D,=-E> = X (1 + ZfId(T2 Jfido; + faos fIdO’s) _ Jua

fidud fiawd

for |1 small respectively. Similar to before we obtain

N (/l) _ +\/ ao-zDz + a03D3 + a(,4D4 + ao-sD5 +¢ \//—1 + O(|/1|) or
1 =+ |- .

fidua

D) +a,.D3+ay,Dg+ ay.Ds+ €
x1(/l)=i\/a02 2% dos 3fa¢4 4 ¥ dos s - V=1+0(a)
1d1d

for 2 > 0 or A < O respectively, if

as,Dy + a,,D3 + a;, D4 + a D5+f
2 EE T4 75 <0 or >0.

fidid

Once again, the solution branches in this case exist for precisely one sign of A.
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Case IlL.vi) Finally, we investigate the case B = {5}. The mechanism that relates the two
cases — i.e. super- or subcritically branching solutions — is the same as in the previous cases.
Therefore we omit the computational details. Cell 5 remains in the fully synchronous state

x5(2) = X() = DsA+O(|AP).
For cell 4 we obtain

x4(d) = Dyd + O(|AP)
(f (1 N 2fldt72 + fidos + fidoy +fIdo-5)_ fida )/l . O(I/llz).

fiawd fiaud

Considering cell 3, we obtain

Dy + + + Ds + ¢
xg(/l):i\/—a"z 14 s + o e IDs 0B o)y o

fidu

o Da + Aoy + Ay, + ap)Ds + €
x3u):i\/a2 : (a3fa4 B VA4 0,
IdId

if
ag, Dy + (agy + g, + ags)Ds5 + € <0 or >0

() =

fidud

respectively. In particular, B = {5} does not provide a solution branch for A > 0, if (x) > 0, or for
A <0, if () < 0. Similarly, we obtain

-VA+0(4) or

o) = |G P4+ @y + dey + ao)Ds +
Sidu

agy Dy + (g, + ag, + ags)Ds + €
Xz(/l)=i\/ n (‘”f SRS RA NS T
IdId

if
ag; Dy + (ag, + ag, + agy)Ds5 + € <0 or >0

(%) =

fidid
respectively. In particular, B = {5} does not provide a solution branch for A > 0, if (%) > 0, or for
A < 0, if (%) < 0. Hence, if (x) and (**) have opposite signs, neither of the two branches exists.
If both have the same sign, we abbreviate the coefficients as +D3, +D;, +E3, +E>. We only need
to investigate cell 1 in that case. Consider (x), (x*) < 0. If

iasz + Aoy D3

(x5 %) = <0,

Siaid

we obtain

) = i\/_ tar,D2 200,03 [\, o ().

fiaid

If (* = %) > 0, the solution branch does not exist. Note that (x * %) depends on the choice of signs
for the coefficients in cells 2 and 3. Therefore, half of the possible choices yields a negative sign
of (% %) while the other half yields a positive sign. This is due to the fact that (s * *) and —( = )
are both possible choices, while (x * *) # 0 generically. Similarly, for (x), (xx) > 0 we obtain

) = i\/_i"ffz’)z =40.Ds N2+ o (i),

fidia

if
iau-zDz + aa-3D3 <0

fidia
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Root subnetwork Existence condition Asymptotics Type

{1,2,3,4,5} - 14,4,4,4,2) continuation
{2,3,4,5} - A4,4,4,4,2) transcritical
Dy +a,,D3 +ay,Ds +a,.Ds + €
(3,4,5) PRl e 3f”‘” A TT 0| (VI AAA.A) 4x saddle node
Td1d
Ay, Doy + Ay, D3 + ag, Dy + ay. D5 + €
2.4,5) R 3f DR <0| (VLA LALD) 4x saddle node
Td1d
Ay, Dy + a5, D3 + Ay, Dy + A D5 + €
4,5} Q. fn2 7 s 3f DT E <o (VLA LAL) 4x saddle node
Td1d
1. gy D4 + (Qgy + Aoy + Ag5)Ds + € <0
(5) e Du s (@ _{Izld caDs t (\“/|7|, Nk \/m,/l,/l) 4x amplified saddle node
/l' 03 o2 (o s < 0
fiau

