VRIJE
UNIVERSITEIT
° AMSTERDAM

VU Research Portal

Amplified steady state bifurcations in feedforward networks
Von Der Gracht, Soéren; Nijholt, Eddie; Rink, Bob

published in
Nonlinearity

2022

DOI (link to publisher)
10.1088/1361-6544/ac5463

document version
Publisher's PDF, also known as Version of record

document license
Article 25fa Dutch Copyright Act

Link to publication in VU Research Portal

citation for published version (APA)
Von Der Gracht, S., Nijholt, E., & Rink, B. (2022). Amplified steady state bifurcations in feedforward networks.
Nonlinearity, 35(4), 2073-2120. https://doi.org/10.1088/1361-6544/ac5463

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
« You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 05. Nov. 2022


https://doi.org/10.1088/1361-6544/ac5463
https://research.vu.nl/en/publications/b00f324f-35d4-41f9-9340-15817d4a9300
https://doi.org/10.1088/1361-6544/ac5463

LONDON
Nonlinearity @‘g@g{ﬁ?}“‘m IOP Publishing

EST. 1865

PAPER You may also like

. . . . - Fast wavelength switching with tunable

Amplified steady state bifurcations in feedforward Gl anolcaton dsinicd.
eedback laser by feedforward contro

n etWO rkS t:i?gIr<]z|=1zL:JeOnji, Shota Takeuchi, Yudai
Tatsumoto et al.

To cite this article: Séren von der Gracht et al 2022 Nonlinearity 35 2073 - Increasing LIGO sensitivity by feedforward
subtraction of auxiliary length control noise
Grant David Meadors, Keita Kawabe and
Keith Riles

- A comprehensive inversion approach for
feedforward compensation of
piezoactuator system at high frequency
Lizhi Tian, Zhenhua Xiong, Jianhua Wu et

al.

View the article online for updates and enhancements.

This content was downloaded from IP address 145.108.246.116 on 04/08/2022 at 09:04


https://doi.org/10.1088/1361-6544/ac5463
/article/10.7567/JJAP.53.08MB11
/article/10.7567/JJAP.53.08MB11
/article/10.7567/JJAP.53.08MB11
/article/10.7567/JJAP.53.08MB11
/article/10.1088/0264-9381/31/10/105014
/article/10.1088/0264-9381/31/10/105014
/article/10.1088/0964-1726/25/9/095046
/article/10.1088/0964-1726/25/9/095046
/article/10.1088/0964-1726/25/9/095046

IOP Publishing | London Mathematical Society Nonlinearity

Nonlinearity 35 (2022) 2073-2120 https://doi.org/10.1088/1361-6544/ac5463

Amplified steady state bifurcations
in feedforward networks

Séren von der Gracht'*©®, Eddie Nijholt?
and Bob Rink3

! Department of Mathematics, Universitit Hamburg, Germany
2 ICMC, University of Sao Paulo, Sao Carlos, Brazil
3 Department of Mathematics, Vrije Universiteit Amsterdam, The Netherlands

E-mail: soeren.von.der.gracht@uni-hamburg.de, eddie.nijholt@gmail.com and
b.w.rink@vu.nl

Received 5 May 2021, revised 19 January 2022
Accepted for publication 11 February 2022 @
Published 7 March 2022

CrossMark
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.

Keywords: steady state bifurcations, network dynamics, feedforward networks,
amplification

Mathematics Subject Classification numbers: 37G10, 34D06.

(Some figures may appear in colour only in the online journal)

Introduction

Summary of main results. We investigate feedforward network dynamical systems for their
bifurcation behaviour. Most generally, feedforward structure is defined by the absence of feed-
back except for self-loops, i.e., there are no directed cycles consisting of two or more cells.
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Figure 1. A general homogeneous feedforward network with asymmetric inputs.

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 ~|>\\71: where n is given by the maximal num-
ber 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.

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

f(x1,x2,x3, X4, X5, N)
Sf(x2, x5, x4, X5, X5, )
vr(x) = | f(x3, X4, X5, X5, X5, \) 0.1)
S (x4, x5, x5, X5, X5, A)
f(xs, x5, x5, x5, x5, \)

where A € R is a bifurcation parameter and the colours of the variables correspond to the
different 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 sys-
tem of the form (0.1). More precisely, we have used a specific choice of response function
f:R*x R — R, given by

fx,y,z,0,w, ) = y+ 2z — 4w + 5 x — 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 A € [—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
A 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 ),
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.

2074



Nonlinearity 35 (2022) 2073 S von der Gracht et al

@
G® @Q@

N

44 — Nodel
—— Node 2 1
—— Node 3 e
3] — Node4 01
Node 5
-1
-
1 -3 — Node 1
—— Node 2
-4 / —— Node 3
0 —— Node 4
—0.100-0.075-0.050-0.025 0.000 0.025 0.050 0.075 0.100 -7 -6 -5 -4 -3
A In(A)

Figure 2. An amplifying bifurcation in a feedforward network. Top: a graphical depic-
tion 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 asymp-
totics of the different nodes.

Writing (x;(A), ..., xs(\)) for this non-synchronous branch of steady state points, the
figure suggests that xs(\) = 0 and x4(\) ~ A. The components x3(\) and x,()\) seem to
grow at a steeper rate, hinting at the amplifying behaviour x,(\), x3(\) ~ A\!/2 often observed
in feedforward structures. Finally, x;(\) grows at the steepest rate, which might indicate
x1(\) ~ A4,

The bottom right of figure 2 corroborates these suggested growth rates for x;(\) to x4(\).
Shown here is a plot of In(\) against In(x;) for i € {1,...,4}, computed as before for
200 evenly spaced values of In(\) € [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 asymp-
totics x4(A) ~ A, x3(A), x2(A) ~ A% and x;(\) ~ 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(.XI,.X2,X4, )\) f(.x1,.x2,./‘(|,)\)
s X3, X2, )\) f(.XQ,)C3,.X"4, )‘)

L) = | S X3
7% A) f(x3, x4, x4, A) f(x3, x4, x4, N)
S (s, x4, x4, N) S (s, x4, x4, N)

and Wﬁ(x, A=

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.
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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.

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

f(x’yaz’)\) :y—22+/\x—0.1x2.

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;(\) = 0 to x;(\) ~ A
tox;(\) ~ A2, 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(\) = 0 but x3(\) ~ \. In the top network node 2 does
have a self-loop, and so we have x,(\) ~ 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,(\) ~ A2 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
x1(\) ~ A2 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 net-
work of clearly distinguishable units that are connected in a specific configuration to influence
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each other. Examples arise in engineering (e.g. power grids), biology (e.g. food webs or neu-
ral 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 argu-
ment 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
multiple formalisms have been put forward. Most prominently we mention the groupoid for-
malism in [12, 14] and its equivalent definition in [10]. More recently, so-called open systems
(see e.g. [15, 27]) and asynchronous networks ([3—5]) have been introduced to model more
complex applications. Network dynamical systems exhibit interesting phenomena that are
highly anomalous in general dynamical systems. Notable examples include synchronization
effects and pattern formation, 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 sym-
metric or equivariant dynamics. It was the introduction of graph fibrations from category theory
and their implications for dynamical systems (see [6—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, 23-25]). 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
additional analytical means. A prominent example is that of feedforward structure. Broadly
speaking a network exhibits feedforward structure if information can only flow in one direc-
tion. Information 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 second and so on. This greatly simplifies the investigation of such net-
works, 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 feedforward structure between parts of the network—, they are
a prominent feature in deep learning via artificial neural networks, where one type of infor-
mation 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 three-cell homogeneous network

cO——0——0

(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
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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 three-cell feedforward network
exhibit surprising generic Hopf bifurcations: if a fully synchronous steady state loses 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 amplitude of the second cell grows with
rate ~|\|Z, and the amplitude of the last cell grows with rate ~|A|6, 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 net-
work 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:

