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Abstract: We study emergent oscillatory behavior in networks of diffusively coupled
nonlinear ordinary differential equations. Starting from a situation where each isolated
node possesses a globally attracting equilibrium point, we give, for an arbitrary net-
work configuration, general conditions for the existence of the diffusive coupling of
a homogeneous strength which makes the network dynamics chaotic. The method is
based on the theory of local bifurcations we develop for diffusively coupled networks.
We, in particular, introduce the class of the so-called versatile network configurations
and prove that the Taylor coefficients of the reduction to the center manifold for any
versatile network can take any given value.
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1. Introduction

Coupled dynamical systems play a prominent role in biology [8], chemistry [11], physics
and other fields of science [21]. Understanding the emergent dynamics of such systems
is a challenging problem depending starkly on the underlying interaction structure [9,
12,14,16,19].

In the early fifties, Turing thought of the emergent oscillatory behavior due to dif-
fusive interaction as a model for morphogenesis [23]. We note that weak coupling of
globally stable individual systems cannot alter the stability of the homogeneous regime,
this is the globally attracting state. At the same time, no matter what the individual
dynamics are, the strong diffusive coupling by itself stabilizes the homogeneous regime.
Therefore the idea that the intermediate strength diffusive coupling can create a non-
trivial collective behavior is quite paradoxical. However, in the mid-seventies, Smale
[20] proposed an example of diffusion-driven oscillations. He considered two 4th order
diffusively coupled differential equations which by themselves have globally asymp-
totically stable equilibrium points. Once the diffusive interaction is strong enough, the
coupled system exhibits oscillatory behavior. Smale posed a problem to find conditions
under which diffusively coupled systems would oscillate.

Tomberg and Yakubovich [22] proposed a solution to this problem for diffusive
interaction of two systems with scalar nonlinearity. For networks, Pogromsky, Glad and
Nijmeijer [18] showed that diffusion-driven oscillations can result from an Andronov-
Hopf bifurcation. Moreover, they presented conditions to ensure the emergence of oscil-
lations for general graphs. While this provides a good picture of the instability lead-
ing to periodic oscillations, there is evidence that the diffusive coupling may also lead
to chaotic oscillations. Indeed, Kocarev and Janic [10] provided numerical evidence
that two isolated Chua circuits having globally stable fixed points may exhibit chaotic
behavior when diffusively coupled. Along the same lines, Perlikowski and co-authors
[17] investigated numerically the dynamics of rings of unidirectionally coupled Duffing
oscillators. Starting from the situation where each oscillator has an exponentially stable
equilibrium point, once the oscillators are coupled akin to diffusion the authors found
a great variety of phenomena such as rotating waves, the birth of periodic dynamics, as
well as chaotic dynamics.

Drubi, Ibanez and Rodriguez [4] studied two diffusively coupled Brusselators. Start-
ing from a situation where the isolated systems have a globally stable fixed point, they
proved that the unfolding of the diffusively coupled system can display a homoclinic
loop with an invariant set of positive entropy.

In this paper, we provide general conditions for diffusively coupled identical systems
to exhibit chaotic oscillations. We describe necessary and sufficient conditions (the
so-called skewness condition) on the linearization matrix at an exponentially stable
equilibrium point of the isolated system such that for any network of such systems there
exists a diffusive coupling matrix such that the network has a nilpotent singularity and
thus a nontrivial center manifold. When the network structure satisfies an extra condition,
which we call versatility, we show that Taylor coefficients of the vector field on the center
manifold are in general position. This allows us to employ the theory of bifurcations of
nilpotent singularities due to Arneodo, Coullet, Spiegel and Tresser [2] and Ibanez and
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Rodriguez [7] and to show that when the isolated system is at least four-dimensional,
invariant sets of positive entropy (i.e., chaos) emerge in such networks.

The paper is organized as follows: In Sect.2, we formulate the main theorem. We
introduce basic concepts about graph theory, and introduce the notion of versatility. In
Sect. 3, we present examples and constructions of p-versatile graphs and illustrate some
of the other concepts appearing in the main theorem. In Sect.4, we show the existence
of a positive-definite coupling matrix D that yields a nilpotent singularity in the network
system. In Sect. 5, we discuss the stability of the center manifold. Finally, in Sect. A, we
prove that chaotic behavior emerges in the coupled system by investigating the dynamics
on the center manifold.

1.1. The model. We consider ordinary differential equations X = f(x) with f €
C*®(U,R"), n € N for some open set U C R”. We assume that f has an exponentially
stable fixed point in U; with no loss of generality we put the origin of coordinates to
this point. We study a network of such systems coupled together according to a given
graph structure by means of a diffusive interaction. Namely, we consider the following
equation:

N
Gi=fO)+ay wiDxj—x), i=1...N, ()
j=1

where o > 0 is the coupling strength, W = (w);;) is the adjacency matrix of the graph,
thus, w;; = 1 if nodes i and j are connected and zero otherwise. Moreover, D is a
positive-definite matrix (that is xT Dx > 0 for all non-zero vectors x).

The homogeneous regime x = 0 persists for every value of the coupling strength .
It keeps its stability for small « and is, typically, stable at sufficiently large «v. However,
at intermediate values of the coupling strength, the stability of the homogeneous regime
can be lost. Our goal is to investigate the accompanying bifurcations. The difficulty
is that the structure of system (1) is quite rigid: all network nodes are the same (are
described by the same function f) and the diffusion coupling a D is the same for any
pair of nodes. Therefore, the genericity arguments, standard for the bifurcation theory,
cannot be readily applied and must be re-examined.

1.2. Informal statement of main results. Our main goal is to give conditions for the
emergence of non-periodic dynamics in system (1). Denote by A = Df(0) the lin-
earization matrix n x n of the individual uncoupled system at zero. Recall that matrix
A is Hurwitz when all its eigenvalues have strictly negative real parts. Our main result
can be stated as follows.

Suppose that for some orthogonal basis the Hurwitz matrix A has m positive
entries on the diagonal. Then, there exists a positive-definite matrix D such that
the linearization of system (1) at the homogeneous equilibrium at zero has a zero
eigenvalue of multiplicity at least m for a certain value of the coupling parameter
o > 0. If the network satisfies a condition we call versatility, for an appropriate
choice of the nonlinearity of f, the corresponding center manifold has dimension
precisely m and the Taylor coefficients of the restriction of the system on the center
manifold can take on any prescribed value.
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The last statement means that the bifurcations of the homogeneous state of a versatile
network follow the same scenarios as general dynamical systems. Applying the results
for triple instability [4,7] we obtain the following result.

For n > 4, for any generic 3-parameter family of nonlinearities f and any
versatile network graph, one can find the positive-definite matrix D such that the
homogeneous state of the coupled system (1) has a triple instability at certain
value of the coupling strength a, leading to chaotic dynamics for a certain region
of parameter values.

The condition on the Jacobian of the isolated dynamics can be understood in a geo-
metric sense as follows. We write X = f(x) = Ax +O(|x|?). We claim that if a nonzero
vector xo € R” exists for which (xg, Axg) > 0, then there are points arbitrarily close
to the origin, whose forward orbit has its Euclidian distance to the origin increasing
for some time, before coming closer to the (stable) origin again. To see why, consider
[x(®I? = (x(1), x (1)), thenitfollows that 4 ||x|> = 2({Ax, x)+O(|x|*), 50 (Ax, x) > 0
implies the growth of this derivative.

The property of versatility holds for graphs with heterogeneous degrees - the sim-
plest example is a star network. In a sense, versatility means that the network is not very
symmetric. Given a graph, one verifies whether the versatility property holds by evalu-
ating the eigenvectors of the graph’s Laplacian matrix, so it is an effectively verifiable
property.

It is possible that a similar theory can be developed for the Andronov-Hopf bifur-
cation in diffusively coupled networks (an analysis of diffusion-driven Andronov-Hopf
bifurcations was undertaken in [18] but the question of genericity of the restriction of
the network system to the central manifold was not addressed there).

We also point out that symmetry is often instrumental in explaining and predicting
anomalous behavior in network dynamical systems [1, 14,15].

The network of just two symmetrically coupled systems has the corresponding graph
Laplacian that is not versatile, yet the emergence of chaos via the triple instability has
been established in [4] for the system of two diffusively coupled Brusselators. In general,
we do not know when the genericity of the Taylor coefficients of the center-manifold
reduced vector field would hold if the graph is not versatile or when graph symmetries
would impose conditions on the dynamics that forbid the existence of limiting sets of
positive entropy.

2. Main Results

We start by introducing the basic concepts involved in the set-up of the problem.

2.1. Graphs. A graph G is an ordered pair (V, E), where V is a non empty set of vertices
and E is a set of edges connecting the vertices. We assume both to be finite and the graph
to be undirected. The order of the graph G is [V| = N, its number of vertices, and the
size is | E|, its number of edges. We will not consider graphs with self-loops. The degree
of a vertex is the number of edges that are connected to it.

N
ki = Z Wij, (2)
j=1
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fori = 1,..., N. We also define K = diag{ky, ..., ky} to be the diagonal matrix of
vertex degrees.

We only consider undirected graphs G, meaning that a vertex i is connected with
a vertex j if and only if it is vice-versa. Thus, the adjacency matrix W is a symmetric
matrix. In this context there is another important matrix related to the graph G, which
is the well-known Laplacian discrete matrix L¢. It is defined by:

Log=K—W,
so that each entry /;; of L can be written as
lij = 6ijki —w;j, i,j=1,...,N, 3)

where §;; is Kronecker’s delta. The matrix L provides us with important information
about connectivity and synchronization of the network. It follows from Gershgorin disk
theorem [5] that L is positive semi-definite and thus its eigenvalues can be ordered as

0=A <A< <Ay—1 Z A,

and let {v1, ..., vy} be the corresponding eigenvectors. We assume the network is con-
nected. This implies that the eigenvalue A1 = 0 is simple.

We are interested in a well-behaved class of graphs G whose structure induces a
special property of the associated Laplacian matrix. This property will be the existence
of an eigenvector where the sum of certain coordinate powers is non-vanishing, which
corresponds to a simple eigenvalue of L. To this end, we define:

Definition 1 (p-versatile graphs). Let G = (V, E) be a graph and p € N a positive
integer. We say that G is p-versatile for the eigenvalue-eigenvector pair (A, v) withA > 0,
if the Laplacian matrix L has a simple eigenvalue A with corresponding eigenvector
v=(vy,...,vy), satisfying

N
va;é(), Ve=2 ....p+1. “4)

i=1
Note that any eigenvector v = (vy, ..., vy) for a non-zero eigenvalue necessarily
satisfies ZIN=1 v; = 0. This is because v is orthogonal to the eigenvector (1, ..., 1) for

the eigenvalue 0.

2.2. Parametrizations. We show that a system of diffusively coupled stable systems
can display a wide variety of dynamical behavior, including the onset of chaos. As the
coupling strength « increases, a non-trivial center manifold can emerge with no general
restrictions on the Taylor coefficients of the reduced dynamics.