Table 3: Summary of the generic bifurcation branches in Case II. As branches are computed per
root subnetwork, these are indicated in the first column. The entries in the second column show
conditions that have to be satisfied in order for the branches with asymptotics as in the third column
to exist. These conditions depend on the leading coefficients in certain cells for a specific branch
and on the sign of the bifurcation parameter A. Note that the coefficients are specific to the root
subnetwork, i.e., the D; vary along the rows of the table. Regions in parameter space for which
multiple conditions are satisfied allow for all of the corresponding branches. Note that the only
cells within the root subnetworks follow the continuation of the fully synchronous solution. This
is not displayed in the asymptotics in the third column, as cells outside of the root subnetwork may
have the same leading order, but branch transcritically.

for admissible choices of signs.

We have therefore computed all generic branches of steady states. We summarize the results in
Table 3. We see that there are numerous ways in which a solution branch for the root subnetwork
B = {5} fails to exist. These ultimately depend on the system parameters. Hence, there are
different solutions in different regions of system parameter space. We briefly introduce two cases
to illustrate that already this simple network produces unexpected — compared to the summary of
the amplification effect — bifurcation scenarios.

Consider the bifurcation scenario as before with a,, = —2a,, as well as a,, = a,, = 0 and
investigate B = {5}. We compute (*%) = —2-(*) proving that generically (*) and (%) have opposite
signs. Therefore, there are no branching solutions with B = {5}, as cell 2 forces the branch to exist
for A > 0 and cell 3 forces it to exist for A < 0 or the other way around. This implies the existence
of an open region in parameter space for which this issue occurs. The reason lies in the structure
of the network. The two cells 2 and 3 receive the same inputs. However, the input from cell 4
comes via different arrow types. As these types reflect various types of interactions, this can lead
to one cell only amplifying its inputs ‘before’ the bifurcation point and the other one ‘after’ the
bifurcation point 4 = 0.

On the other hand, whenever () and (x%) have the same sign, there is also a suitable choice of
coefficients in cells 2 and 3 such that (x * %) < 0, as was mentioned before. Hence, there is also
generically a branching solution for cell 1 resulting in the generic existence of the solution branch
with B = {5} for the entire network. In this context, genericity means that the solution branch
exists for an open but not dense set of system parameters.

In Figure 4 we illustrate the steady state bifurcations for two different choices of parameter
values. The qualitative bifurcation scenario is depicted for each cell separately. Note that for a non-
maximal cell certain branches are only possible if cells above it are in a suitable state. This fact is
not displayed in the figures. Both choices of parameters are generic but display different behavior.
The amplification effect can be seen in both. However, in Figure 4a the strongest amplification is
~ VA in cell 1, whereas we also find a branch ~ VA in cell 1 in Figure 4b.
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(a) Parameters: a,, = 0,d,, = 1,d5, = 2,040, = l,ap, = 1,€ = 1, fiara = =1, fiax = 1, fido, + fidos +
Sdo, + fidos = % Total number of branches: 5.

(b) Parameters: a,, = 0,4, = 1,45, = 3,40, = —3,0¢, = 0, = =1, figia = 1, fiaa = 0, fiao, = O, fidor, =
0, fido, =0, fiaos = 0. Total number of branches: 10.

Figure 4: Depiction of the qualitative steady state bifurcations of the network in Figure 2 with
different parameter values. The diagrams describe each cells behavior separately. However, the
branching is not independent of the other cells as described in Section 4.
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A Appendix

In this appendix we fill the gaps left in Section 3 by proving Lemmas 3.18 to 3.20 as well as the
leading coefficients of branching solutions in Lemma 3.14. Recall that £, = {oc € £ | o(p) = p}.