(see [29]). Therein the cells can be partitioned into layers such that the feedforward struc-
ture respects these layers. In particular, if we collapse each layer to one cell, we are left with a
feedforward chain. In this paper we investigate the general case that incorporates only the illus-
trative 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 feed-
forward structure of transitive components is exploited to thoroughly investigate one- and two-
parameter steady state bifurcations in fully inhomogeneous networks. A similar investigation
is made in [2] for a specific one-parameter steady-state bifurcation scenario in homogeneous
networks with asymmetric 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 sum-
marize the foundations of homogeneous coupled cell systems with asymmetric inputs. Feed-
forward 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,

2078



Nonlinearity 35 (2022) 2073 S von der Gracht et al

the picture becomes more complex than in feedforward chains or in layered feedforward net-
works. In particular, some expected 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
homogeneous coupled cell network, as described in [20-25].

Definition (homogeneous coupled cell system with asymmetric inputs, definition 2.1 in
[24]). Let the set of nodes (or cells) of a network be labelled by C = {p,, ..., py} and denote
the network interactions in the form of distinct input maps ¥ = {oy,...,0,} where each
o; : 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 fotal phase space is @ pec V= 1%
with coordinates chosen according to the cells of the network: x = (x,,, ..., x,,)". The evo-
lution of the state x; € V of cell p; is governed by a function f: V* — V via its inputs. The
network dynamics is governed by the ordinary differential equations

FXoyppys - - s Xaipy)

. FXo1(pa)s - - s Xou(py)

5= 700 = . . (L.1)
T Xa1ow)s - -+ Xo(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 . We want it to include the
identity map o, = 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 € £} and *(p) = E(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
¥*(p) C X(p) forall p € C.

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 0 € ¥ define a linear map B, : V¥ — VN by (B5(x))p = Xo(p)-
Then any linear admissible map L is of the form

(Lx)p =Y by(Bs(x)), (12)

e
where b, € 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
amap [: V" =V, ie. L = As [is linear and its arguments are labelled by the input maps
o € X, we find b, € gl(V) such that

()= byYs,

e
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where Y = (Y,),ex; € V". Then for x € V¥ the pth entry of Lx depends on the entries of cells
that p receives an arrow from, i.e. there is o € ¥ such that o(p) = g. We obtain

(Lx)p = WXoy(p)s - - s Xa(p) = Z boXop) = Z bo(Bs(x))p-

e e

O

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

Corollary 1.2. [fV =R, any linear admissible map L is a real linear combination of the
B,, ie.

L= b,B,
oceX
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,q € C let w = {p,,..., p,} be a (loop-free) path from p to q
if p, = p, pp = g, the p; are pairwise non-equal, and there exist oy, ...,04_; € X such that
o1(P) = Pi_ts- - -» 0k—1(py) = p;. Define Q,,, = {w path from p to ¢}. 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 = {p,, ..., p, } with the additional property that
there exists o € X such that o(p;) = p,. 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 sub-
network 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. JAN

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 < g <> thereis apathfromgto p.
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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 < ¢ but p # ¢ by p <1 ¢. 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 ¢. In that case we have p < g and g < 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, ..., pr}
with £ > 2 in the network, meaning there are input maps oy, . . ., oy such that o, (p,) = p, and
oi(p;) = p;_; for 2 < i < k. In particular, there is a path from p, to p;, which implies p, < p,,
and a path from p, to p,, which implies p, < p.. As p, # p;., this shows the preorder is no
partial order.

Now assume that the preorder is not a partial order. Then there are cells p # ¢ with p g
and g < p. This implies the existence of a path {p, p,, ..., pi_»,q} of length k > 2 from ¢
to p as well as a path {q, pl, ..., p|_,, p} of length [ > 2 from p to g. The concatenated path
{p, Py s P24 P)s- -, Pl } isacycle of length k + [ — 2 > 2. Thus, the network is not a
feedforward network. (]

In the remainder of this section, we collect some consequences of the definition of feed-
forward 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
statement by contraposition. Assume, o(p) # p for some o € X. 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 ¢ > p then there
is a path {p, p, ..., pr,q} from g to p. In particular, there is an input map o € X such that
o(p) = p,, i.e., preceives 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
immediately proves that every cell p is either maximal itself or there is a path from a maximal
cell pto 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 g € w € §¥;, (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. U

Lemma 2.6. A subset of cells B C C of a feedforward network defines a subnetwork if and
only if p € B implies 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
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Corollary 2.7 Let () # B C C be a subnetwork and p € C\B such that q € B for all q t> p.
Then also BU {p} is a subnetwork.

Proof. The result follows immediately from the fact that o(B) C B for all o € ¥, since B is
a subnetwork, and o(p) > pforall o € X. |

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 ¢ € 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 B to any p € C\B,
i.e., there is a cell p € B such that pr> 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/ > pand p > p/. This
contradicts the assumption that C is a feedforward network. (]

The definition of a feedforward network yields additional structure in linear admissi-
ble maps for corresponding coupled cell systems. We choose a labelling of the nodes C =
{p1.- ... py} such that it holds that

pidp; = i< 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 gl(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 ¢ € X. For an
input o(p) of cell p it holds that o(p) B> 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 {p,, ..., py} are labelled such
that all linear admissible maps are upper triangular. Suppose p; < p; and p; < p;. Then there
exists a path {p;,py,....p,,pi} with 0 <k <N and 1</ <N from pj to p;. In par-
ticular, there exist input maps oy,...,0xy1 € X such that o(p;) = py,. ..., ok+1(p1,) = 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, [y)th, in the ([, l;—)th,
and so on until the (I, j)th entry. Due to the upper triangular structure, this implies
i<, Iy < li—y,..., ) < 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
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Lemma 2.9 has immediate consequences for generic one-parameter Hopf bifurcations in
feedforward networks. These can only occur, when the internal dynamics is at least two-
dimensional. A thorough investigation of steady state bifurcations in feedforward networks
can be found in section 3.

Theorem 2.11. In a one-parameter bifurcation in a feedforward network with one-
dimensional internal 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
two-dimensional, a one-parameter bifurcation in which a pair of complex eigenvalues crosses
the imaginary axis is possible.