Note that we may alternatively write Equation (1) in terms of the Laplacian:

N
%= fOi)—a) LijDxj, i=1,...,N. (5)
j=1

Let X := col(xy, ..., xyn) denote the vector formed by stacking x;’s in a single column
vector. In the same way we define F(X) := col(f(x1), ..., f(xn)). We obtain the
compact form for equations (1) and (5) given by

X=FX)—a(lLg® D)X, (6)
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where ® stands for the Kronecker product. In order to analyze systems of the form (1),
we allow f to depend on a parameter ¢ taking values in some open neighborhood of the
origin € R¥. For simplicity, we assume the fixed point at the origin persists:

f(0;6)=0 VeeQ. 7)

We assume the origin to be exponentially stable for ¢ = 0, from which stability follows
for sufficiently small ¢ as well. Note that the non-linear diagonal map F now depends
on the parameter ¢ as well.

We start with our working definition of center manifold reduction.

Definition 2. Let
H:R'xQ—R" (8)

be a family of vector fields on R”, parameterized by a variable ¢ in an open neighborhood
of the origin Q C R4, Assume that H(0;e) = 0 for all ¢ € 2, and denote by £¢ C
R" the center subspace of the Jacobian D, H(0; 0) in the direction of R”. A (local)
parameterized center manifold of the system (8) is a (local) center manifold of the
unparameterized system H on R” x €, given by

H(x:e) = (H(x;¢),0) e R" x RY, 9)

for x € R" and ¢ € Q2. We say that the parameterized center manifold is of dimension
dim(&°), and is parameterized by d variables. Under the assumptions on H, the center
subspace of H at the origin is equal to £ x R?. We can show that the dynamics on the
center manifold of Equation (9) is conjugate to that of a locally defined system

R(xc; &) = (R(xc; €), 0), (10)

on £¢ x , where the conjugation respects the constant-¢ fibers. The map R satisfies
R(0; &) = Oforall ¢ for which this local expression is defined, and we have D, R(0; 0) =
DyH(0;0)|gc : E¢ — E°. Wewillreferto R : £ x Q — E€ as a parameterized reduced
vector field of H.

In the definition above, the constant and linear terms of the parameterized reduced
vector field R are given. Motivated by this, we will write H??1 for any map H to denote
the non-constant, non-linear terms in the Taylor expansion around the origin of H, up
to terms of order p. In other words, we have

H(x) = HO)+ DHO)x + H>*1(x) + O(||x||”*)).

Given vector spaces W and W', we will use Pé(W; W’) to denote the linear space
of polynomial maps from W to W’ with terms of degree 2 through /. It follows that
H2W e PLW; W) for H: W — W',

We are interested in the situation where the domain of H involves some parameter
space €2, in which case H (2.0 involves all non-constant, non-linear terms up to order p
in both types of variables (parameter and phase space). For instance, if H is a map from
R x @ to R with  C R, then H[2’3](x; ¢) involves the terms

a1x2, axe, Cl382, a4x3, a5x28, a6xs2 and a783,

with some constants ¢;. Note that a condition on H might put restraints on H2*1 as
well. For instance, if H(0; &) = 0 for all ¢ € 2, then H [2’3]()(; £) does not involve the
terms &2 and 3.
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2.3. Main theorems. We now formulate the main theorem, along with an important
corollary.

Theorem 3 (Main Theorem). Foranya > 0, consider the e-family of network dynamical
systems given by

X =F(X;¢)—a(Lg ® D)X. (11)

Denote by A = Dy f(0; 0) the Jacobian of the isolated dynamics. If there exist m
mutually orthogonal vectors x1, ..., Xy such that (x;, Ax;j) > 0, then there exists a
positive-definite matrix D together with a number a* > 0 such that the system of
Equation (11) has a local parameterized center manifold of dimension at least m for
o =a"

Suppose that the graph G is p-versatile for the pair (A, v). After an arbitrarily small
perturbation to A if needed, there exists a positive-definite matrix D and a number
o™ > 0 such that the following holds:

1. The system of Equation (11) has a local parameterized center manifold of dimension
exactly m for o = a*.

2. Denote by R : £€ x Q — &€ the corresponding parameterized reduced vector field,
then R(0; ) =0 foralle € Q and D, R(0;0) : £¢ — EC is nilpotent.

3. The higher order terms R'>*! can take on any value in 735) (E€ x Q; E°) (subject to
RZPN0; &) = 0) as f1>PVis varied (subject to f1>r1(0; &) = 0).

The above result guarantees the existence of the center manifold and the reduced
vector field. When the dimension of the isolated dynamics is at least 4, the reduced
vector field can exhibit invariant sets of positive entropy as the following result shows.

Corollary 4 (Chaos). Assume the conditions of Theorem 3 to hold for m = 3 and
o = 2. Then, in a generic 3-parameter system we have the emergence of chaos through
the formation of a Shilnikov loop on the center manifold. In particular, chaos can form
this way in a system of 4-dimensional nodes coupled diffusively in a network.

In the Appendix, we show that the conditions of Theorem 3 are natural, by construct-
ing multiple classes of networks that are p-versatile for any p € N, as well as by giving
examples of matrices A that satisfy the conditions of the theorem. In Subsect. A.1, we
present a geometric way of constructing p-versatile graphs, by means of the so-called
complement graph. In Subsect. A.2, we then show using direct estimates that star graphs
satisfy p-versatility. Finally, in Subsect. A.3, we present examples of matrices that sat-
isfy the conditions of Theorem 3. In particular, we will see that being Hurwitz is no
obstruction.

3. Proof of Main Theorem

In this section we present the proof of Theorem 3. We start by analyzing the linearized
system in Subsect. 3.1, after which we perform center manifold reduction and have a
detailed look at the reduced vector field in Subsect. 3.2.
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3.1. Linearization. In this subsection we investigate the linear part of the system
X=F(X;e)—a(lLc ® D)X, (12)

from Theorem 3. Writing A € R"*" for the Jacobian of f at the origin, we see that the
linearization of Equation (12) at the origin is given by

Y = (Idy ®A — aLg @ D)Y. (13)

An important observation is the following: if v is an eigenvector of Ls with eigen-
vector A € R, then the linearization above sends a vector v ® x with x € R” to

(Idy ®A —aLg ®D)(v®x) =v® Ax —aLgv ® Dx (14)
=v®(A—arD)x.

It follows that the space
VQR":={v@x|xeR}CRYQR" (15)

is kept invariant by the linear map of Equation (13). We claim that v ® R” is in fact a
linear subspace.

Equation (14) tells us that the linearization (13) restricted to v ® R”" is conjugate to
A —arD :R" - R".

Recall that eigenvectors v, and v, of L corresponding to distinct eigenvalues can
be chosen to be orthonormal. Finally, we write

V,:=v, ®R" (16)

for the corresponding linear subspaces of RY ® R”. We thus have a direct sum decom-
position

N
RY @R" =P V,. 17)
p=1

where each component is respected by the linearization (13), with the restriction to V),
conjugate to A —ad, D : R" — R". We see that the spectrum of the linearization (13) is
given by the union of the spectra of the maps A — aA, D, with a straightforward relation
between the respective algebraic and geometric multiplicities.
This observation motivates the main result of this subsection, Proposition 6 below.
In what follows, we denote by M, (R) the space of n by n matrices over the field R.
We write (x, y) := x”y for the Euclidean inner product between vectors x, y € R”.
We state a technical lemma. Suppose we are given a block matrix

My My
M = 18
(le M22> (18)
with blocks M1, ..., M. If M> is invertible then we may form the Schur complement
of M, given by
M/My := My — MioMy; My, (19)

This expression has various useful properties. We are interested in the situation where
M is symmetric, so that MIT2 = My, MIT1 = M, and MZT2 = Mp>,. In that case the
matrix M is positive-definite if and only if both M>; and M /M>, are positive-definite.
Using this result, we may prove:
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Lemma 5. Let
A A
D = 20
<A21 Azz) 20)

be a block matrix and assume A> = c 1d for some scalar ¢ € R~. Suppose furthermore
that A1y is positive-definite. Then, for c sufficiently large the matrix D is positive-definite
as well.

Proof. Clearly D is positive-definite if and only if the symmetric matrix

Ho—DaDT A11+A{1 A12+A§l Hy1 Hypp .
=D+ = T “\pyr 20
Ari +A12 2c1d 1 H»

is positive-definite. We set Hy := 2c1d, Hi» := A1p + Al and Hyy := Ay + AT, the
third of which is positive-definite as A is. As Hy» = 2c¢1d is invertible with inverse
1/(2¢) Id, we may form the Schur complement

H/Hy = Hy| — H12H2_21H1T2
H12H1T2

= H;i —
1 o

(22)

As Hj» is positive-definite, it follows from the above discussion that H is positive-
definite if and only H/H»> is. However, as ¢ — oo we have H/H> — Hjy,s0 H/H»»
behaves like a small perturbation of Hjj, then it is positive-definite for ¢ > 0 large
enough. This shows that D is likewise positive-definite for large enough c. |

Proposition 6. Let A € M, (R) be a matrix. There exist m mutually orthogonal vectors
X1, - .., Xy sSuch that

(xi, Axj) > Oforalli =1,...,m, 23)

if and only if there exists a positive-definite matrix D such that A — D has at least m
zero eigenvalues, counted with algebraic multiplicity.

Figure 1 shows an illustration of Proposition 6.

Remark 7. Note that any Hurwitz matrix A has a negative trace, as this number equals
the sum of its eigenvalues. It follows that Equation (23) can then only hold when m < n,
where 7 is the size of A. In this case, if our goal is to find a 3-dimensional center manifold
for the network, we need 3 zero eigenvalues and so we must have at least n = 4.

Remark 8. The number of zero eigenvalues for A — D is directly connected with the
number of mutually orthogonal vectors for Equation (23). Moreover, the positive-definite
matrix D that we construct is in general not unique. Hence, if we have m such orthogonal
vectors, then for each k < m we might construct a different matrix D such that A — D
has k zero eigenvalues.
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(a) iy (b) iy
° ° Triple zero eigenvalue
T x
[} [ ]
Spec(A) Spec(A — D)

Fig. 1. An illustration of Proposition 6. Figure a) shows the eigenvalues of a particular matrix A, which might
be the linear part of the isolated dynamics f at the origin. The matrix A has 6 eigenvalues all strictly on the left
half of the complex plane. The existence of m = 3 mutually orthogonal vectors satisfying (23) ensures that a
positive-definite matrix D exists such that A — D has a 3-dimensional generalized kernel. In other words, the
subtraction of D has moved 3 eigenvalues to the origin, see Figure b).