Proof of Lemma 3.18. The proofs for both cases are very similar and analogous to the proofs for
Lemmas 3.5 and 3.6. Hence, we only sketch them here. We assume (H) and (L) first. Equa-
tion (3.4) becomes

0= > acxy+ > ardgd+2+0(1xp + Ayl +17).
oel, p<g=1(p):

¢L,
As Yger, do # 0 this is uniquely solved by
irgr, drdep) + L
Zo-e[n dog

xp(A) = - A+ 0(1aP)

for small A > 0, due to the implicit function theorem. Note that, because of assumption (L), the
linear coefficient does not vanish.
Next, assume (H) and (SN). Equation (3.4) becomes

27 2 27Ep 27Ep=h
0= > acxp+ > add® " + O (Il + 17l + 1P,
oel, ¢Ly:
7(p)=q€Qp

By the same argument as before, this is uniquely solved by

ZTI (p)EQp aTdT(P)

xp(/l) = — . /12*311 + O(M|27(EP—1))

ZU'GLI, dg
for small A > 0 with non-vanishing leading coefficient. O

Proof of Lemma 3.19. The proof is analogous to the one for Lemma 3.3, except for slightly differ-
ent coeflicients. Once again it uses the standard technique for detecting saddle node bifurcations
asin [16]. As E, = 0, (3.4) becomes

0= > foript > ardgd+ C+O0(1x, +|Alxyl + 127).
orel, ¢L,
p<g=1(p)

We introduce a new variable x, = py where u = V2 for small A > 0. The equation to be solved
transforms into

0= > for®y* + > ardeps® + G + O (Pl + ).
orel, ¢L,

As p1 > 0, we may divide by x? and obtain

0= > ford® + D ardripy + £ +O(lullyl + ) = g0, ).
otel, 2L,
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If (ZT¢ z, ard(p) + 5) | Zore z, Jfor > 0, the equation g(y,0) = 0 has no real solutions. If, on the
other hand, (Zﬁ £, Grdr(p) + Z) | Zigrer, Jor <0, there are two solutions to g(y,0) = 0

P _ Lrgs, ey + L
a ZO',TELP fO’T .

Furthermore, a% g(55,0)=2 Dirre z, fory ", which does not vanish, due to assumption (L). Hence,
by the implicit function theorem, we obtain two branches of solutions

Y (u) = 7 + Ol

Transforming back into the original variables, we obtain the two branches

2ires, Qede(p) +
(D) = & \/— 2T TN+ OgA)
ZO‘,TELP fO'T

for small A > 0. O

Proof of Lemma 3.20. Under the given assumptions (3.4) becomes

_= -= —(Ep-1)
0= > fort Do ardgd " + Ol + Ixplla? " + 122,

orel, 2L,
17(p)=q€Q)
.. . . . = ~(Ep+D)
Similar to previous proofs, we introduce new coordinates x, = uy, where u = VA2 " = A2

for small A > 0. The equation becomes

0= > foet®¥'+ D axdyl + Oyl + ul*).
orel, €L,
7(p)=q€Qp

As p1 > 0, we may divide by 2 to obtain

0= > for’+ > ardy+O(llul + ) = g0, 0).

otel, ¢L,
T(p)=q€Qp
If (ZT: (p)eQ, aTdT(p)) | Zore z, for > 0 there are no solutions to g(y,0) = 0 — this proves the

first case. If, on the other hand, (ZT: w(P)EQ, aTdT(p)) | Xoer, for < O, there are two solutions to
8(3,0)=0,as ¥ srer, for # 0 generically:

yi I Z‘r: (p)EQ) a‘rd‘r(p)
B ZO',TEL[, fO’T ‘

Furthermore, %g@i,O) =22 5re z, froy", which, by the same argument, generically does not
vanish. Hence, by the implicit function theorem, we obtain two branches of solutions

Y () =5 + 0.