Proof. In order for a bifurcation to occur, a one-parameter family of linear admissible maps
has to have an eigenvalue/a pair of complex conjugate eigenvalues that crosses/cross the imag-
inary 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 dynam-
icsisin V =2 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. ([

Remark 2.12. In particular, the emergence (or collapse) of periodic solutions in a bifurca-
tion—as in classical and non-classical Hopf bifurcations—requires a pair of complex conju-
gate 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 two-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—o on the nodes as follows: p oo g if

{o € Zlo(p) = p} = {0 € Z|o(g) = q}. 2.2)

We denote the sets involved by £, = {0 € X|o(p) = p}. If p oo 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 ©— q, 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—o) equals the maximal number of different
eigenvalues a linear admissible map can have.
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Proof. Asalinear 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 diag-
onal entries can attain. We define the standard basis of the total phase space using the
Kronecker delta 0,,—which equals 1 if p=g¢ and O otherwise—as {Y?},cc given by
(YI‘;) pec = (Opg)pec € RY. Note that this basis respects the labelling of cells chosen as in (2.1)
so that the linear admissible maps with respect to this basis are upper triangular. Recall further-
more 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)), = Xy for p € C. That is, any linear admissible
map is of the form

s

e

with b, € R forall ¢ € 3. Foranode p € C, the (p, p)-entry of this matrix is given by

[quBa(Yp)] = ZboYﬁ(p) = Zbaapﬂ(p) = Z by
P

oED oEX oEX o(p)=p

Hence, for two nodes p, g € C the (p, p)-entry and the (g, ¢)-entry are always the same, if and
only if p o= ¢q. 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
(bs)ses, the pth and gth 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 (b,),cx for
which ) __ b,;B, has as many different eigenvalues as there are loop-types. This proves the
theorem. (]

Remark 2.16. As mentioned in the introduction, an often considered generalization of feed-
forward 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 mat-
ter 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 € X and for the maximal cells) are possible.
As a result, the branching patterns in the more 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 cou-
pled cell network vector fields as in (1.1) where the underlying structure is that of a feedforward
network. It turns out, that the most useful definition for the computations in this section is that
the setof cells C = {p,, ..., py} is partially ordered with respect to <. Assuming the labelling
of nodes is according to (2.1), the parameter-dependent dynamics on the total phase space
VN~ @D ,cc V is governed by
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f(x”l(pl)’ e "x(Tn(Pl)’ )\)
f(x ( ),...,Xn( ),)\)

F=pnny = | e : 3.1)
T ai(pnys -+ s Xou(py)s N

where A € R and 7 ,(x, A), 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 A = 0.
Hence, we assume

7£(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
linearization D,v,(0,0) is non-invertible. As the inputs of f are labelled by the input maps
o € X, we may define

ag = O’f(07 O)a
which is an arbitrary linear map on V, i.e. a, € gl(V). Furthermore, recall the definition
L, ={o € Xlo(p) = p}

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

JEC,,I
0 Y
Dv(0,0) = o€Lp, . (3.2)
: . . i . [ ]
0 0 > a

o€Lpy

Then, the linearization D,y ’ (0, 0)is non-invertible, if and only if there isanode p € C such that
0¢€ spec(zgeﬁﬁag).Note thaty - .. ag =3 ,cp do:1f P ©=0 q.Thus, 0 € spec(y_, ., ao) for
all p o— p. We call these nodes critical. Furthermore, as a, € gl(V) arbitrary, generically
Y v £, 00 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 pis critical and all other loop-types
are non-critical.

The steady state bifurcation problem is to find solutions to

Yr(x, A) =0 (3.3)

locally around (0,0) €
tions (B), i.e.,

(B.i) f(0,0)=0;

(B.ii) there exists p € C such that 0 € spec(} . ﬁﬁag).

yecV X R for a generic f satisfying the basic bifurcation assump-

An immediate observation following the definition of criticality is
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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 behaviour 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:

(a) The steady state solutions in maximal cells grow asymptotically as ~\, if these maximal
cells are non-critical, and as ~ + \/W , if they are critical.

(b) The steady state solutions of non-critical cells are, to leading order, linear in their inputs,
i.e., x, ~ maxqex|X,(y|. Hence, to leading order they have the same asymptotics as the
leading order of their inputs.

(c) The steady state solutions of critical cells grow, to leading order, as the square root of
their lowest order inputs, i.e., x, ~ £+/MaXyex|Xy(p|. We refer to this phenomenon as
amplification.

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 care-
fully distinguish the cases when a bifurcation occurs for positive or negative values of .
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 € Cthe functionys(x, \), = f(Xo,(p)s - - - » Xou(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(xal(p); < Xou(p)s >\) - Z f(r'rxlz, + Zaaxp + Zfa)\)\xp

o.7eLy oely oely
+ Z arxg + X+ Z Sradxy
r<g=T7(p): P<1g=T7(p):
T¢Lp T¢Lp
2 Y forxpxgt Y
o€l o, 7¢Ly
TELp: p<1q.s=0(p),7(p)
p<1g=7(p)
X forXqXs "‘fAA)\z +0 (H((xq|q > p), )\)H3) .

(3.4)

The constants f,,, fra, £, and f), are defined to be partial derivatives of f in directions labelled
by the input functions o € X, similar to the a, before, or by the parameter \:
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fO‘T = %aa‘rf(o’ O) (hencefm = f‘ra)a

fa)\ = a‘r)\f(oa O) = a/\Tf(O’ O)’
£ =0\f(0,0),

1
o= EaAAf(Oa 0).

Note that in the case V =R all these constants are real numbers and especially (B.ii)
becomes ) . ;00 =0 for a critical cell p. We will use (3.4) to inductively solve the bifur-
cation 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(Xoy(p)s - - Xou(ps A)s

where f is asin (3.1) and p € B. In particular, if the network undergoes a steady state bifurca-
tion 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 s 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 ) | __s, a, = 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

Za(, = —ZaT (3.5)

o€l TEL)

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

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

(a)
xp(N) = D - VA+ O(|A))
Sfor A > 0 small, if

_
ZJ,TGZfUT

<0.
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Here

D=+ d

—=——#0.
r ZJ,TGZf”T 7&

(b)
xp(\) = D;‘ “V=A+O(\)
for A\ < 0 small, if

Y4
= >0.
Z(T,TEEfUT
Here
J4
DY =+, [ —<——— #0.
r ZU,TEEf”T

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

behaviour is exactly the same for all maximal cells. As ) __s.a, = 0, (3.4) becomes

0= forxy+ A+ O(AP + [x, + [x,[|A]. (3.6)

o,TED

In both cases we employ the standard method to detect saddle node bifurcations (see for
example [16]). Assume ¢/ s f,r < 0. We introduce a new variable x, = sy where

1t = /X for small A > 0, hence i > 0. Equation (3.6) transforms into

0= fort?®" + i + O(ul* + [P |y)-

o,TED

As p > 0, we may divide by p? and obtain

0= ford® + L+ Oul® + |ully) = g0 ).

o,TED

For p = 0 this is equation is solved by

l
—+
Ay . —
ZU,TGEf(TT

Furthermore, %g@i, 0) =2, cx f--y*, which, generically, does not equal 0. Hence, by the
implicit function theorem, we obtain two branches of solutions

Yo =y + O(ul).

Transforming back into the original variables we obtain two branches

X\ =+ VA4 O(A)

.
Z(T,TEZfUT
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for small A > 0, which completes the proof for the first case.
The case £/ ), .5, for < 0is analogous. We introduce x, = py with u = v/—Afor A <0
with small absolute value. Then the proof is the same. (]

Remark 3.4.

(a) 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 \. 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 fulfils one of the two assumptions from
the previous lemma, as generically /, Z”ez f-r # 0. However, we see that the generic
bifurcation behaviour is different in different regions of system parameter space, i.e. partial
derivatives of f.