Proof of Proposition 6. Suppose first that we have m mutually orthogonal vectors x;
such that foreachi = 1, ..., m we have

(xi, Axj) = x,-TAxi > 0. 24)
Note that we then also have
(xi. (A+ AT)x;) = 2(x;, Axi) > 0 (25)

for all i. We may re-scale the x; by any non-zero factor, so that we will now assume
without loss of generality that ||x; || = 1 for all i. We start by constructing an auxiliary
upper-diagonal (m x m)-matrix P as follows:

0p12- - Pim

00 - pom
P=Py=1|. . . . ,

00 ... 0

mXxm

where each entry p; ; is defined by the rule:
pij=x] (A+A)x;, foralli < j;
pi,j =0, foralli > j.
We construct D by first defining it on the mutually orthogonal vectors x1, .. ., x;, as:

Dx1 = Ax; (26)
Dxy = Axpy — p12x1

Dx,, = Ax,, — PlmX1 — = Pm—1,mXm—1-

Note that (A — D)x; = 0, whereas (A — D)x; € span(xy), (A — D)x3 € span(xy, x2)
and so forth. This shows that the restriction of A — D to span(xy, ..., X;,) is nilpotent.
Equation (26) can be rewritten as

(A = D)uxnXnxm = Xnxm Pmxm, (27)
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with X = (x1 - - - x,,) the (n x m)-matrix with columns given by the vectors x, ..., X,,.
To complete our construction of D, we let y,+1, - .., ¥, € R" be mutually orthogonal
vectors of norm 1 such that yy L x; foralli = 1,...,mandk =m+1,...,n. We
define D on span(y+1, - - ., yn) by simply setting Dyx = cyy for all k and some constant
¢ > 0 that will be determined later.
To show that ¢ can be chosen such that D is positive-definite, let z € R” be any
non-zero vector and write

z=Xa+Yb

where ¥ = (Y41 -+ - yn) 1S the (n X (m — n))-matrix with columns the vectors yy,
and where a € R™, b € R"™™ express the components of z with respect to the basis

{x1, .-y Xms Ym+1s - - ., Yn}. Note that we have
XTX = Imea YTY = I(n—m)x(n—m)» (28)
XTYZOmx(n—m)a YTXzO(n—m)xmv DY =Y,

by construction. We calculate

I'Dz = (Xa+Yb)' D(Xa+Yb)

a’X"DXa+a" X" DYb+b"Y'DXa+b" Y DYD

al XT(AX = XP)a+a" X" DYb+b"YT (AX — XP)a+b" YT DYD

=al XTAX = X"XP)a+a" XTcYb+bT (YTAX —YT'XP)a+b"YTcYD
al (XTAX — P)a+b"YTAXa +cbTb, (29)

where in the third step we have used Equation (27), and where me make use of the
identities in (28). We see that D is positive-definite if the same holds for the matrix

~ XTAX—-P 0
D‘( YTAX cId)' 30)

Next, we claim that the (m x m)-matrix X AX — P is positive-definite. Indeed, by
definition of P we have

XTAx -P)+XTAx - P)T =xT(A+ADH)Xx — P+ PT)
= d1ag(2x1 Axy, ..., meAxm),

which is a diagonal matrix and positive-definite by the hypothesis (23). We may thus

apply Lemma 5 to D, so that for ¢ > 0 sufficiently large D and D are indeed positive-
definite.
Conversely, suppose there exists a positive-definite matrix D such that

A — D has m zero eigenvalues.

We will prove that m mutually orthogonal vectors x1, . .., x,, exist satisfying
(x;j, Ax;) > Oforalli =1,...,m. 31
By assumption, we may choose m linearly independent vectors yy, ..., ¥, such that

(A—D)y1 =0 and (A—D)y; =yi—1fori=2,...,m,
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where (; € {0, 1} for all i > 1. Next, we apply the Gram-Schmidt orthonormalization
process to the vectors y;. That is, we set
X1 = )1
X2 = y2 — Q21 X1
(32)
Xi=Yi =01 X] — 02 X2 — - — 01" Xi—1,
where each coefficient is given by

[ 9 ‘x j . .
Q= SRT) for j < i.
T {xjxg)
It follows that (x;, x;) = O whenever i # j. Moreover, we see from Equation (32) that
we may write

xi =yi+ Zﬂi,jyj and thus  y; = x; + Z:Bi/,jxj (33)

j<i j<i
for some coefficients f; ;, /31.”]. € R. We therefore have (A — D)x; = 0,and for2 <i <
m we find

(A=D)x; =(A=D) | yi+) Bijyj| =A=Dyyi+) Bij(A-D)y; (34
j<i j<i
=ty + Z Bijtjyj—1 = ZVi,jxj ,
l<j<i j<i
for certain y; ; € R. By orthogonality of the x; we get
xI'(A=D)x; =0 and
xiT(A —D)x; = Z y,-,jxiij =0
j<i
foralli =2, ..., m. Finally, it follows that
xiTAx,- =xiTDxl- >0 foralli=1,...,m,
which completes the proof. |

Corollary 9. The proof of Proposition 6 tells us that the remaining eigenvalues of A — D
may be assumed to have (large) negative real parts.

Proof. If m mutually orthogonal vectors xp, ..., x;, exist such that
(x;j, Ax;) > Oforalli =1,...,m, 35)

then a positive-definite matrix D is constructed such that the restriction of A — D to
span(xy, ..., Xp,) is nilpotent. In particular, A — D maps the space span(xy, ..., X)
into itself. It follows that the remaining eigenvalues of A — D are given by those of
the ‘other’ diagonal block Py (A — D)|y : U — U, where U is some complement
to span(xy, ..., x;) and Py is the projection onto U along span(xy, ..., x,). If we
choose U = span(yu+1,---, ¥n) as in the proof of Proposition 6, then we see that
Py(A — D)|ly = PyAly — cldy. Choosing ¢ > 0 large enough then ensures that the
remaining eigenvalues of A — D are stable. |
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Corollary 10. It follows from the proof of Proposition 6 that A — D can generically
be assumed to have a one-dimensional kernel. In other words, whereas the algebraic
multiplicity of the eigenvalue 0 is m, its geometric multiplicity is generically equal to 1.

Proof. To see why, assume ¢ > 0 is large enough so that A — D has a generalized kernel
of dimension precisely m, see Corollary 9. From the proof of Proposition 6 we see that
the restriction of A — D to its generalized kernel is conjugate to P. It follows that the
dimension of the kernel of A — D is equal to 1 if

piist =x] (A+AD)x;0 #0 foralli € {1,...,m—1}. (36)

This may be assumed to hold after a perturbation of the form

A A+51x1x2T+~~+8m,1xm,1x£, 37
for some arbitrarily small €1, . .., &,—-1 > 0, if necessary. As a result, the matrix A — D
has a single Jordan block of size m for the eigenvalue 0. |

Example 1 below shows that the condition (23) imposed on A does not exclude
Hurwitz matrices. This might seem surprising, as for any eigenvector x corresponding
to a real eigenvalue A < 0 we have x” Ax = Allx||2 < 0. Moreover, it holds that any
positive-definite matrix D has only eigenvalues with positive real part, see Lemma 11
below. This result is well-known, but included here for completeness.

Lemma 11. Let D € M, (R) be a real positive-definite matrix (though not necessarily
symmetric). That is, assume we have xT Dx > 0 for all non-zero x € R". Then, any
eigenvalue of D has positive real part.

Proof. Let X bean eigenvalue of D with corresponding eigenvector x. We write A = £+i¢

and x = u + iv for their decomposition into real and imaginary parts. On the one hand,
we find

' Dx =2 hx = 1172 = I I7 (€ +i0). (38)
On the other, we have
I'Dx = (u — iv)TD(u +iv) = u Du+v' Dv+ i(uTDv — vTDu). 39)
Comparing the real parts of equations (38) and (39), we conclude that
Ix11?¢ = u” Du+v" Dv > 0, (40)
where we use that u and v cannot both be zero. Hence, we see that indeed £ > 0. ||
Example 1. Consider the (4 x 4) matrix:
1 1 0 0
—1 1 1 0

A=1 o -1 1 1694
| —424 —4.24 —17.94
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The matrix A is Hurwitz and Equation (23) holds form = 3 withe; = (1, 0, 0, 0) T ey =
0,1,0,0)T andez = (0,0, 1,0)". We may determine the upper-diagonal (3 x 3)-matrix
P from the proof of Proposition 6 by calculating

pra=ei(A+AD)e

pr3=cl (A+A)es

a3 =el(A+AT)es

where
2 0 0 1
r o 2 0 -424
A+AT=10 0 2 127
1 —4.24 12.7 —35.88

It follows that p; » = p1,3 = p2,3 = 0, which implies we have P = 0. As in the proof
of Proposition 6, we first define D € M4 (R) on span(eq, €2, €3) = {x € R* | x4 = 0}
by setting:

De| = Ae

Dey = Aey — p1oe) = Aer

De3 = Aez — p13e1 — p23er = Aes.
Hence, D agrees with A in the first three columns. To complete our construction of D,

we have to choose a non-zero vector u such thatu 1 e; fori =1, 2, 3, and set Du = cu
for some ¢ > 0. To this end, we set u = e4, so that D becomes:

I 1 00
11 10
D=| o _1 10
| —4.04 —424 ¢
It follows that
000 0
000 0
A=D=1000 1694

000 —-1794 —c¢

which has a zero eigenvalue with geometric multiplicity 3 and a negative eigenvalue
(—17.94 — ¢) equal to its trace. Moreover, by the Lemma 5, D is positive-definite for
large enough ¢ > 0. Indeed, in this case, we numerically found that for all ¢ > 9.24 is
enough.

Example 2. The matrix

_; A1)

OSSN \S o)

2 -3
8 -2
1 0
2 —6

OB =

is Hurwitz, but symmetric. Thus, there are no vectors x € R* such that (x, Ax) > 0.
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To control a bifurcation in the system (12), we need to rule out additional eigenvalues
laying on the imaginary axis. Recall that the eigenvalues of the linearization (13) are
given by those of A — oA, D with A, > 0 an eigenvalue of Ls. Lemma (12) below
shows that generically only one of the matrices A — aA, D is non-hyperbolic. In what
follows we denote by | - || the operator norm induced by the Euclidean norm on R”.

Lemma 12. Let A, D € M, (R) be two given matrices with D positive-definite, and

let «* € R be a positive scalar. We furthermore assume {Ly, ..., Ax} is a set of real
numbers and consider the matrices A — a*A; D jfori €{l,...,K}. Givenany e > 0,
there exist a matrix A and a positive-definite matrix D such that IA=A|, |D-D| < ¢
and A—a*’x D = A—a*Ag D. Moreover, fori € {1, . K —1} the matrix A—a*A; D

has a purely hyperbolic spectrum (i.e. no elgenvalues on the imaginary axis).

Remark 13. From ||A — A||, ||D — D|| < & we get
I(A — a*2iD) — (A — a*A;D)|| < A — Al +a*[x|| D — DIl < e(1+a*[5;]),

so that we may arrange for A — a*2; D to be arbitrarily close to the original A —a*A; D
for all i. Moreover, if A is hyperbolic then for ¢ small enough so is A, with the same

number of stable and unstable eigenvalues. In particular, A may be assumed Hurwitz if
Ais.