Transforming back into the original coordinates, we obtain

Z : a d —-(Ep+ -B
5p(d) = 4 |- SEICL TED & o (),
Za,rejjp fa’T

for small A > 0, which completes the proof. O
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Lemma A.l. Let p € C be non-maximal and critical. Assume (H) with

£ _ ZO—,TEZ fo’Tf2 - Zo-ez ag Zo-eZ Joal + (20-62 ao)z faa

dj=—-——=———, R,=
T Yeesds ! Soes o)

for all g > p and define

A= Z Jors

orel,
B = Z Joa+2 Z fO'TdT(p)’
oel, oel,1¢L,
= Z arRep) + Z Jeadz(p) + Z Jordo(p)de(p) + faa,
¢L, ¢L, o1¢L,
€
E= Z f(r/l—z‘z— me.
oel, oex do g
el,
Then generically
B> —4AC=E*>0
and
-B+E t -B-E
= - ) = M
2A 2ioes Ao 2A
with
M= ¢ 1+ 220'€L,,,Te£,, fch _ Z(TEL,, fml .
ZO’EZ (2 ZO',TE.EI, fO’T Zo‘,‘re.ﬁp fO’T

In particular, these equalities hold for the coefficients dlf in Lemma 3.14 if all g > p are in the
fully synchronous steady state.

Proof. Let p € C be non-maximal. Assume

Yores forl* = Yoes Qo Loes foal + (Zoes ar)’ fu
(ZO'GE aa’)3

¢
dy= ————

and R, = —
ZO'EZ ag 1

for all g > p. A key observation is

Z aT=Zam

2L, oEeX

as Yrer, do = 0. We denote this sum by K. Hence,

Soes forl® = K Yges foal + K2 faa
Z arRe(p) = —

2
€L, K
? ¢
=%z Z Jor + X mez - fa
O, TEX oEX
Note that
Z fa"r: Z fo-1'+2 Z f0'T+ Z fO’Ta
o, TET orel, oel, o,1¢L,
2L,

where we have used f;; = fr». Similar considerations occur frequently in the remainder of this
proof. We use them without explicitly mentioning them. Furthermore, we compute

Z f‘r/ld‘r(p) = _é Z fT/la

€L, ¢L,
52
Z fO’Td(T(p)dT(p) = ﬁ Z f(r‘r-
or¢ L, oL,
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Thus, we obtain

C= Z arR(p) + Z Jeadep) + Z Jordo(pyde(p) + faa

T¢£p 2L, ore Ly
Z Jor + —me—f/u—— Z fm+ e Z Jor + faa
O'TEE o€ex 2L, o1¢L,
e ¢
S DYFIIES WHIKS
orel, oel, oel,
2L,

Next, we compute

B =| > foa+2 ) fredrpy
oel, oel,
¢L,
2
= Z fo‘/l_z - Zf(77+2 W Z ftTT
oel, O'GZ (r rel,
Telp
2
= Z fo./l—z — Zfzr'r +4-L
O—G‘Ll’ O'GZ
€L,
with
Zfo'/l_z _chr‘r Z fo“r Z fo-r]
oel, o€ex orel, orel,
el,
¢ 2
= Z Jor- ? Z fovl_ﬁ 2 chr‘r_ Z Jor
o1el, oel, oeX orel,
el,
= fa"r' ﬁ f(r/l_g_zz fa"r+2' fO'T =A-C.
- K K
o,T Lp O'E.LP O',TE.L,; O—E-Lp
T¢-Cp
Hence,
2
4
~4AC=| Y fra =2 D foe| +4L—4AC
oel, oex
el,
2
4
= Z fO'/l_Z'E ZfO'T
oel, oex
TGL[)
= E2.
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Generically, this expression is positive, which allows us to compute

_B+E=2'£ ZfO'T_ZfO'T

oel, oex
2Ly €Ly
4 4
=22 D fee= 24 L.
otel,
proving
-B+E l
2A ZO'GZ dg
On the other hand
-B-FE=- f(r/l+2'£ Jor — fovl_z'ﬁ Jor
K K
oel, oel, oel, oex
t¢L, eL,
4
=2E Zfa’T+ZZfUT_ZfO'/l’
orel, oel, oel,
¢L,
proving
-B-E _ ¢ (1 N 220‘6.LP,TQLP fO’T) Za-eL,, Joa 3
2A ZO'EZ ao ZO',TELP fG’T ZU',TELP fO’T
O
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