(b) Note, furthermore, that in both cases the equations for maximal cells are completely
uncoupled. 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 le 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.

Lemma 3.5 (supercritical case). Let p be non-maximal. Assume for all g > p
x,(\) =d, - VA + O]

Sfor small X > 0 and some d, € R\{0}. Then
x,(\) =D, - VA +O(\)

for small A\ > 0, where

Dorgr,@rlrp)  Dorgr,@rdr(p)
Zaeﬁ,,aﬂ Z‘rﬁélﬁpaT

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

0= amxy+ 3 ardy/A+0 (Il + M+ Lyl /IN])

oeLy pgq:T(p):
T¢Ly

D,=— £0.

Since p is non-critical, ZUE £, 2 0. Thus, by the implicit function theorem, we obtain that
this equation is uniquely solved by

ZT¢£ ard-p)
x,(\) = — =25 LT X+ O (1N).
! Zaeﬁpag ( )

The second representation of the coefficient follows from (3.5) which completes the proof. [
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Lemma 3.6 (subcritical case). Let p be non-maximal. Assume for all g > p
x,(N) =dy - V=X + O(A)

Sfor small X < 0 and some d, € R\{0}. Then
xp(N) =D, - V=X + O]\

for small A\ < 0, where

C Xrpr, @ g, A drp
Zaezpav ngzpaf

Proof. The proof is completely analogous to the previous one. (]

D,=

£ 0.

The maximal cells simultaneously determine whether a bifurcation occurs super- or sub-
critically. 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
lemmas 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.

(a) (supercritical)

x,(A) =D, VI + O(A])  for small X > 0, if L <0:
Za,-regf(n'
(b) (subcritical)
XN =Dy - V=A+O(A]) for small A <0, if _t > 0.
ZJ,TGZf(TT

Therein the coefficients D, are defined recursively. For p maximal they are

(a) (supercritical)

Dye |-t Y :
! ZU,TGEfO'T ’ Zm-regfa‘r ’
/ l
D ,— .
! © {+\/ZJ,T62f”T \/ZU,TEEf(TT }

The remaining (non-maximal) ones are defined via

(b) (subcritical)

2, 4D Dy, @D

Zaezpaﬂ ngzpaT

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.

D,=

Remark 3.8. The branching solutions in theorem 3.7 are the same as the ones described
in proposition 5.1 in [29] for layered feedforward networks (compare to remark 2.16) and in

2090



Nonlinearity 35 (2022) 2073 S von der Gracht et al

proposition 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 lead-
ing coefficients do not vanish generically for all cells. For example, this holds true if there is
an input map ~ € 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, ZUEE 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 knowl-
edge 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. Induc-
tively, 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 negative
values of the bifurcation parameter A. 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. Rootsubnetworks. As we will see, branches of steady states for the bifurcation problem
(B) are determined by subnetworks that are ‘surrounded’ by critical cells. Similar to the max-
imal 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.

2091



Nonlinearity 35 (2022) 2073 S von der Gracht et al

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 sub-
network, if it contains all maximal cells and, if for every cell p € C\B such that ¢ € B for all
q > p, it holds that p is critical.

Example 3.1. In the classical N cell feedforward chain a subnetwork contains the first k
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
synchronous steady state at the bifurcation point: 74(0,0) = 0. If maximal cells are non-
critical, this fully synchronous steady state persists under (small) parameter variations. It
grows as

xp(A) = X(\) = DA+ RN + O (|]AP) 3.7

Sor |\ small and all p € C. Therein

l
po——t (3.8)
ZJEEaU
2
R=— Za,-reszgz - ZﬂeEa‘TZHGE\f”}\E + (Zaeza”) f)‘)‘ (3 9)
= 3 s *
(ZUEEaU)

which generically do not vanish.
Proof. Consider the fully synchronous subspace {x, = -+ = x,,} C @, 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= "3y + 0+ Oy + y[IA + [

e

The implicit function theorem yields a unique branch of solutions

(N = y(\) = — A+ 0 (A7)

o
ZaeEa”

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

2092



Nonlinearity 35 (2022) 2073 S von der Gracht et al

Za,-reszgz - Zaexa”ZaeE\f”}‘g + (Zaega”)z‘f)\)\ .
(dezao’)3

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

') =-2-

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

xp(A) = X(\) = DA+ RN + O (|AP) (3.10)
Sor |\| small solving the bifurcation equation (3.4). Therein

l
D—_ , (3.11)
ZJEEaU

2
Z(T,TEEf”ng B ZﬂeEa”ZaeE\f”}‘g + (Zoeza”) f)‘)‘

R=- 3
(ZUEEaU)

(3.12)

which generically do not vanish.

Proof. Restrict the system of bifurcation equation (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. (]

Remark 3.13. Note that the previous corollary does not make any claims concerning unique-
ness 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. Letp € C be non-maximal and critical. Assume that all cells q > p are in the
fully synchronous state x,(\) = X(X). Define

A= " for

o.1eLy

B:ZfaA+2 Z f(T'rD,
oeLly o€Ly,TEL)

C= ZCZTR+ ZfT/\D + Z fa‘rD2 +f)\/\,
T¢Ly T¢Ly o 7¢Ly

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

xp(N) =Dy A+ O (IAP),

Sor |\| small, where
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Dt = _L
r Zaeza”

D- — ‘e 1+ 2Zaezp,T¢Lpfw - Doer,for
r ZUEZQU Za,Teﬁpf”T Za,Teﬁpf”T

We will see in the proof of lemma 3.15 below that the branch with the coefficient Dl‘,Ir is the fully
synchronous branch X(\).

Proof. The bifurcation assumption (B) implies

ZaTD = ZaTD = —ZaTZ:é = -/,

a
T¢Ly TET €S oex™a

asy . . £,% = 0. In particular, the linear terms in A in (3.4) vanish and the equation becomes

0= fur2+ > fodp+ S a RN + 3 f1DN

om€Lp o€Lp TELy TEL)

423 forDAxp+ > DN 4 faN 4 O (I + [P + 31N+ [AP)
o€LyTEL, o T¢Ly
= A2+ BAx, + CX + O (I + [P+ [ AR+ AF).

Similar to the previous proofs, we employ the standard method to detect transcritical bifur-
cations (see for example [16]) by introducing a new variable x, = \y. The equation becomes

0=ANY + BNy + CN + O (y[|AP + [A])
= X* (A4 + By + C+ O ([y| Al + [A])) = Mg, ).

Note that the coefficients A,B and C are composed of the second order partial deriva-
tives 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+ B _4AC
yo= 24 '

Furthermore, %g(yi,O) = 2Ay" 4+ B which, generically, does not vanish. Hence, by the
implicit function theorem, we obtain two branches of solutions

Y () =5 + O(A)

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

—B+ VB?* —4AC
xp(N) = o A+ 0 (AP).