Proof of Lemma 12. Let§ # 0 be given and set

As = A+81d (42)

Ds:=D+ Id . (43)
o

K

Note that the symmetric parts of Ds and D differ by ﬁ Id as well, so that Ds remains
positive-definite for |§| small enough. It is also clear that

lim ||[A — Ag|| = lim |D — Dg|| = 0.
H)II sl H)II sl

A direct calculation shows that

- - 8
As —a*A;Ds = A+81d —a*; <D + Id)
a*Ag

A
=A+81d—a*);D— —1d
AK
Ai
= (A —a*\;D) + (1 — —) §1d, 44
AK

forall i € {1,..., K}. It follows that we have As —a*rgDs = A — a*igx D. For
i # K we see that A5 — o*A; Dy differs from A — a*; D by a non-zero scalar multiple
of the identity. It follows that for § # 0 small enough all the matrices A5 — a*A Dg
fori € {1,..., K — 1} have their eigenvalues away from the imaginary axis. Setting
A= Ay and D = Dj with 8 = 8(¢) small enough then finishes the proof. |
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3.2. Center manifold reduction. Let us now assume A, D and «™* are given such that
for a particular eigenvalue A > 0 of L the matrix A — «*AD has an m-dimensional
center subspace. We moreover assume A is simple and, motivated by Lemma 12, that
the matrices A — a*k D are hyperbolic for any other eigenvalue « of L¢. It follows that
the linearization

Idy®A —a*Lc® D :RY Q@ R" - RY @ R” (45)

of (13) has an m-dimensional center subspace as well.
In what follows, we write /; for the indices of all remaining eigenvalues of L g except

the index s. In other words, writing 0 = A} < Ay < --- < Ay for the eigenvalues of
LG, we have A = Ag for some s € {2,..., N} and we set Iy = {1,..., N}\{s}. We
will likewise fix an orthonormal set of eigenvectors vq, ..., vy for Lg and simply write

v = vy for the eigenvector corresponding to our fixed eigenvalue A = A;. Arguably
the most natural situation is given by s = N, corresponding to the situation where « is
increased until the eigenvalues of A — Ay D first hit the imaginary axis for @ = o*.
However, we will not need this assumption here.

Next, given a vector u € RY we denote by ¢, : RY — R the linear map defined
by

¢u(w) = (u, wu. (40)

Note that ¢, is a projection if ||u|| = 1. Finally, we write E€, E" C R" for the center-
and hyperbolic subspaces of A — a*A D, respectively. It follows that

R" = E° @ E", 47)

and we denote the projections onto the first and second component by 7€ and 7/ =
Id,, —¢, respectively. Likewise, we denote the center- and hyperbolic subspaces of
the map (45) by £¢, " € RN ® R”. Their projections are denoted by I1¢ and IT1".
The following lemma establishes some important relations between the aforementioned
maps and spaces.

Lemma 14. The spaces £ and E€ are related by

E =vQE", (48)
and we have
" =weEH P @M. (49)
iel
Moreover, it holds that
n°=¢, @7 (50)

Proof. The identities (48) and (49) follow directly from the fact that the linear map (45)
sends a vector v; ® x to v; ® (A — a*A;D)(x) foralli € {I,..., N} and x € R". To
show that T1¢ is indeed given by ¢, ® 7€, we have to show that the latter vanishes on
&M and restricts to the identity on £¢. To this end, note that for all i € fs and x € R" we
have

(o ® ) (Vi ® X) = ¢y(vi) ® T (x) = (v, vi)v @ (x) = 0. (51
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Given x, € E" and x, € E, we find

(P @T)V V@ xp) = Py(v) @ T (x5) =0 and
(D ®@T)V VR xe) = Py (V) @ T (xe) = (V, V)V ® Xe =V ® X, (52)

so that indeed (¢, @ 7€) |en = 0 and (¢, ® T€)|gc = Idge. This completes the proof. B

Next, we investigate the dynamics on a center manifold of the system
X =F(X;e) —a*(Lg ® D)X, (53)

which will lead to a proof of Theorem 3.

Recall that center manifold theory predicts a locally defined map ¥ : £ x Q —
&M whose graph M€ is invariant for the system (53) and locally contains all bounded
solutions. The map W satisfies W(0; 0) = 0 and DW(0; 0) = 0. In fact, as we assume
F(0;e) = 0forall ¢ € €, it follows that (0; &) € M€, as these are bounded solutions.
This shows that W (0; &) = 0 for all € € Q.

In light of Lemma 14, we may write

VO xe &) =v@Y(xe: &)+ Y v @ Yilxei £), (54)

iel
for certain maps v : E€ x @ — E" and y; : E¢ x Q@ — R". We then likewise have
Y (0;8) =0, DY (0;0) =0and ¥;(0; &) =0, D (0;0) =0foralle € Qandi € Is.
The dynamics on the center manifold M¢ is conjugate to that of a vector field on
E¢ x Q given by
R(Xcie) = I°S(Xc, W(Xes €): ) (55)
where we write

S(Xe, Xn; €) = F(Xc + Xp; &) —o*(Lg @ D)(Xc + Xp) (56)

for the vector field on the right hand side of (53), with X, € &¢, X, € EMand ¢ € Q.
We further conjugate to a vector field R on E€ x € by setting

VQ R(xe;6) = R(v ® x¢3 €) . 57

In order to describe R, we first introduce some useful notation. Given X € RY @ R”,
we may write

N
X=>e,®x) (58)
p=1

with ey, ..., ey the canonical basis of RY and for some unique vectors x, € R". In
general, given p € {1, ..., N} we will denote by x, € R" the pth component of X as
in the decomposition (58). Recall that v = (v, ..., vy) is the eigenvector associated
with A. Using this notation, we have the following result.
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Proposition 15. Denote by h : R" x Q — R” the non-linear part of f. That is, we have
f(x;e) = Ax + h(x; €). The reduced vector field R is given explicitly by

N
R(xci€) = (A —a*AD)xc+ Y vy h(vpxe + W(x, @ vie)pie),  (59)
p=1

forx. € E€and ¢ € Q.

Proof. We write S(X;¢) = S(X¢, Xpn; ) = JX + H(X; ¢) with J = DxS(0; 0) and
where H denotes higher order terms. It follows that

MS(Xe, W(Xe;6);8) =TT (X + W (Xe; )+ TTH (X, W(Xe; €); ). (60)

We start by focusing on the first term. As J sends £¢ to £€ and £ to £, we conclude
that I1°J = JTII¢. We therefore find

T (X, + W (X, 0) = JIIC(Xe + W (X, ) = T X 61)

Writing X, = v ® x. and using Expression (13) for J, we conclude that the linear part
of R is given by

J®x:) =v® (A —a*AD)x,. (62)
‘We next focus on the second term in Equation (60). Note that we have
H(X;&)p = h(xp;¢) forall pe{l,...,N}. (63)

Now, by Lemma 14 it follows that we may write

N N N
X)) =) T, ®xp) = ) $ule)) @(xp) = Y (v, ¢))v @7 (x))
p=1 p=1 p=1
N
= va(v Q m(xp)) (64)
p=1
N
=v® Z v,m¢(xp) forall X e RN @ R".
p=1
We therefore find
N
M9(H (X, U(Xc;8)56) =0 ® Z v h([Xe + W (X5 0)]p;€) (65)
p=1
Next, we have (X;), = (v ® x¢)p = vpX, so that we find
N
ME(H(Xe, W(Xe:8):8) =v® Y vpmh(vpxe + W(Xeie)pie).  (66)

p=I1
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Combining equations (62) and (66), we arrive at

R(Xc;6) = TI°(S(Xe, W(Xe5 6); ) = v ® (A — a*AD)xc

N
+V® Y vy h(vpXe + W(Xei €) i €) . (67)
p=1

Finally, from Eq.57 we get

N
R(xcie) = (A—a*AD)xc+ Y vpmh(vpxe + W @ xei€)pi ), (68)
p=1

which completes the proof. |

To further investigate the Taylor expansion of R(x.; ), we need to know more about
how the coefficients of W : £¢ x @ — £” depend on those of F.

To this end, let us consider for a moment the general situation where S is some vector
field on R¥ (in our case k = nN) satisfying S(X) = J X + H(X) for some H : R" — R”"
satisfying H(0) = 0, DH(0) = 0. We furthermore let &¢ and EM denote the center-
and hyperbolic subspaces of J, respectively, and write T1¢, TT* for the corresponding
projections. Suppose W : é”‘ — Ehisa locally defined map whose graph is a center
manifold M€ for the system X = S(X). Recall that we have W (0) = 0 and DW (0) = 0.
Moreover, as M€ is a flow-invariant manifold, we see that S| ¢ takes values in the tangent
bundle of M€. This can be used to iteratively solve for the higher order coefficients of
an expansion of W around 0.

More precisely, the tangent space at X. + W (X.) € M is given by all vectors of the
form (V., DV (X.)V,) € E¢ @ &M with V. € £¢. Tnvariance under the flow of S then
translates to the identity

" Jw(X,) +TT"H(X,, ¥(X,)) = DU(X) (T X + TI°H (Xe, W(X0))),  (69)

for X, in some open neighborhood of the origin in &e. Equation (69) can be used to
show that DW (0) = 0. Equation (69) can also be arranged to

M"JW(X.) — DU(X) T X, = DU(X)TIH (Xe, ¥(X,) — T"H(X,, W(X,)).
(70)

As W only has terms of degree 2 and higher, the same holds for both sides of Equa-
tion (70), which depend on W and H. More generally, using W” to denote the terms of
order p > 2 in the Taylor expansion of W around the origin, Equation (70) is readily
seen to imply for each p

n"JwP(X.) — DA (X)X, = Py(X,), (71)

for some homogeneous polynomial P, of order p. Moreover, P, depends only on
W2(X.)..., WP~ 1(X,) and on the Taylor expansion of H up to order p. It can be
shown that for fixed J and P,, Equation (71) has a unique solution W# in the form
of a homogeneous polynomial of order p, see [24]. As a result, we get the following
important observation:
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Lemma 16. We may iteratively solve for the terms WP using expression (71). Moreover,
for fixed linearity J, the terms of order p and less of W are fully determined by the terms
of order p and less of H.

We return to our main setting where R(x.; ¢) is the reduced vector field of the system
(53) as described in Proposition 15. Note that the presence of a parameter ¢ means that

the center subspace &€ in the observations for general vector fields above is now given
by £¢ x Q.

Lemma 17. Let p > 1 be given, and suppose the vector v = (vi,...,vy) € RV
satisfies
N
Dovp#0, VE=2,....p+]1. (72)
p=1

Then the reduced vector field R(x.; €) as described in Proposition 15 can have any
Taylor expansion around O of order 2 to p, subject to R(0; €) = 0, if no conditions are
put on the nonlinear part of f other than f(0; &) = 0 and sufficient smoothness.

Proof. From Proposition 15 we know that

N
R(xe; ) = (A —a*AD)x. + Z vprrch(vpxc +W(v®xe; €)ps ). (73)
p=1

As we have W (0; ¢) = 0 and h(0; &) = 0, we conclude that likewise R(0; ¢) = 0 for
all ¢ € Q. In particular, we see that D, R(0; 0) = 0, whereas Equation (73) tells us that
D, R(0;0) = (A — a*AD)|Ee.
As a warm-up, we start by investigating the second order terms of R. To this end, we
write

h(xie) = 01,1(x;8) + Q20(x) + O(l(x, &)%), (74)
where Q1 is linear in both components and Q> o is a quadratic form. It follows that
h(vpxc +¥ (v xc; S)p; ) = Ql,l(Vpxc +¥(v® xc; 5)]1; £) + Q2,0(Vpxc
+W (0 ® xc; ) ) + Ol (xe, &)I)
= 01.1(0pxc; €) + Q2.0(vpxe) + Ol (xc, ),

where we use that ¥ (v ® x.; €) has no constant or linear terms in (x.; ¢). From Equation
(74) we obtain

N N N
Z Vp T h(VpXe + W (U @ X¢3 €)ps €) = 7€ Z vpQ11(vVpXe; &) + € Z vp 02,0(vpxe)
p=1 p=1 p=1

+O(|(xc. &)I)

N N
=7 Y V011 &) + 7Y 1) 02.0(xc)
p=1 p=1
+O(|(xc. &)1).
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As we assume Zgzl v; # 0, we see that the second order Taylor coefficients of R (x,; €)

can be chosen freely (except for the O(|e|?) term).

