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Abstract. The aim of this paper is to rigorously study the dynamics of Heterogeneously Coupled
Maps (HCM). Such systems are determined by a network with heterogeneous degrees. Some nodes,
called hubs, are very well connected while most nodes interact with few others. The local dynamics
on each node is chaotic, coupled with other nodes according to the network structure. Such high-
dimensional systems are hard to understand in full, nevertheless we are able to describe the system
over exponentially large time scales. In particular, we show that the dynamics of hub nodes can be
very well approximated by a low-dimensional system. This allows us to establish the emergence of
macroscopic behaviour such as coherence of dynamics among hubs of the same connectivity layer
(i.e. with the same number of connections), and chaotic behaviour of the poorly connected nodes.
The HCM we study provide a paradigm to explain why and how the dynamics of the network can
change across layers.
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1. Introduction

Natural and artificial complex systems are often modelled as distinct units interacting
on a network. Typically such networks have a heterogeneous structure characterised by
different scales of connectivity [AB02]. Some nodes called hubs are highly connected
while the remaining nodes have only a small number of connections (see Figure 1 for
an illustration). Hubs provide a short pathway between nodes making the network well
connected and resilient and play a crucial role in the description and understanding of
complex networks.

In the brain, for example, hub neurons are able to synchronize while other neurons
remain out of synchrony. This particular behaviour shapes the network dynamics towards
a healthy state [BGT09]. Surprisingly, disrupting synchronization between hubs can lead
to malfunction of the brain. The fundamental dynamical role of hub nodes is not restricted
to neuroscience, but is found in the study of epidemics [PSVO1], power grids [MM™13],
and many other fields.
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Large scale simulations of networks suggest that the mere presence of hubs hinders
global collective properties. That is, when the heterogeneity in the degrees of the network
is strong, complete synchronization is observed to be unstable [NMT03]. However, in
certain situations hubs can undergo a transition to collective dynamics [GMAO7, Per10,
BR™12]. Despite the large amount of recent work, a mathematical understanding of dy-
namical properties of such networks remains elusive.

In this paper, we introduce the concept of Heterogeneously Coupled Maps (HCM for
short), where the heterogeneity comes from the network structure modelling the interac-
tion. HCM describes the class of problems discussed above incorporating the non-linear
and extremely high-dimensional behaviour observed in these networks. High-dimensional
systems are notoriously difficult to understand. HCM is no exception. Here, our approach
is to describe the dynamics at the expense of an arbitrarily small, but fixed fluctuation,
over exponentially large time scales. In summary, we obtain:

(1) Dimensional reduction for hubs for finite time. Fixing a given accuracy, we can
describe the dynamics of the hubs by a low-dimensional model for a finite time 7. The
true dynamics of a hub and its low-dimensional approximation are the same up to the
given accuracy. The time 7' for which the reduction is valid is exponentially large in the
network size. For example, in the case of a star network (see Section 3.1), we can describe
the hubs with 1% accuracy in networks with 10° nodes for a time up to roughly 7 = ¢3°
for a set of initial conditions of measure roughly 1 — ¢~'0. This is arguably the only
behaviour one will ever see in practice.

(ii) Emergent dynamics changes across connectivity levels. The dynamics of hubs can
drastically change depending on the degree and synchronization (or more generally phase
locking) naturally emerges between hub nodes. This synchronization is not due to a direct
mutual interaction between hubs (as in the usual “Huygens” synchronization) but results
from the common environment that the hub nodes experience.

Before presenting the general setting and precise statements in Section 2, we infor-
mally discuss these results and illustrate the rich dynamics that emerges in HCM due to
heterogeneity.

1.1. Emergent dynamics on HCM

Figure 1 is a schematic representation of a heterogeneous network with three different
types of nodes: massively connected hubs (on top), moderately connected hubs having
half as many connections of the previous ones (in the middle), and low degree nodes (at
the bottom). Each one of the three types constitutes a connectivity layer, meaning a sub-
set of the nodes in the network having approximately the same degree. When uncoupled,
each node is identical and supports chaotic dynamics. Adding the coupling, different be-
haviour can emerge for the three types of nodes. In fact, we will show examples where the
dynamics of the hub at the top approximately follows a periodic motion, the hub in the
middle stays near a fixed point, and the nodes at the bottom remain chaotic. Moreover,
this behaviour persists for exponentially large time in the size of the network, and it is
robust under small perturbations.



2186 Tiago Pereira et al.

//N periodic dynamics

attracting fixed point

chaotic

Fig. 1. The dynamics across connectivity layers change depending on the connectivity of the hubs.
We will exhibit an example where the hubs with the highest number of connections (in red, at the
top) have periodic dynamics. In the second connectivity layer, where hubs have half of the number
of connections (in blue, in the middle), the dynamics sits around a fixed point. In the bottom layer
of poorly connected nodes the dynamics is chaotic. (Only one hub has been drawn on the top two
layers for clarity of the picture).