The computation of the leading coefficients can be found in lemma A.1 in the appendix. [J
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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(A) =X(\) forall peB

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

xp(A) = D, A+ O(IAP)

Sor |\| small with

D;Z

e 1+ 2Zaezp,r¢cpfaf - Yver,for .
ZaeEa” Z(T,TE,Cpf”T Za,Teﬁpf”T

Proof. We prove the statement by investigating the bifurcation equation (3.4) and construct-
ing 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|pis 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 func-
tion 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,(A) = X(\)
(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 behaviour 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
ByCB

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

First, assume p is non-critical. Similar to before, the derivative of (3.4) with respect to x,
equals ) _ £, which does not vanish generically according to bifurcation assumption (B).
By the implicit function theorem the equation has a unique solution x,()) for |A| small. On the
other hand, also B U {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,(\) = X()\), and we may set BU {p} C B. In particular, if p is non-critical and ¢ € B for all
q > 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

X, (N =Dy A+ 0O (|]AP)
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with coefficients

l
Df=—
! ZUEEaU
D_ — L . 1 + ZZJE‘CP,T¢£I;fUT _ deﬁpfo'/\
P ZUEZaU ZU,TGLprT Za,TeﬁprT

On the other hand, also B U {p} is a subnetwork which contains B as a subnetwork itself. Fur-
thermore, 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 net-
work. Hence, necessarily one of the branching solutions x;—,’()\) 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;()\) = X(A). In that
case we once again set B U {p} C B. For the other choice we generically have x,(A) £ X(N)
so that p ¢ B. This completes the proof. (|

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 sub-
network. The dynamics on the original network respects these maps, which in turn guaran-
tees 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 deter-
mined by a root subnetwork B C C in which the cells evolve according to the fully synchronous
branch. Hence, we fix such a root subnetwork. Furthermore, we focus on A > 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
xq()\) _ dq . )\2*561 +0 (‘)\|2*(5q*1)) .

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

=, = max &, 3.13
P ges b ( )
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 ¢ € X*(p) which are of highest square root order in A by Q,.
That is

0,= {q € S (p) ‘xq(A) —d, N 40 (\AFGFI)) andd, # 0} (314

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

L)

Z,=0 and > ard+L#0,
T¢L,
(SN)

Z,>0 and Y ardyy #0.

T:T(PEQ)

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. We start
with the case that p is non-critical.

Lemma 3.18. Ler p € C\B be non-critical. Under assumptions (H) and (L) or (SN),
depending on the value of 2, (3.4) has the unique solution

BN =dy X7 o ()
Sfor X\ > 0 small, where d,, # 0 is given by

> rgr,drdrp) + 4

e, TP if 2,=0;
d — ZUGCPaU
P > a-d
TT(P)EQ, T 7(p) . —
_ErTnee, T if E,>0.
Zaeﬁl,ag

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

Lemma 3.19. Ler 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:
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(a) If

D rgr, Ardr(p + L
—— >0,
Za,TeﬁprT

there are no branching solutions.

(b) If

D rgr, Grdrp + 4
——F <0,
ZU,TEC,,f”T

the solutions undergo a saddle node bifurcation
XN =df VA + 0 (|A])

for A > 0 small, where

rec, drdrp + 4
\/Z¢c oty

o -reﬁpf”‘f

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 addi-
tional non-degenericity condition (SN) to hold true. The solutions to (3.4) generically bifurcate
as in one of the following two cases:

(@) If
ZT:T(]))eraTdT(P)
—— >0,
ZU,TEEpf”T
there are no branching solutions.
) If
ZTZT(p)GQpaTdT(P) < 0
Zo’,‘reﬁl,f”‘f

the solutions undergo a higher order saddle node bifurcation as
X)) = d,f e e ) <|>\‘2*Ep) ,

for A > 0 small, where

\/ ZT ‘r(p)te,a‘r 7(p) 7& 0.

UTE[I fa'r
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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 3.18-3.20 can generically occur, when (3.4) is solved for all p € C
simultaneously.

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

i, = max max # {q € w|gecritical, g ¢ B} — 1, (3.135)
pE

B weQ,

which is the maximal number of critical cells ¢ ¢ B along paths from any cell in B to p (recall
that )5, denotes the set of all paths from p to p without any loops). For convenience we
set p1, = 0 for p € B. It can readily be seen via induction on the partial order < that p,, can
alternatively be characterized iteratively:

0 for peB,
0 for p¢ Bwithg € B forall g > p,
= 3.16
Hp max /i, for pnon-critical, ( )
q>p
max i, + 1 for peritical.
q>p

The second line is necessary because for any cell p € C\B with g € B for all ¢ > p we have
that p is critical and all inputs come from inside B so that 1, = 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
subnetworks employing lemmas 3.18-3.20. The number of critical cells along paths from the
root subnetwork 1, will be the induction parameter.

Theorem 3.21 (supercritical branches). Consider a feedforward network with cells C
and input maps Y. Assume bifurcation assumption (B) with non-maximal critical cells. For
every root subnetwork B C C for which we may define real non-vanishing coefficients as in
table 1 such that the inequalities

> arDrpy + £
Téﬁp

> for

o.7€Ly

> a:Dry
T:7(pEQ,

> for

o.1eLy

<0, for pcritical with i, = 1;4
(3.17)

<0, for pcritical with ji,, > 1;

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

Dy Case
¢
- D sexdo peE B
gL, 4 Drp
_ Tk 7T - _
YLyt p non-critical, , =0

_ ZT:T(F)EQ,;”TDT(M
Zaeﬂ,;“”

¢ 1+2§:a€£,;,7'¢£,;f07 _ XocLplon
ZUGE“” ZU,TEﬁpﬁIT ZU,TEﬁp.ﬁIT

ZT%ﬂp”TDT(]I)J'_[ ..

:l:1 / —W )4 Crltlcal, /’L[) =1
| ey Prp .

+ —W P Crltlcal, /Lp > 1

hold, there is a branch of steady states such that

p non-critical, My > 0

pcritical, p, =0

X(N) =D,A+ 0O (|A)) for p € B;
xp(N) = (3.18)

Dp ) )\zﬂLp +0 <|>\‘2*(Ml*1)) for p ¢ B,

for X > 0 small, where yu, is the maximal number of critical cells q ¢ B along paths from any
cell in B to p (see (3.15)) and

= Y = Y
Q, {qe (P)l1g rp;i}u}

(compare to (3.14)). In particular, cells in B are synchronous with X(\) 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
xp(A) = X()) 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 p, as indicated by the subheadings. The base case 1, = 0 requires another
inductive investigation with respect to the partial order <.

Base case 1, = 0. Cells p € B, for which y, = 0 satisfy the statement of the theorem. Con-
sider a cell p ¢ B with ;1, = 0. We have to distinguish two cases. If p s critical, the definition
of p, shows that necessarily g € B for all g &> p. In particular, this is the situation of lemma
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3.14 and we generically obtain two branches of solutions for the bifurcation equation (3.4)
for p:

x,(N) =Dy A+ O (|A])

for |A| small with coefficients

pr—__t
p S a,
oceX
; £§:¢£ f}T E; f}A
o€L),T oe
D, = —— 1425 |
P E: Ao E: be E: f}T
e o.7eLp o.7eLp

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(N) =D, A+ O (IAP),

i.e., D, = 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 ¢ ¢ B with g I> p such that s € B for all s > ¢
and no other critical cells along any path from ¢ to p. There may, however, be additional non-
critical cells along paths from ¢ to p. First, assume that for all ¢ € X*(p) either ¢ € B or g is
critical with s € B for all s > g and x,(\) = DA + O (|A]*) as above. We define

Y. arDrpy + £
TEL,

2 4o

o€Ly

D, =

By assumption D, # 0, which implies
EE:aTLLTM +—£3# 0.
Téﬁp

In combination with the fact that x,(\) 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(N) = DA + O (|A]%)

for |\| small.