Now suppose we are given a polynomial map P : E¢ x Q — E€ of degree p
satisfying DP(0) = ((A — a*AD)|ge; 0) and P(0; €) = O for all . We will prove by
induction that we may choose the terms in the Taylor expansion of / up to order p in
the variables x. and ¢ such that the Taylor expansion up to order p of R agrees with
P. To this end, suppose some choice of & gives agreement between P and the Taylor
expansion of R up to order 2 < k < p. By the foregoing, this can be arranged for k = 2.

We start by remarking that a change to / that does not influence its Taylor expansion up
to order k does not change the Taylor expansion of W up to order k. This follows directly
from Lemma 16. As a result, such a change does not influence the Taylor expansion of
R up to order k as well. We write

k+1
h(xe; €) = h(xe; )+ Y Qikr1—i(xc; £) (75)
i=1
for an order k + 1 change to &, where each component of Q; ; : R" x Q@ — R"isa

homogeneous polynomial of degree i in x, and degree j in €. The (k + 1)-order terms
of R in (x.; €) are given by the (k + 1)-order terms of

N
Z vpncfz(vpxc + W (VR x; €)p; €)
p=1
N k+1
= Z vpn“<h(vpxc + W ®xc;8)p;e)+ Z Qik+1-i(Wpxe + Y (v ® x¢; &) p; 8)> .
p=1 i=1

(76)

As both & and W have no constant and linear terms, we see that the (k + 1)-order terms
of R are also given by those of

N k+1
> vpﬂc<h(vpxc + W W @ xeie)pi &) + ) Qiksr—i (VpXes 8)) . (D
where W denotes the terms of ¥ up to order k. As we have previously argued, Wk g

independent of the additional terms Q; x+1—;. Hence, we may write the order k + 1 terms
in Expression (77) as

N k+1 N k+1
W(xe; &)+ ) vpm® Y Qikei—i(WpXes &) = W(xe; )+ ) vpm® Y vh Qi1 —i (x5 &)
p=I i=1 p=1 i=1
k+1 N
i+1
= W)+ Yy (Z Vi )nCQi,k+1_i (xc: ).

i=1 "p=1

(78)

where W (x.; €) denotes the order k + 1 terms of

N
Z Vot h(vpxe + WK (0 ® x5 €) 5 ).
p=1
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As Zgzl v;; # 0 forall j € {2,..., p+ 1}, we see that the order k + 1 terms of R
may be freely chosen. In other words, we may arrange for the Taylor expansion up to
order k + 1 of R to agree with that of P up to order k + 1. This completes the proof by

induction. |

Proof of Theorem 3. 1f there exist m mutually orthogonal vectors xi, .. ., x,, such that
(xi, Ax;) > 0, then Proposition 6 guarantees the existence of a positive-definite matrix
D such that A — D has a center subspace of dimension m or higher. Given any non-zero
eigenvalue A of L, we may set «* = 1/ and conclude that A — «*AD has a center
subspace of dimension at least m. As the eigenvalues of the linearization of (11) around
the origin are given by those of the maps A — oA D for A an eigenvalue of L, we see
that the system (11) has a local parameterized center manifold of dimension at least m
for some choices of D and o = o™,

If the graph G is p-versatile for the pair (A, v), then a choice of D as above together
with * = 1/ guarantees A — D has a center subspace of dimension at least m.
By Corollary 9 we may assume this center subspace to be of dimension precisely m.
Moreover, by Lemma 12 we may assume A — a*A; D to have a hyperbolic spectrum for
all other eigenvalues A; # X of L, after an arbitrarily small perturbation to A and D if
necessary. It follows that the system (11) has a local parameterized center manifold of
dimension exactly m. We argue in the proof of Lemma 17 that R(0; &) = O for all ¢, and
that DR(0; 0) = ((A — a®*AD)|ge; 0). This latter map is nilpotent by the statement of
Proposition 6. Finally, Lemma 17 shows that any Taylor expansion can be realized for
R up to order p, subject to the aforementioned restrictions. |

4. Stability of the Center Manifold

In this section we investigate the stability of the center manifold of the full network
system. We know that the spectrum of the linearization of this system is fully under-
stood if we know the spectrum of the matrices A — a*X; D for A; an eigenvalue of L.
Proposition 6 gives conditions on A that guarantee the existence of a positive-definite
matrix D such that A — «*A D has an m-dimensional generalized kernel for some fixed
eigenvalue 1 > 0 of L. Moreover, by Corollary 9 we may assume that the non-zero
eigenvalues of A — a*\ D have negative real parts. Lemma 12 in turn shows that —after
a small perturbation of A and D if necessary— we may assume A — a*A; D to have a
hyperbolic spectrum for all remaining eigenvalues A; # A of Lg. Thus, if the matrices
A — o*A; D for these remaining eigenvalues are all Hurwitz, then the m-dimensional
center manifold of Theorem 3 may be assumed stable.

This seems most reasonable to expect when X is the (simple) largest eigenvalue of
Lg, as the matrices A — a*A; D for the remaining eigenvalues of L then “lie between”
the Hurwitz matrix A and the non-invertible matrix A — o™X D. More precisely, suppose
D is scaled such that A — D = A — o*AD. If we let « vary from 0 to ™ = 1/, then
for each eigenvalue A; of L, the matrix A — aA; D is of the form A — 8D for some 8
in [0, 1]. Let us therefore denote by 8 +— y;(B) fori € {1, ..., n} a number of curves
through the complex plane capturing the eigenvalues of A — 8D. As « varies from 0
to o™ = 1/A, the eigenvalues of A — oA D traverse y;, with the “front runners” given
by those of A — aAD. In contrast, for A; = 0O the eigenvalues of A — A1 D of course
remain at y;(0). When o = o™* is reached, the eigenvalues of A — «*A; D end up in
different places on the curves y;. Hence, if the situation is as in Fig. 2, where each y; hits
the imaginary axis only for 8 = 1, or not at all, then we are guaranteed that each of the
matrices A — a*A; D is Hurwitz for A; # A. Hence, the center manifold is then stable.
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Fig. 2. Sketch of a situation where the m-dimensional center manifold of Theorem 3 may be assumed stable.
Depicted are the eigenvalues of A — BD as § is varied. Colored dots denote starting points where 8 = 0,
the blue and red dashed paths form a conjugate pair of complex eigenvalues and the green and orange dashed
paths are real eigenvalues. The arrows indicate how the eigenvalues evolve as B increases to 1. Three of them
go to the origin, whereas one moves away from it. None of them touches the imaginary axis before § = 1.

(7% —
—
It — A3
0 > <
-1+
t t t x

-1 -0.8  -06 -04 -0.2 0 0.2

Fig. 3. Numerically computed behavior of three of the four eigenvalues of the family of matrices from
Example 3. As B increases from 0 to 1, three eigenvalues move to the origin, whereas a fourth stays to the
left of the imaginary axis. For some value of g € (0, 1), two complex conjugate eigenvalues already cross the
imaginary axis away from the origin. Likewise, a real eigenvalue crosses the origin for some g € (0, 1). Data
was simulated using Octave

Of course B = 1 may not be the first value for which a curve y; hits the imaginary
axis, see Fig. 3. Note that, if the matrix A — 8D indeed has a non-trivial center subspace
for some value § € (0, 1), then a bifurcation is expected to occur as « is increased,
before it hits o*.

The next example shows that some of the eigenvalues of A — 8D might cross the
imaginary axis before a high-dimensional kernel emerges at 8 = 1, see Fig. 3.

Example 3. We consider the matrices A and D constructed in Example 1. Here we choose
¢ = 21 in order to guarantee that D is a positive-definite matrix. We therefore have the
family of matrices:

1 1-8 0 0
I O Y 0
A=BD=1"0  p-1  1-p 1694 |- Y

1-p4248—-1)424(8—-1) =21 —17.94
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parameterized by the real number § € [0, 1]. We are interested in the eigenvalue behavior
as B is varied. We know that for 8 = 0 we have the Hurwitz matrix A, so that all
eigenvalues have negative real parts. We would like to know if the family A — 8D has
all eigenvalues with a negative real part for all 8 € (0, 1). However, if § = % we have
3 eigenvalues with positive real part. By continuity of the eigenvalues, it means that
each of these crossed the imaginary axis for some g < % Only after this, for § = 1,
do we have the bifurcation studied in the previous chapter, due to the appearance of a
triple zero eigenvalue. Figure 3 shows the numerically computed behavior of these three
eigenvalue-branches.

If we are in the situation of Fig. 3, then the center manifold can still be stable. This
occurs when the largest eigenvalue 1 of L is significantly larger than all other eigen-
values. In that case, we have

A—a*AD=A—-1/uD~ A

for all eigenvalues A of L unequal to w. For small enough values of A/u the matrix
A — A /uD is therefore still Hurwitz. As it turns out, this can be achieved in the situation
explored in Subsect. A.2. More precisely, we have the following result.

Proposition 18. Let r < C be positive integers and suppose G is a connected graph
with at least two nodes, consisting of one node of degree C and with all other nodes of
degree at most r. Let u and k denote the largest and second-largest eigenvalue of the
Laplacian Lg, respectively. Then the value /i goes to zero as C/r goes to infinity,
uniformly in all graphs G satisfying the above conditions.

Proof. See Appendix. |

5. Bifurcations in Diffusely Coupled Stable Systems

Using our results so far, we show what bifurcations to expect in diffusely coupled stable
systemsin 1, 2 or 3 bifurcation parameters. Note that Theorem 3 tells us that the dynamics
on the center manifold is conjugate to that of a reduced vector field R : R” x Q — R,
satisfying R(0; &) = O for all ¢ € Q. By Corollary 10 we may furthermore assume the
linearization D, R(0; 0) to be nilpotent with a one-dimensional kernel. Other than that,
no restrictions apply to the Taylor expansion of R.

Assuming that an m-parameter bifurcation can generically generate an m-dimensional
generalized kernel, we each time consider m parameter bifurcations for a system on R™.
In Subsect. 5.1 we briefly investigate the cases m = 1 and m = 2. Our main result is
presented in Subsect. 5.2, where we show the emergence of chaos for m = 3. In most
cases, the main difficulty lies in adapting existing results on generic unfoldings to the
setting where R(0, ¢) = O for all ¢ € Q.

5.1. One and two parameters. Motivated by our results so far, we describe the generic m
parameter bifurcations for systems R on R”, where m = 1, 2, subject to the condition
R(0; &) = 0O for all ¢ € 2. We each time assume a nilpotent Jacobian with a one-
dimensional kernel. We start with the case m = 1.