Synchronization because of common environment. Our theory uncovers the mecha-
nism responsible for high correlations among the hubs states, which is observed in ex-
perimental and numerical observations. The mechanism turns out to be different from
synchronization (or phase locking) due to mutual interaction, i.e. different from “Huy-
gens” synchronization. In HCM, hubs display highly correlated behaviour even in the
absence of direct connections between them. The poorly connected layer consisting of a
huge number of weakly connected nodes plays the role of a kind of “heat bath” providing
a common forcing to the hubs which is responsible for the emergence of coherence.

1.2. Hub synchronization and informal statement of Theorem A

The model. A network of coupled dynamical systems is the datum (G, f, h, o), where
G is a labelled graph with the set A = {1,..., N} of nodes, f : T — T is the local
dynamics at each node of the graph, 2: T x T — R is a coupling function that describes
pairwise interaction between nodes, and o € R is the coupling strength. We take f to
be a Bernoulli map, z — oz mod 1 for some integer o > 1. This is in agreement with
the observation that the local dynamics is chaotic in many applications [Izh07, WAHSS,
SST01]. The graph G can be represented by its adjacency matrix A = (A;,) which
determines the connections among nodes of the graph. If A;,, = 1, then there is a directed
edge of the graph going from # to i; and A;, = 0 otherwise. The degree d; := Z,Ilv: 1 Ain
is the number of incoming edges at i. For simplicity, in this introductory section we
consider undirected graphs (A is symmetric), unless otherwise specified, but our results
hold in greater generality (see Section 2).
The dynamics on the network is described by

i+ 1) = fG0) +— ZAZ,,h(zl(t) @) mod 1 fori=1,....N. (1)

n=1

In the above equations, A is a structural parameter of the network equal to the maximum
degree. Rescaling the coupling strength in (1) by dividing by A allows us to scope the
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parameter regime for which interactions contribute with an order one term to the evolution
of the hubs.

For the type of graphs we will be considering, the degrees d; of nodes 1, ..., L are
much smaller than the incoming degrees of nodes L 41, ..., N. A prototypical sequence
of heterogeneous degrees is

dIN)=(,...,d,km, ...,k ..., 60N, ..., k2N, A, ..., A). 2)
— —
L M, M, M,

with k;,, < --- < k2 < 1 fixed and d/A small when N is large; we will refer to blocks of
nodes corresponding to (k; A, ..., k; A) as the i-th connectivity layer of the network, and
to a graph G having a sequence of degrees prescribed by (2) as a layered heterogeneous
graph. (We will make all this more precise below.)

It is a consequence of stochastic stability of uniformly expanding maps that for very
small coupling strengths, the network dynamics will remain chaotic. That is, there is an
ap > 0 such that for all 0 < @ < o and any large N, the system will preserve an er-
godic absolutely continuous invariant measure [KL06]. When « increases, one reaches a
regime where the less connected nodes still feel a small contribution coming from inter-
actions, while the hub nodes receive an order one perturbation. In this situation, uniform
hyperbolicity and the absolutely continuous invariant measure do not persist in general.

The low-dimensional approximation for the hubs. Given a hub i; € A in the i-th
connectivity layer, our result gives a one-dimensional approximation of its dynamics
in terms of f, h, o and the connectivity «; of the layer. The idea is the following. Let
21, ..., 2N € T be the states of the nodes, and assume that these N points are spatially
distributed in T approximately according to the invariant measure m of the local map f
(in this case the Lebesgue measure on T). Then the coupling term in (1) is a mean field
(Monte-Carlo) approximation of the corresponding integral:

N
[07
&3 AphCay o) ~ e / hziy. y) dm(y) 3)

n=1

where dj; is the incoming degree at i; and k; := d;; /A is its normalized incoming degree.
The parameter «; determines the effective coupling strength. Hence, the right hand side
of (1) at the node i; is approximately equal to the reduced map

g, (@) = f(zi) +aK; f h(ziy, y) dm(y), )

Equations (3) and (4) clearly show the “heat bath” effect that the common environment
has on the highly connected nodes.

Ergodicity ensures the persistence of the heat bath role of the low degree nodes. 1t turns
out that the joint behaviour at poorly connected nodes is essentially ergodic. This will im-
ply that at each moment of time the cumulative average effect on hub nodes is predictable
and far from negligible. In this way, the low degree nodes play the role of a heat bath
providing a sustained forcing to the hubs.
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Theorem A below makes this idea rigorous for a suitable class of networks. We state
the result precisely and in full generality in Section 2. For the moment assume that the
number of hubs is small, does not depend on the total number N of nodes, and that
the degree of the poorly connected nodes is relatively small, namely only a logarithmic
function of N. For these networks our theorem implies the following

Theorem A (Informal statement in special case). Consider the dynamics (1) on a
layered heterogeneous graph. If the degrees of the hubs are sufficiently large, namely
A = O(NY?%8), and the reduced dynamics gj are hyperbolic, then for any hub j,

Zj(t+1) = gj(zj(t) + &),

where the size of the fluctuations &§;(t) is below any fixed threshold for 0 <t < T,
with T exponentially large in A, and any initial condition outside a subset of measure
exponentially small in A.