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

x,(N) = DA+ O (|AP)

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

> @Dy + £
__Téﬂp
Z Ao

o€Ly

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(N) = DA + O (|A])
for |\| 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 1, = 0.

Induction step 1, > 0. We investigate cells p ¢ B with ju, > 0 inductively with respect
to p,, focussing on branching solutions for A > 0. Fix a cell p ¢ B with pp > 0 and, as an
inductive hypothesis, assume

2, N =D+ 0 (\A|2’“‘q’”) (3.19)

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

= max
Hq = s

such that

Q, = {s € ¥ (@lps = itg} -
Note that ji, = fig, if g is non-critical, and yi, = i, + 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 fi, = p, for p non-critical.

Case p non-critical, /i, > 0. We define

> ar:Drp
T:7(P)EQ),

Zaa

o€Ly

D,=—

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(N) = DA + O (|A])
for A > 0 small. Since p is non-critical, we additionally have /i, = y,, and the coefficient
matches the third row in table 1.

Case p critical, [i, = 0. The situation is as in lemma 3.19 (assumptions (H) and (L)). Since
> arDrpy + €
T¢Ly

> for

o.1eLy

<0
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by assumption, we obtain two branching solutions to the bifurcation equation (3.4) in cell p
-1
xp(N) =D, N+ O(A)

with

Z a'rD'r(p) + l
_ T$,Cp

Z f(TT ’

o, 7€L)

+ _
Df =+

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

Case p critical, fi, > 0. The situation is as in lemma 3.20 (assumptions (H) and (SN)).
Since

> a:Drp
T:7(P)EQ,

Z f(TT

o, 7€L)

<0

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

for A > 0 small, where

2.

TT(P)EQ,

S S

o, 7€L)

ardrp)
+
Df =+

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. |

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 .. Assume bifurcation assumption (B) with non-maximal critical cells. For every
root subnetwork B C C for which we may define real non-vanishing coefficients as in table 2
such that the inequalities

> arDrpy — €
T¢Lp

> for

o.1eLy

> a:Drp
T:7(pEQ,

Z f(TT

o.1eLy

<0, for pcritical with i, = 1;4
(3.20)

<0, for pcriticalwith ji, > 1;
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Table 2. Leading coefficients for the root subnetwork B in subcritically branching steady
states.

D, Case

4
2 sexndo

pEB

_ 2rgrptrlrpt

Sty p non-critical, j, =0

> arD. ..
R it p non-critical, p, >0

Zaeﬂ,;“ff
_ 4 . Zaeﬂ,;x%ﬂ,,for ZUEE,;-G)\ . B
Socxdo (1 +2 p— D— pcritical, 1, =0

[ Xrec, 4 Prp—! ..

+ —W )4 Crltlcal, /’L[) =1
| ErrpeQyrPrp) »

+ —W P Crltlcal, /Lp > 1

hold, there is a branch of steady states such that

X(\) = DA+ O (|A]) for p € B;

Xp(\) = (3.21)

Dy O (APY). forp B,

for X\ < 0 small, where yu, is the maximal number of critical cells q ¢ B along paths from any
cell in B to p (see (3.15)) and

Q,= {q € X (p)ug = gl;l;cus}

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

Proof. Substituting the parameter = —\ and the system parameters t = —0, 0,y = — f,
the governing function Taylor expands as

S+ Koo N = D _oXon + U+ Y ForXop ke

oEX o, TEY

"‘Zam\/ixg(p) + f)\,\/uL2 + h.o.t.,

ocEX
as in (3.4). The result follows immediately from theorem 3.21 for pz > 0. ]

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
bifurcation assumption (B) with non-maximal critical cells and generic system parameters.
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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 subnetwork B C C such that x,(\) = X()) 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 lemmas 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 1, = 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 subcriti-
cal branch of steady states as in theorems 3.21 and 3.23. If two critical cells p, p/ ¢ B with
t, = py = 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 p, > 1,
there is a choice in signs for the coefficients D, with ¢ € 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 p, = p,y > 1 require opposing signs for a cell ¢ € 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. (|

Remark 3.25. Throughout this section we have used the term ‘generic’ on multiple occa-
sions. 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
/- 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.

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 cor-
responding 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 com-
putes the leading coefficients algorithmically anyway (see remark 3.27 below). In this process
the conditions (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 1, = 1 there exists a
cell g > p with g critical, ¢ ¢ 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 Dy is as in the
first row of table 1 (table 2). In particular, some of the terms in the weighted sum

Y a:Dry

T¢Ly
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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 41, > 0 or for p ¢ B
critical with p, > 1 there exists a cell g > p with p, > 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 € Q,. In particular,

> aDry

T7(PEQ,

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, generically 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
possible 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
theorems 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 crit-
ical cells we employ the algorithm presented in remark 3.27 and highlight the peculiarities men-
tioned in remark 3.28. Consider the feedforward network given by the graph in figure 2. Each
arrow colour 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 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
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[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

f(x1,x2,x3, X4, X5, A)
Sf(x2, x5, x4, X5, X5, \)
X = yp(x) = | f(x3, x4, x5, X5, x5, \)
S (x4, x5, x5, X5, X5, \)
f(xs, x5, x5, X5, X5, \)

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

74(0,0) = 0.

The linearization at this steady state is

ay Ao, Aoy Aoy Qos
0 a0 a,, Ay, + Ao, + Ay
Dyy(0,0)=1 0 0 au as Aoy + A5y + Ao
0 0 0 au Aoy + Aoy + Ao, + Ay
0 0 0 0 aw+as, +as,+as, + ds

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

1
f(TT = EB(TTf(O’ 0), fa)\ = aaAf(Oa 0),
1
£=0,/(0,0), S = EaMf(O, 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 lin-
earization has two eigenvalues ) . £500 = a1d t Aoy + Aoy + Aoy + dos, which is simple, and
Yo £,d0 = aig 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 sys-
tem parameters—, in such a point only one of the two eigenvalues vanishes. Under these
assumptions we investigate generic solutions to

Yr(x, A) =0

close to the bifurcation point.

Case I. Let us investigate the case ). . L300 =a1d + Aoy + Aoy + Aoy + Aoy = 0 and
ZUE £,d0 = did = 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

_t
ZU,TEEf”T

<0
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we compute
\) =+ ! VA+ O(A)
xi(A) = —_——
E:mrezj}T
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
l
=F>0
ZZ:O}TEELf}T
we obtain
W) =&, [ VA O
X e - . —
ZU,TGEf aT
for i =1,...,5 accordingly. These branches exists for |A| small. Generically, no other cases

are possible so that no other branching solutions exist.

Case II. Next, we turn to the case K= Zﬂeﬁsaq =ayg + Aoy + Aoy + Ao, + s 7 0 and
> ver,do = aia = 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 sub-
networks, i.e. subnetworks B C Csuchthat p ¢ Bbutg € Bforall ¢ > pimplies 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(\) 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 g I> 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 IL(i). Assume B = {1,2,3,4,5}. All cells remain in the fully synchronous state, i.e.