Remark 19. (The case m = 1) Amap R : R x R — R satisfying R(0; ¢) = 0 for all
e € Rand D, R(0; 0) = 0 has the general form

R(x; &) = x(ax + be + O((|x, &)|%)), fora, b € R.
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Under the generic assumption thata, b # 0, we find a transcritical bifurcation. Returning
to the setting of our network system, this corresponds to a loss of stability of the fully
synchronous solution.

Remark 20 (The case m = 2). Consider first a two-parameter vector field R : RZxR? —
R2 satisfying R(0; 0) = 0 and with non-zero nilpotent Jacobian D, R(0; 0). Such a
system generically displays a Bogdanov-Takens bifurcation. However, in this bifurcation
scenario there are parameter values for which there is no fixed point. Hence, if we impose
the additional condition R(0; &) = O forall ¢ € R2, then another (generic) bifurcation
scenario has to occur. This latter situation is worked out in [6]. The corresponding
generic bifurcation involves multiple fixed points, heteroclinic as well as homoclinic
connections, and periodic orbits. One striking feature is the presence of a homoclinic orbit
from the origin, which is approached as a limit of stable periodic solutions. In our network
setting, such a periodic solution means a cyclic time-evolution of the system from full
synchrony to less synchrony and back. The time at which the system is indistinguishably
close to full synchrony can moreover be made arbitrarily long.

5.2. Three parameters: chaotic behavior. In this section we will prove Corollary 4,
which allows us to conclude that chaotic behavior occurs in diffusely coupled stable
systems. To this end, we will apply the theory developed so far. Before this, we will
present a detailed background on how we will achieve chaos.

We expect to find chaos in the network through the existence of a Shilnikov homo-
clinic orbit on a three-dimensional center manifold.

The Shilnikov configuration can be seen as a combination of linear and nonlinear
behavior involving a saddle fixed point. A two-dimensional stable manifold attracts tra-
jectories exponentially fast to the fixed point, where the eigenvalues of the linearization
are A2 = —axif witha > Oand B # 0. Transversal to this there is a one-dimensional
unstable manifold repelling away trajectories with real eigenvalue y > 0. The Shilnikov
homoclinic orbit emerges from the re-injection of the one-dimensional unstable man-
ifold into the two-dimensional stable manifold, see Fig.4. Of course this re-injection
is a consequence of nonlinear terms. L. P. Shilnikov proved that if y > «, there are
countably many saddle periodic orbits in a neighborhood of the homoclinic orbit. The
proof consists of showing topological equivalence between a Poincaré map and the shift
map of two symbols. The existence of chaotic behavior is in the sense that Robert L.
Devaney defined for deterministic systems, with strongly sensitive dependence on initial
conditions, topological transitivity and dense periodic points.

We next give a brief summary of results contained in the paper [7]. The authors studied
the three parameter unfolding of nonlinear vector fields on R* with linear part conjugate
to a nilpotent singularity of codimension three. After making several coordinate changes,
the following normal form is presented:

a0 x? 9

—+z—+A—y+vz——+0 — 80
Vox Thy A —y+vz—— (K))az (80)
where the parameters are given by t = (X, v, k). The parameter « is introduced by

means of a blow-up technique, and the term
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==

Fig. 4. Shilnikov’s homoclinic orbit

denotes the nilpotent singularity of codimension three on R3. Equation (80) has two
hyperbolic fixed points for 4 > 0 and v = 0, namely p; = (—~/24, 0, 0) with local
behavior given by a two-dimensional stable and one-dimensional unstable manifold and
P2 = (+«/ﬁ, 0, 0) with local behavior given by a two-dimensional unstable and one-
dimensional stable manifold. Knowing there is a solution x(¢) for a specific positive
parameter A = A* such that x(¢) — p; ast — —oo and x(t) — pp ast — +00,
the authors proved analytically the existence of another solution, also for the parameter
A*, connecting both two-dimensional stable and unstable manifolds and thus forming
another heteroclinic orbit. Theorem 4.1 of [7] states that in any neighborhood of the
parameter tp = (Ao, Vo, ko) = (A*,0,0), where the heteroclinic orbits exist, there
are parameters T = (A, v, k) such that the heteroclinic orbit breaks and a Shilnikov
homoclinic orbit appears.
For completeness, we state Theorem 4.1 below in a slightly altered form.

Theorem 21 (Theorem 4.1 [7].). In every neighborhood of the parameter Ty =
(X0, vo, ko) = (A*, 0, 0) there exist parameter values T = (A, v, k) such that the equa-
tion

9 + 9 +( X + X2+O( ) 0
yax Zay yve 2 az

has a homoclinic orbit given by the intersection of the two-dimensional stable and one-
dimensional unstable invariant manifolds at the hyperbolic fixed point p;.

As was the case for m = 2, we cannot immediately use this existing result, as
the parameter dependent systems on the center manifold of our network ODE satisfy
R(0, ¢) = 0forall e € R3. It remains to show that with this existing restriction, we may
still reduce our system to the family given by Equation (80). This then proves Corollary 4
as a consequence of Theorem 3.

We therefore start with a parameterized vector field R : R? x R? — R3 satisfying
R(0,e) = O forall ¢ € R3. After a linear coordinate change, we may assume the
Jacobian D, R(0; 0) to be given by
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We thus get the system

X1 =x2+hi(x;¢e)
X2 =x3 + ha(x; 6), (81)
X3 = h3(x; €)

with x = (x1, x2, x3), and where hy, hy, h3 are the higher order (nonlinear) terms
of R(x; ¢). Note that we have h(0; &) = hy(0; &) = h3(0;e) = 0 for all € € 2, and
Dh1(0; 0) = Dhy(0; 0) = Dh3(0; 0) = 0.

To bring our system in the form (80), we will proceed as in the paper [7]. The first step
is to get rid of the nonlinear terms /1 and s, by means of a coordinate transformation.

To eliminate /1 we consider the following change of coordinates

i =X
Y2 =x2+hi(x; ¢) (82)
V3 = X3.

Applying it to (81), we get

yi=X1=x2+hi(x;8) =y
Y2 = X2+ Dyhy(x; e)x
= x3+ha(x; &) + Dy hi(x; ) (x2 + hi(x; €)) + Dy hy (x5 €)(x3 + ha(x; €))
+Dy;h1(x; €)h3(x; &)
= y3+ha(x; &) + Dy hy(x; €)(x2 + hi(x; €)) + Dyyhy(x; ) (x3 + ha(x; €))
+Dy;hy (x5 €)h3(x; &)
y3 = X3 = h3(x; €)

We therefore get the new system

V=¥
y2 = y3+ha(y;e) (83)
v3 = h3(y;e),

with y = (y1, y2, y3), and where fzg and 53 are uniquely defined by the relations

ha(y; &) = ha(x; &) + Dy by (x; €)(xa + by (x5 €)) + Dy, by (x; €)(x3 + ha(x; €))
+ Dyyhi(x; e)h3(x; &) (84)
h3(y; e) = hs(x;e).

Note that fzz and fz3 again have vanishing linear terms, and moreover satisfy fzz(O; g) =
h3(0; e) =0 forall e.
To eliminate /4, we consider the change of coordinates

i1 = )1
2= (85)
23 = y3 +ha(y; e).
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Applying it to (83), we obtain
=y =n=22
=y2=y3+h2(y;6) =23 (86)
23 = Y3+ Dyhy(y; &)y
= 3(y; &) + Dy, ho(y; €)y2 + Dy, o (v €) (3 + ha (5 €)) + Dysha (s €)h3(y; €).

We thus get the new system

i1 =22
=23 87)
3 = /’Al3(Z; €)

with z = (z1, 22, z3), and where fz3(z; ¢) is locally defined by

h3(z; 8) = h3(y; €) + Dy, ha(y; ) y2 + Dy, o (v &) (v3 + o (y; €))
+Dy; ha(y; €)h3(y: €). (88)
Note that ﬁg again has no linear terms and satisfies ﬁ3(0; g) = 0 for all . Moreover, in

caseof hy = hp, =0wewouldfindx =y =zand h3 = ﬁ3, which shows that no other
restrictions apply to 3. Writing

h3(z; €) = E1(e)z1 + Ea(e)z2 + E3(8)z3 + O(lIzI%) (89)

for some locally defined &; : R3 — R, we therefore see that generically we may redefine
e = (&1, &2, €3) so that

~ 5
h3(z; &) = €121 + £222 + €323 + O((Iz]19). (90)
It follows that we may write
i1 =2
72 =23 1)
73 = €121 + €222 + 6323 + alz% + azz% + a3Z%
3 2
+a47122 +asz123 + agz223 + O(|lzII” + llellllz[1),
for some coefficients ay, ..., as € R. We will assume that a; # 0, so that the system

(91) locally has two branches of steady states: z(g) = (0, 0, 0) and z(¢) = (Z1(¢), 0, 0).
A straightforward calculation shows that

Z1(e) = — L+ O(le]P). 92)
ai

Motivated by this, we perform the change of coordinates:

L2
wyp =721
2ay

wy = 22 93)
w3 = 23
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Applying this to (91), we get

W) =21 =220 = W2 (94)
Wy =22 =23 = W3

. . €1 €1 2 2 2
w3 =23 = e1(wy — g) +ewy + 3wz +aj(w; — g) +aw;5 +azw;
1 1

€1 €l 2
+ag(wy — —)wy +as(wy — ——) w3 + agwrws + O(|z|* + [e]|z]%)
2a1 2a1

2
_ & 2 2 2
= _E +&wy +&3w3 +ajwy +axw; +azws
aselwr as&jws 2
tagw Wy — —— +aswiws — ——— +agwaws + O(|z[* + |el|z]?).
2ay 2ay

We have left the remainder term O(|z|?> + |¢||z|?) as is, which will benefit us later.
Rearranging terms, we get the new system

1,2)1 = wy
Wy = w3
w3 = —i + (&2 — a4—81)w2 + (g3 — @)wg +a1w% +a2w% +a3u)§
day 2ay 2ay
+agwiwy +aswiws + agwaws + Oz + le]|z). (95)

Similar to the paper [7], we now introduce a blow-up parameter k € R and write

wy = /c3u1 g = K3y1 96)
wr =ktuy ey =«%yy  f=«t
w3 = Kou3 &3 = KY3.
Note that we get
£l 3 Y1
1l =w — — = K~ uy — — 97
1 v ( 1 2a1) 7

72 =Wy = K4u2

3 =w3 = K5u3 s
so that we may write ||z]| = O(x3). Applying it to Equation (95), we get

dM1 1 dw1 1 du)1 1 dw1 1
—_———_—— = —— = — —— = —WHh = U
dt k3 dt k3 kdt k% dt P 2
duy 1 dwy 1 dwy 1 dwy 1
di — «k* dt  k*kdr k5 dr kS
duj 1 dws 1 dws 1 dws
di — «5 df  «Skdr kO dt’
where furthermore

dws . 2
i —y—1+y2u2+y3u3 +a1u% +0O®u.
dt da
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Summarizing, we find

du

— = U

dt 2

d

=2 = 98)
dt

du3 ]/2 2

E = —4—;1 + Y2un + Y3u3 +a1u] + O(K)

We next focus on the parameter y». We assume from here on out that y» < 0 and perform
the following change of coordinates

v = =231 v =—2r'us (99)
vy = —2rus T =r"'1,
where
1
1\2
r= (——) > 0. (100)
V2

Applying it to (98), we get

dv

1_(23)—_(24) :—2r4u2=v2
dt
d d d
% = (=2r" duz (—2r 5) u2 —2ru3 = v3
dv3 5 6
= (2548 = 2o
e = (- ) = (- )

2
14
= (—2r6) (—ﬁ + youn + y3u3 + alu% + O(K))

2 2
= (—2r%) [ 2 B o
=( 2r)( Ta, +y2<_2r4)+y3<_2r5>+a1<_2r3> +(’)(K))

2.6 2
_nr 2 Y
= +yovar  + y3v3r —a;— + O(k)
2aq 2
vir’ vf
= — v +y3v3r —a;— + O(k). (101)
2ay 2

We thus get the new system

;. dv1
vy = T = )
, dvy
vy 1= i v3
dvs y2ré v?