XN = X(\) = —éA +0 (AP)

fori = 1,...,5.This branch exists for | \| small independent of the sign and without any further
restrictions on the system parameters.
Case IL(ii). Next, assume B = {2, 3,4,5}. We obtain

x5(A) = x4(N) = x3(N) = x2(A) = X(N).

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

¢ fudoy + fldoy + fldoy + S ld05> Suan > )
N=|=(1+2 e DY A7)
1) (K ( * Sidua Sidid +O (A1)

This branch exists without any further restrictions on the system parameters as well.
Case IL(iii). For B = {3,4,5} we obtain

4
x5(\) = x4(\) = x3(\) = X(\) = —EA +0 (\)\|2)

2108



Nonlinearity 35 (2022) 2073 S von der Gracht et al

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

¢ Sidoy + fldoy + fidoy + fidos Sian )
N=[=(1+2 ——= 1A A
*2() <K< * Sidia > fIdId) +O(‘ | )

=D:A+ O (|A]).

Then cell 1 receives an input from a cell not in B. Thus, we have to distinguish two cases
according to (3.17). If

a5,Dy 4 a5, D3 + a5, D4 + a5 D5 + £ -

)= Fraa

0,

we obtain

VA +O(A)

21\ = | GeD2 + 30sD3 + a5, Dy + a0, Ds + £
fIdId

for small A > 0. If, on the other hand, (x) > 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;(\) =
Ei(—=\) 4+ O(|A\|?), where E; = —D;. The condition (3.20) for the existence of a subcritically
branching solution for cell 1 is

angz + aJ3E3 + aJ4E4 + aUSES -/ -
Siaua

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

0.

oD oD oD oDs +{
xl()\)::t\/az > + do, 3—;a4 4+ asDs + ) /__)\"‘O(W)-
1dId

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

Case IL(iv). 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(\). More precisely for cellsi = 2,...,5 we obtain

N =DA+O(AP).  x)=E-(~N+0(AP)
with

l
Ds = —Es =D4=—E4=—?,

Sudoy + fdoy + fldoy +fld05> ~ Jax

14
Dy= Es=Dy=—Er=— (142
’ : g g K( Sidua Sidid

for || small respectively. Similar to before we obtain

(TD (TD (TD (7D g
xl()\):ﬁ:\/—QZ b + Aoy D3 + ag, Dy + a5 Ds + -\/X+O(|>\\) or

f IdId
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V=4 O(A)

21O = 4, | G2+ 40, D3 + o Da + 6o D5 + £
fIdId

for A > 0 or A < O respectively, if

agzDg + aU3D3 + aJ4D4 + agng + /7
S

Once again, the solution branches in this case exist for precisely one sign of .

Case IL.(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

<0 or >0.

x5(0) = X(A) = DsA + O (]AP) .
For cell 4 we obtain

x4(N) = DsA + O (|A]?)

_ (E (1 4 o1t T fidoy F fiaoy +f1d”s) _ fm) A+O(IAP).
K Sidu fidu

Considering cell 3, we obtain

(TD a- . a: D
x3()\)::t\/_az 4+(Cl3~;;lld4+a5) 5+€\/X—|—O(|>\‘) or
x3(\) = :t\/ a4, D4 + (a0 t‘ljm Tao)Ds T8 TS 4 o,

if
a02D4 + (a(73 + Ao, + a(75)D5 +/4
fldld

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

() = <0 or >0

O'D a: a. a D‘ g
xz()\)::t\/_a3 4+(612_;Zld4+615) 5+ \/X+O(|>\‘) or
(7D a- a. g D
xz(A):i\/‘la 4+(a24};11d4+a IDs + 0 =3+ O,

if
o ao’3D4 + (aaz + g, + aas)DS + 4
Sidu

respectively. In particular, B = {5} does not provide a solution branch for A\ > 0, if (xx) > 0,
or for A < 0, if (x*) < 0. Hence, if (x) and (*x*) have opposite signs, neither of the two branches
exists. If both have the same sign, we abbreviate the coefficients as £D3, £D,, £F3, £E,. We
only need to investigate cell 1 in that case. Consider (x), (%) < 0. If

(k%) <0 or >0
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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.

Root subnetwork Existence condition Asymptotics Type
{1,2,3,4,5} — (S IPY) Continuation
{2,3,4,5} — AN Transcritical
Agn Dy+ag, D3+ag,Dy+ag Ds+{
{3,4,5} A 22 3/mm4 $T08 Z <0 VIALA A 4 x saddle node
agn Dy+ag, D3+ag,Dy+ag D5+
{2,4,5} A ZDZ 3D3ﬁd[d4D4 5D5 [ <0 VIALA AN 4 x saddle node
Ag: +ag 3 +ag, +ag. 5 +4
(4,5) A i DytiogDitaos st (,/|,\\,A, A, /\> 4 x saddle node
). a02D4 + (a(T3 4}004 + aUS)DS + L <0
(5} i (\4/\/\|,,/|)\\,\/\/\|,)\,/\> 4 x amplified saddle node
). aa3D4+(a02 +a04+a(75)D5 +‘€ <0
Sidia

£/0¢ (2202) s¢ AesuluoN

/B 18 1YJBID) I8P UOA S
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(a) Parameters: aq, = 0,dr, = 1,d0;, = =2,d0, = 1,00, = 1,0 = 1, fua = —1, fiaa = 1, flao, + flao; +
Sidoy + fdos = % Total number of branches: 5.

i

(b) Parameters: d,, = 0,a,, = 1,d,, = %,am = —%,aas =0,0=—1, figra = 1, figa = 0. figo, = O fidor, =
0, fido, = 0, fiaes = 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 behaviour separately.
However, the branching is not independent of the other cells as described in section 4.

:|:a(72D2 + aq3D3

<0,
Sidid

(k% %) =

we obtain

x1(\) = i\/_iaquzianero (\/W)
jhﬂd
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If (xxx) > 0, the solution branch does not exist. Note that (xx*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 (xx*x) while the other half yields a positive sign. This is due to the fact that (xxx)
and — () are both possible choices, while (x#x) = 0 generically. Similarly, for (x), (%) > 0
we obtain

m(A):in\ﬁmm(m,
1dI

if
ﬁ:aQDz + aq3D3
fldld

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 subnet-
work 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 - (x) proving that generically (x) and (x*) 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 < O 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 A = 0.