/ 1 1
= —_— = — + — —+0 . 102
U3 T 2an V2 +Y3Usr —ai () (102)
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Finally, we make the following change of coordinates:

X =d1v
=an
Z = dajvs. (103)

This gives
/ /
X :alvl:alvzzy

Yy =avy=ajv3 =z

2.6 2
r v
7 =ap) = V12 — ajvy + y3a v3r — a%?l +O(k)
2.6 2
r
- V12 —y+yrz— ’%mm (104)

2.6
Setting A := % and v := y3r, we arrive at the vector field

R x? d
=y—+z—+|A—y+vz——+0O — 105
Yo% Z8y ( y+tvz—— (K)) P (105)
2.6
from Theorem 21. Note that 1 = ler is necessarily non-negative. However, this may

be assumed in the setting of Theorem 21, as A* > 0. This theorem thus predicts chaos
in the setting of our coupled cell system, provided m = 3 and the network in question
is at least 2-versatile.
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A. Appendix: Examples

A.l. Versatile graphs by means of the complement graph. We next introduce a method
for generating p-versatile graphs, for any p € N. Our construction involves the definition
of the complement graph, given below.

Definition 22. Given an undirected graph G, we define the complement graph G° as the
graph obtained from G by leaving out all existing edges and adding all edges between
distinct vertices that were not there in G.
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Since our graphs don’t have self-loop, we have that G°° = G.

Theorem 23. Let G be a graph consisting of precisely two disconnected components of
different order. Then G° is a connected graph whose Laplacian has a simple, largest
eigenvalue whose eigenvector v satisfies Zlij’ vf # Oforall ¢ > 1. Moreover, suppose
the two disconnected components of G have number of vertices s and t. Then the largest
eigenvalue of the Laplacian of G° is equal to s + t and a corresponding eigenvector is

given by

(¢, t, ..., t,—S,—S, ..., —S).
— —
s times t times

Here the entries are ordered so that the vertices of the first component of G (which has
s vertices) are enumerated first, after which those of the second component of G (which
has t vertices) are listed.

Proof. The proof uses a result that relates the eigenvalues and eigenvectors of the Lapla-
cian of a graph to those of the Laplacian of its complement graph. This result is known,
but incorporated here for completeness. Suppose the two components of G have s # 0
and t # 0 vertices, where s # ¢t and |G| =f+s = N.

Recall that the dimension of the kernel of L s equals the number of connected components
of G, we see that A, = A; = 0. Thus,

span(vy, v2) = {(v1, ..., vN) €RY vy = = v, v =--- =1}, (106)

where we grouped the entries according to the connected components, we see that may
choose

vi=(,...,1)and vp = (t,¢,...,t,—5,—S,...,—S) (107)
e N ——
s times t times

which we assume from here on out. Note that indeed vy L vs. Let Lgo be the Laplacian
matrix associated to the complement graph G°. We note that we have the identity

Lg+Lge =N-1d—E, (108)

where E is a matrix where every element equals 1. As we have vy L v; forall i =
2,..., N, it follows that Ev; = O foralli =2, ..., N. From Equation (108) we get

Lgo=—-Lg+N-Id—FE (109)
and evaluating at the eigenvectors v; fori =2, ..., N gives

Lgov; = —Lgvi + N -Idv; — Ev;
= (N — X)v;. (110)
Thus, for each i = 2,..., N we find that (N — ;) is an eigenvalue of Lge, with a

corresponding eigenvector given by v;. As we also have Lgov; = 0, we see that the
spectrum of Lo is given by

N—M>N—-i3>--->2N—-Ay>A2 =0 (111)
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The largest eigenvalue of Lgo is therefore equal to N — 0 = N = s + ¢, with an
eigenvector given by

v=vy=2(s,s,...,8,—t,—t,...,—1). (112)

Since A3 > 0, so that the eigenvalue N is simple. Using that st = 0 and s # ¢, we find
forall £ > 1

N t s
dovf ="ty =) £ = st £ 20, (113)

i=1 i=1 i=1

Finally, we argue that G° is a connected graph. Indeed, if x, y € G are in different
connected components, then they share an edge in G° by definition of this latter graph.
If on the other hand x and y are in the same component of G, then in G° they both share
an edge with some node z from the other component of G. This completes the proof. ll

Example 4. Let G = (V, E) be the undirected graph with V = {1, 2, 3} and two dis-
connected components of a different order s = 1 and ¢ = 2, shown in Fig.5. Then G°
is a connected, non-regular graph with

1 0 —1
Lge=| 0 1 —1

—1-1 2 323

We have Spec(Lge) = {3, 1, 0} with simple and largest eigenvalue L = s +¢ = 3
whose corresponding eigenvector v = (1, 1, —2) satisfies Z?:l vf # Oforall £ > 1.
Example 5. Let G = (V, E) be the undirected graph with V = {1, 2, 3,4, 5} and two
disconnected components of a different order s = 2 and + = 3, shown in Fig. 6. Then
G?° is a connected graph with

3 0 —-1-1-1

0 2 0 —1-1

Lee=| 10 3 —1-1
—1-1-13 0
—1-1-10 3

5x5

Here Spec(Lg°) = {5, 4, 3, 2, 0} with simple and largest eigenvalue . = s +¢ = 5. Its
corresponding eigenvector v = (2, 2, 2, —3, —3) satisfies Z?=1 vf #0forall¢ > 1.

Example 6 below shows that the standard star graphs are p-versatile for any p > 0.
These graphs consist of a single hub-node connected to all other nodes, which in turn
have degree 1, shown in Fig.7. We will explore the p-versatility of more general star
graphs in Subsect. A.2.

Example 6 (Star graphs). Let G = (V, E) be the undirected graphwith V = {1, ..., N+
1} and two disconnected components of order s = 1 and + = N, shown in Fig.7. If
the largest component of G is complete, then G° is a connected graph with Laplacian
matrix given by

N+1-1----1

-1 1 ---0
LGo:

-1 0 --- 1

N+IxN+1
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1\/

G G°

3

Fig. 5. G consists of precisely two disconnected components of order 1 and 2. The complement G° is a
connected and non-regular graph

1 —2

: y 1 2.

G G°

Fig. 6. G consists of precisely two disconnected components of order 2 and 3 and its complement G° is

connected
4 ~_ >
&)

G G°

Fig. 7. G consists of precisely two disconnected components of different sizes N and 1. The complement G°
is a connected graph

The spectrum Spec(Lge) = {N+1, 1, ..., 1, 0} has one simple and largest eigenvalue
A = s+t = N +1. The corresponding eigenvector is givenby v = (N+1, —1,..., —1)
which satisfies the property Z;N: 1 vf # 0 for all powers £ > 1. We can generate more
examples of graphs G° with the same simple largest eigenvalue A and with corresponding
eigenvector v = (N + 1, —1, ..., —1), by allowing the largest component of G to be
merely connected, instead of complete.

In what follows we turn to negative examples. The first of them shows us the importance
of starting with connected components of different order, whereas the second one shows
us what goes wrong if we start with more than 2 components.
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1) 2 1 2)
\.."7
3 3
4 4
G G°

Fig. 8. G consists of two disconnected components both of the same order 2 and the complement G° is
connected. The Laplacian matrix Lgo has a simple and largest eigenvalue. However there are no eigenvectors
giving the p-versatility condition for p > 1, except for multiples of 1

Example 7. Let G = (V, E) be the undirected graph with V = {1, 2, 3,4} and two
disconnected components, this time of the same order s = ¢t = 2, shown in Fig. 8. Then
G° is a connected graph with

2 0 —-1-1
0 2 —1-1
-1-12 0
—1-10 2

Lgo =

Here Spec(Lge) = {4, 2, 2, 0} with simple and largest eigenvalue A, = 4. However,
there are no eigenvectors satisfying Zj‘:] vf # 0 for all £ > 1, except multiples

of 1 = (1,1, 1, 1). The eigenvectors for the other eigenvalues satisfy Z?:l vf =0
whenever £ is odd. This example indicates that symmetry can be an obstruction for
p-versatility.

Example 8. Let G = (V, E) be the undirected graph with V = {1,2,3,4,5,6} and
three disconnected components of order s = 1, t = 2 and r = 3, shown in Fig.9. Then
G° is a connected graph with

4 0 —1—-1-1-1
0 3 0 —-1-1-1
-10 4 —-1-1-1
-1-1-14 0 —1
-1-1-10 4 -1
-1-1-1-1-15

LGo =

6x6

We have Spec(Lg-) = {6, 6, 5, 4, 3, 0} with non-simple and largest eigenvalue 1| » =
6. Nevertheless, two corresponding eigenvectors are given by {(—1, —1, —1,0, 0, 3) and
(=2, -2, =2, 3, 3, 0)}, which both satisfy 21‘6:1 vf # 0 for all powers £ > 1.

A.2. Versatile graphs by means of the degree distribution. We next investigate another
pathway to p-versatility, namely by looking at the degree distribution of the nodes in
the network. To this end, we will prove:

Proposition 24. Let r < C be two positive integers and suppose G = (V, E) is a graph
consisting of one node of degree C and N nodes of degree at most r, where N > 1. If

C+1
> VN +1, (114)

r
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Fig. 9. G consists of three disconnected components, each of a different order. The complement G° is con-
nected, but the largest eigenvalue of its Laplacian is non-simple

then the largest eigenvalue of Lg is simple and every corresponding eigenvector v
satisfies

N
> v #0, forall > 1. (115)

i=0

The proof of Proposition 24 uses the well-known result that for any graph G with at least
one edge, the largest eigenvalue u of L satisfies A > d + 1, with d the largest degree
of any node in G. In the setting of Proposition 24 we therefore have A > C + 1.

Proof of Proposition 24. Let A be the largest eigenvalue of L and write v € RV*!

for a corresponding eigenvector. By re-scaling v, we may assume that |v;| < 1 for all

i €{0,...,n}. The condition that (A, v) is an eigenvalue-eigenvector pair for L gives
N
Z(LG)MV,- =v; foralli € {0,...,n}. (116)
j=0
We therefore find
N
Y (L6 v ==k, (117)
j=0
J#

where k; denotes the degree of node i. From our observation that A > C + 1 we see that
(A — k;) is always positive. For i # 0 we therefore get from Equation (117)

N N
C+1=nlyl < Gkl = | Y (La)ijvi| < Y ILe)ijllvil <k <r.

j=0 j=0
J#i J#i
(118)
We thus find
il < —— ! L (119)
v = < — .
"TC+l—r (C+Dfr—1 YN~
Summarizing, we see that the condition |v;| < 1 foralli € {0, ..., n} yields |v;| < 1

foralli € {1,...,n}. This is only possible if vy # 0, which therefore has to hold for
any eigenvector v of A.
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Now suppose v and v’ are two eigenvectors for A. By the foregoing, there exists a nonzero
scalar s such that the vector sv — v’ has vanishing zeroth component. As nevertheless
Lg(sv —v') = A(sv — v'), we conclude that sv — v = 0 and so v/ = sv. This shows
that the eigenvalue A is simple.

To prove the p-versatility claim, we re-scale the eigenvector v such that |v;| < 1 for
all i € {0,...,n}, with v; = 1 for at least one j. By the forgoing, this means that
necessarily vgp = 1, with the other v; satisfying Equation (119). We conclude that for all
0 > 3 we have

N N
N
Pl=11+ Pl>1— P>1——=1-N""B>1-_N"=0.
2| = etz - -
=l i=1 i=1
(120)

We therefore find Y- v’ # 0 for all p > 3. As we clearly have Y ; v? > 0, the
result follows. u

Example 9. Examples of connected networks satisfying the conditions of Proposition 24
can easily be constructed. Let r, N > 0 be given numbers such that

N

r< TNl (121)
We first construct a graph G’ consisting of N nodes, all of which have degree at mostr —1.
The graph G is then obtained from G’ by adding a node ng, together with C > (/N +1)r
edges between ng and different nodes of G’. Note that condition (121) guarantees that
(W + 1)r < N, so that we are not demanding that n¢ is connected to more nodes than
G’ contains. It follows that all nodes in G apart from no have degree at most r. Finally,
the degree C of n satisfies

C+1>C>N+0r, (122)
so that
C+1
>JN+1. (123)

r

The graph G is connected if an edge was added from n to at least one node from every
connected component of G’.

The proof of Proposition 18 uses a result about the effects of adding an edge to the
graph on the spectrum of the Laplacian. Given a graph G, we denote by G + e the graph
obtained from G by adding some edge e that was not there before. If G and G + e
have M nodes, then we denote by 0 = AIG <...< AAG4 the eigenvalues of L and by

0= Af’“e <...< )\AG[‘* the eigenvalues of Lg... It can then be shown that
0=2aY =a0% <2¥ <af* <... <2§ <a§r. (124)

This result is sometimes referred to as an interlacing theorem for graphs, see [13]. In
the proof of Proposition 18, we are interested only in the inequality )‘161;4—1 < )\ﬁtel

corresponding to the second-largest eigenvalues. Repeated use of this latter result gives
)‘1?/1— 1 = Ag_l, where G’ is obtained from G by adding any number of edges.
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Proof of Proposition 18. Let us say that G has N + 1 nodes, and write ng for the unique
node of degree C. We denote the eigenvalues of Lg by 0 = )»? < ... < AgH, NY)

that u = )\gﬂ and k = )»g. If we have N = 1 then « = 0, so that there is nothing
left to prove. Hence, we assume from here on out that N > 1. Just as in the proof of
Proposition 24, we have

L=Anst > C+1. (125)

Next, let G’ denote the graph obtained from G by adding edges between ng and other
nodes until ng is connected to every other node. By the observation above we have
K = Ag < )»1(\;,/, where the eigenvalues of L are given by 0 = X?/ <. < Xg;l. Let
us consider the graph G’ instead. Because ng is connected to every other node, we see
that the complement graph G’° consists of two components: {rno} and the remaining part
H, where we do not claim H itself is connected. We denote by 0 = )\'2” <... )\g,’ 41 the
eigenvalues of Ly, so that those of Lg~ are given by

G"* H H
O:)\'l :)\.2 S..)\,N+1

By the techniques used in the proof of Theorem 23, we conclude that A/ = N +1— Ag/.
Next, consider the complement H° of H. Again by the techniques used in the proof of
Theorem 23, we see that an eigenvalue of L yo is given by N —Agl =N—(N+1 —)»]?,/) =
Ag/ — 1. Moreover, by construction of H and H°, we see that this latter graph can be
obtained from G’ (or from G), by deleting n and every edge connected to this node. In

particular, we conclude that every node in H° has degree at most r. A straightforward
application of the Gershgorin disk theorem [5] now tells us that all eigenvalues of L o

are bounded from above by 2r. In particular, we find Ag/ — 1 < 2r and so

K <A <2r+1. (126)
Combining equations (125) and (126), we see that

2r+1 3r
<—, (127)
C+1 C

=<

TI=

from which the result follows. |

To conclude our discussion on p-versatile graphs, we fix values n, p € Nwithn > 2 and
define S} as the set of all symmetric (n x n) matrices with a simple largest eigenvalue,
whose corresponding eigenvector v satisfies

n
Y vf #£0foralle e (2,...p+1}. (128)

i=1

It follows that S is an open subset of the space of symmetric matrices. Heuristically
speaking, if G is a graph such that Lg € SJ, then we therefore expect Lg € S for
any graph G’ obtained from G by a small perturbation.

In fact, as matrices generically have simple eigenvalues, and as Equation (128) is likewise
valid for generic (eigen)vectors, we expect Lg € S? for “most” graphs G. Of course
these statements will have to be made precise, which we do not attempt here.

One common obstructionto L € S} seems to be symmetry in the graph G. An explana-
tion for this is that symmetry often forces eigenvalues with high multiplicity. Moreover,



Chaotic Behavior in Diffusively Coupled Systems 2753

if an eigenvalue X of L is simple, then the span of a corresponding eigenvector v forms
a 1-dimensional representation of the symmetry in question. For any finite group sym-
metry, a one-dimensional real representation is either trivial, or generated by v > —v.
In the latter case, the graph symmetry contains a transformation « such that for any node
n of G, the corresponding coefficients v, and vy (,) of v are related by v, = —vg(,). This
means that for any value ¢ € R there is an equal number of nodes » such that v, = c as
there are nodes m such that v,, = —c. As a consequence, we then necessarily have

n
> vf =0 forall odd £ > 0. (129)

i=1
This is a common observation; imposing additional structure on a graph (such as for
instance symmetry) induces high dimensional center subspaces and restrictions to the

Taylor-coefficients of reduced vector fields in the associated dynamical systems. This
generally leads to more elaborate bifurcation scenarios.

A.3. Hurwitzness. In this subsection we give examples of Hurwitz matrices A such that
there exist m > 0 mutually orthogonal vectors x1, ..., x,, satisfying

(x;, Ax;) > Oforalli = 1,...,m. (130)

Note that any Hurwitz matrix A has a negative trace, as this number equals the sum of
its eigenvalues. It follows that Equation (130) can then only hold when m < n, where n
is the size of A. We start by looking at the case n = 2.

Example 10. A general 2 by 2 matrix A is of the form

ab
A=<Cd), (131)

with a, b, c¢,d € R. A is Hurwitz if and only if a + d < 0 and ad — bc > 0. This can
easily be arranged if in addition a > 0, by first choosing d < O such thata+d < 0, and
then choosing b and ¢ such that ad — bc > 0. We can construct examples of Hurwitz
matrices A such that Equation (130) holds with m = 1 and x; = (1, 0)”. The set of
all such matrices forms a non-empty open subset of the space of all 2 by 2 matrices. A
similar observation of course holds when d > 0.

Example 11. Consider the 3 by 3 matrix

a+b+c e d
A= c a+eb+d |, (132)
c b+ea+d

fora, b, c,d, e € R. Using the theory of network multipliers, it is shown in [3] that the
eigenvalues of A are givenbya+b+c+d+e,a — b and a +b. Itis therefore clear that
for certain choices of a through e we can arrange for A to be Hurwitz. Moreover, these
eigenvalues do not change if we apply the transformation

cH—c—26 (133)
d—>d+4
er>e+4
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for any § € R, while keeping a and b the same. Hence, if A as given by Equation (132)
is Hurwitz, then so is the matrix

a+b+c—25 e+$§ d+6
As = c—26 a+e+db+d+4 (134)
c—28 b+e+da+d+$§

for any § € R. Choosing § large enough, we see that Equation (130) holds for m = 2
and x; = (0, 1,0)7, x, = (0,0, DT.

Finally, we show:

Proposition 25. Let X = {x1, ..., x,—1} be a set of n — 1 mutually orthogonal vectors
inR", where n > 1. Denote by H' the set of all (n x n) Hurwitz matrices A such that

(xi, Axj) > Oforalli=1,...,n—1. (135)
Then, H'y forms a non-empty open subset of the space of all (n x n) matrices.

Proof. As the set of all Hurwitz matrices is open, and because the same holds for the
set of all matrices A for which Equation (135) holds, we see that H’; is likewise open.
It remains to show that '’y is non-empty.

We will first show this when X consists of the first n — 1 standard vectors e; =
(1,0,...,07, 2 = (0,1,...,0)7 and so forth, up to e,_; = (0,...,1,0)7. Given

numbers by, ..., b, € R, we define the (n x n) matrix
b1 by ... by,
by by ... by,
Abrcbn = . 0L
by by ... by,
As Ap, ... b, hasrank 1, we see that it has an (n — 1)-dimensional kernel. The remain-
ing eigenvalue is given by by + - - - + b, with eigenvector (1, ..., 1)7. Let us choose
bi,...,b,_1>0and b, < —(b; +---+b,_1). We also choose a € R such that
0 <a < min(by,...,b,—1).

As a result, we see that the matrix

b1 —da b2 bn

by by—a... b,

Apy,...b, —ald, = ) . . )
by by ...b,—a

has eigenvalues b1 +- - - +b,, —a < 0 and —a < 0. Moreover, because b; —a > 0 for all
i ef{l,...,n—1}, weconcludethat Ap, ,, —ald, € H’}E where E = {eq, ..., e —1}.
To show that H’y, is non-empty for general X, we pick X = {xy, ..., x,—1} and extend it
to an orthogonal basis {x, ..., x,_1, x,}. Let U be the matrix such that Ue; = x; for all
i €{l,...,n}. It follows that U U equals a diagonal matrix D with positive diagonal
entries given by (x;, x;) = |x;||>. In particular, we have UT = DU~!. Now suppose



Chaotic Behavior in Diffusively Coupled Systems 2755
we pick an element A € H';. It follows that U AU ~1 is Hurwitz as well. Moreover, for
alli e {1,...,n — 1} we find

(x;, UAU 'x;) = (UT x;, AU 'x;) = (DU 'x;, AU ' xy)
(Dei, Aei) = |Ixil*(ei, Aei) > 0. (136)

This shows that ' is likewise non-empty, which concludes the proof. |

Note that we have A € H}, == cA € H’, forall ¢ € R, (. Taking the union over all
the sets H’,, we arrive at:

Corollary 26. Given n > 1, the set of all (n x n) Hurwitz matrices A for which some
orthogonal vectors x1, . .., X,—1 exist satisfying

(xi, Ax;) > Oforalli =1,...,n—1, (137)

is open and non-empty.
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