On the other hand, whenever (x) and (%) have the same sign, there is also a suitable choice
of coefficients in cells 2 and 3 such that (x*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
behaviour. The amplification effect can be seen in both. However, in figure 4(a) the strongest
amplification is ~v/X in cell 1, whereas we also find a branch ~+/X in cell 1 in figure 4(b).
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Appendix

In this appendix we fill the gaps left in section 3 by proving lemmas 3.18-3.20 as well
as the leading coefficients of branching solutions in lemma 3.14. Recall that £, = {0 €

Slo(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.
Equation (3.4) becomes

0= ax,+ Y adA++0 (I + N[+ [AP).

oeL, p<g=T(p):
T¢Lp

As)y . . £,% = 0 this is uniquely solved by

D rgr, drdrp + 4
Zaelﬁ,,aﬂ
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

xp(N) = — A+ 0 (]AP)

0= Zaox,, + Z a_rdq/\Z’Ep + 0 <|xp|2 + ‘)\|2*Ep‘xp‘ n ‘)\|2—(Ep71)) .
oeLly TELy:
T(N=4€Q)p

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

T(p aTdT -= —(Ep—
X (A) _ _ZT.T(])EQP (§2] . Az p + 1) |A‘2 Ep-1
! Zaeﬁpatf

for small A > 0 with non-vanishing leading coefficient. U

Proof of lemma 3.19. The proof is analogous to the one for lemma 3.3, except for slightly
different coefficients. Once again it uses the standard technique for detecting saddle node
bifurcations as in [16]. As =, = 0, (3.4) becomes

0= > forxp+ > ard A+ A+ 0 (|5, + x| + [AP) .
o.1eLy TEL)
P<q=7(p)
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We introduce a new variable x, = py where p = V/X for small A > 0. The equation to be
solved transforms into

0= Z fcrr/izy2 + Za‘rdf(p)/~L2 + E,uz +0 (|/~L‘3M + |/~L‘4) :
o, 7€Ly T¢Ly

As 11 > 0, we may divide by ;*> and obtain

0= ford’ + Y ardip + L+ O (|uly| + [1]*) = g0, ).

o.1eLy T¢L,

If (ZT¢ £,0rdzp) + E) /> e ¢, Jor > 0, the equation g(y, 0) = 0 has no real solutions. If, on
the other hand, (ngg ﬁpaTdT(,,) + E) / ZMQ gﬁf »r < 0, there are two solutions to g(y,0) =

\/ Drgr,drdrip +4

o TE,CprT

Furthermore, By J o(3+,0) = 2Y e c, f--y*, which does not vanish, due to assumption (L).
Hence, by the implicit function theorem we obtain two branches of solutions

Yo =y + O(ul).

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

TYT(P +
0y = \/ Drgr,drdrin + VA4 O

o -reﬁpf”‘f

for small A > 0. U

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

0= forpt D adh 7+ 0 (Jnf + AP+ ).

o,m€L) T$,Cp
T(P)=4q<Qp
Similar to previous proofs, we introduce new coordinates x, = py, where p = AT =
Ep+D
A2 " for small A > 0. The equation becomes

0= fort®+ 3 ardy® + O (|l + ") .

o.1eLy T¢L,
T(p):qup

As p > 0, we may divide by p? to obtain

0= > for’+ D ardy+O(yllpl + |ul*) = g0 ).

o,m€L) Téﬂp
T(P)=4€0)p
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If (ZT:T(p)GQI,aTdT(P)) /20rec,for > O there are no solutions to g(y, 0) = 0—this proves the

first case. If, on the other hand, (ZT:T(p)er aTdT(p)) /> e £, for <0, there are two solutions
to g(y,0) = 0, as ZME z, for # 0 generically:

\/ ZTT([))GQPQT 7(p)

o -reﬁpf”‘f

Furthermore, ad—) g(55,0) = 220,7 ez, f--yt, which, by the same argument, generically does not
vanish. Hence, by the implicit function theorem, we obtain two branches of solutions

Yo =y + O(ul).

Transforming back into the original coordinates, we obtain

xp(A) = \/ ZTT(”)GQP rdrp) EET L (|>\‘2’Ep) ,

o"reﬁ fUT

for small A > 0, which completes the proof. (]

Lemma A.1. Letp € C be non-maximal and critical. Assume (H) with

4
dj= ——=——,
! ZJEEaU 2
R, = — Za,-rei]fﬂ‘fgz — ZaeEa”ZaeEf”)\g + (ZOEEa”) I
q= 3
(ZUEEaU)
for all g > p and define
A= Z f(TT’
o,7€L)
B = Zfa/\ +2 Z Sordrp)»
oeLly o€Ly,TEL)
C= ZaTRT(p) + ZfT/\dT(p) + Z fo‘TdO'(p)dT(p) + f/\)\,
T¢L, Tgéﬁ o, 7¢Ly
E= Zfa)\ -2 Zf(TT
o€l ”62 7 5ex
TeLy
Then generically
B> —4AC=FE*>0
and
-B+E l -B—E M
2 Y was 24
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with

M = ¢ . (1 + 2ZUE£P’T¢£P‘JCHT> . Zaeﬁpfﬂ)\

ZaeEa” Za,'reﬂpf”'r Z(T,Teﬂpf”" .

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

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

ZO’,TGZf”TEz - ZJEEQUZUGZ]“”AE + (ZUEEa”)Zf)‘)‘
(2062a5)3

dy=— and R,= —

_t
ZJEEaU

for all g > p. A key observation is

Ya =Y an

T¢Ly oceX

as ) ,cr,ds = 0. We denote this sum by K. Hence,

Zg,rngm’éz - Kzgggfa)\é + Kzf/\)\
Y aRey = -

K2
TEL)

p ¢
= x wa + EZfa)\ = fa-

o, TEY oEX

Note that

Zfa‘r = Z fO‘T+2ZfO'T+ Z fa‘r’

o,7ED o.1eLy oely o T¢Ly
TEL,

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

l
Zf‘r)\dT(p) = _? wa\’

TEL) TEL)
(2
Z fo"rda(p)d‘r(p) = ﬁ Z f07'~
o 7¢Ly o, 7¢Ly

Thus, we obtain
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C= ZaTRT(p) + ZfT/\dT(p) + Z farda(p)dr(p) + f/\)\

TELp TEL) o, 7¢Ly

2 2
= —% Z for + éme\ — o — éme + % Z for +
0. 7ED > TEL) o, 7¢L)
2 /
:_ﬁ ZfUT+2ZfUT +EZfU)\~
o,7eLy Uggl, oely
T¢Ep

Next, we compute

Bz - Z,fa)\ + zzf(TTdT(p)
g€l g€l
T¢L),
2
= ZfUA_2'£ngT+2'£ZfJT
K K
g€l gEY o,7€L)
TEL)
2
= Zfa)\_z'£2far +4-L
oely oex
TeLy
with
2
l l 72
L:E Zfa)\_z'EZfaT Zfﬂ'r"’ﬁ Z,fOT
o€Ly oEX o, 7€L) o,7€L)
TeLy
/ 72
- Z,fOT Ez‘fﬂ)\_ﬁ Z'Z,faT— Z,fOT
o.1eLy oely oEX o.7eLy
TeLy
/ 72
= ZfUT EZfO’/\_F Zf07+2'2f0-7- =A-C.
o.1eLy oely o.7eLp oely
T¢L,
Hence,
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12
B> —4AC= | > fm -2 ?wa + 4L — 4AC
oely O’g%
P 5
{
= ng)\_z'EZfO'T
oel e
r TEL)

= E%.

Generically, this expression is positive, which allows us to compute

l
_B+E:2E Zfa‘r_Zfa‘r

oely e

T¢L, Telp
/ /
=-2-— (TT:_ZA'ia
K 2/ K
o, 7€L)
proving
~B+E [
2 Y, sds
On the other hand
_B_E:_Zfa)\+2'£2fa‘r_ Zfaz\_z'£2fa‘r
K K
o€Ly o€Ly aeLly e
T¢Ly Telp
/
=2- f Zfar+22faf _Zfﬂ)\ 5
o.7eLy oely oely
T¢L,
proving
Z fa‘r Z fa)\
—B—F _ Y4 14 Zoeﬁp,Tséﬁp _ oely y
2A Z g Z fO‘T Z fa‘r .
ceX o, 7€L) o, 7€L)
([l
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