Hub synchronization mechanism. When &;(¢) is small and g; has an attracting periodic
orbit, then z;(¢) will be close to this attracting orbit after a short time and it will remain
close to the orbit for an exponentially large time 7. As a consequence, if two hubs have
approximately the same degree d;, even if they share no common neighbour, they feel
the same mean effect from the “heat bath” and so they appear to be attracted to the same
periodic orbit (modulo small fluctuations) exhibiting highly coherent behaviour.

The dimensional reduction provided in Theorem A is robust, persisting under small
perturbation of the dynamics f, of the coupling function % and under addition of small
independent noise. Our results show that the fluctuations £(¢), as functions of the initial
condition, are small in the C° norm on most of the phase space, but notice that they can
be very large in the C! norm. Moreover, they are correlated, and with probability one,
&(t) will be large for some ¢t > T.

Idea of the proof. The proof of this theorem consists of two steps. Redefining ad hoc the
system in the region of phase space where fluctuations are above a chosen small threshold,
we obtain a system which exhibits good hyperbolic properties that we state in terms of
invariant cone fields of expanding and contracting directions. We then show that the set of
initial conditions for which the fluctuations remain below this small threshold up to time
T is large, where T is estimated as in the above informal statement of the theorem.

1.3. Dynamics across connectivity scales: predictions and experiments

In the setting above, consider f(z) = 2z mod1 and the following simple coupling
function:
h(zi, zn) = —sin(2mwz;) + sin(2w z,). (®)]
Since fol sin(2ry) dy = 0, the reduced equation (see (4)) becomes
8j(zj) = Tux;(zj) where Tg(z) =2z — Bsin(27z) mod 1. 6)

A bifurcation analysis shows that for 8 € Ig := [0, 1/27) the map is globally expanding,
while for B € Ir := (1/2n, 3/2m) it has an attracting fixed point at y = 0. Moreover, for
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Fig. 2. Left: the graphs of Tg for 8 = 0, 0.2, 0.4, 0.6. Right: the bifurcation diagram for the reduced
dynamics of hubs. We considered the identification T = [—1/2, 1/2]/~. We obtained the diagram

numerically. To build the bifurcation diagram we reported a piece of a typical orbit of length 103,
for a collection of values of the parameter S.

B € I, :== (3/2m,4/2m] it has an attracting periodic orbit of period 2. In fact, it follows
from a recent result in [RvS15] that the set of parameters 8 for which T} is hyperbolic, as
specified by Definition 2.1 below, is open and dense. (See Propositions E.2 and E.3 in the
Appendix for a rigorous treatment). Figure 2 shows the graphs and bifurcation diagram
of Tg for varying B.

1.3.1. Predicted impact of the network structure. To illustrate the impact of the structure,
we fix the coupling strength @ = 0.6 and consider a heterogeneous network with four lev-
els of connectivity including three types of hubs and poorly connected nodes. The first
highly connected hubs have «; = 1. In the second layer, hubs have half of the number of
connections of the first layer, k< = 1/2. And finally, in the last layer, hubs have one fourth
of the connections of the main hub, k3 = 1/4. The parameter 8; = ak; determines the
effective coupling, and so for the three levels j = 1, 2, 3 we predict different types of dy-
namics by looking at the bifurcation diagram. The predictions are summarised in Table 1.

Table 1. Dynamics across connectivity scales.

Connectivity layer Effective coupling 8  Dynamics

hubs with k1 =1 0.6 periodic
hubs with kp = 1/2 0.3 fixed point
hubs with k3 = 1/4 0.15 uniformly expanding

1.3.2. Impact of the network structure in numerical simulations of large-scale layered
random networks. We have considered the above situation in numerical simulations
where we took a layered random network, described in (2) above, with N = 10° ,
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Fig. 3. Simulation results of the dynamics of a layered graph with two layers of hubs. We plot
the return maps z; () x z; (¢ + 1). The solid line is the low-dimensional approximation of the hub
dynamics given by (6). The red circles are points taken from the hub time series. In the first layers
of hubs (x = 1) we observe a dynamics very close to the periodic orbit predicted by gi, in the
second layer (x = 1/2) the dynamics of the hubs stays near a fixed point, and in the third layer
(k = 1/4) the dynamics is still uniformly expanding.

A =500, w =20,m =2, M1 = My =20,k = 1 and k» = 1/2. The layer with highest
connectivity is made up of 20 hubs connected to 500 nodes, and the second layer is made
up of 20 hubs connected to 250 nodes. The local dynamics is again given by f(z) = 2z
mod 1, and the coupling is as in (5). We fixed the coupling strength at « = 0.6 as in
Section 1.3.1 so that Table 1 summarises the theoretically predicted dynamical behaviour
for the two layers. We chose initial conditions for each of the N nodes independently and
according to the Lebesgue measure. Then we evolved this 10°-dimensional system for
100 iterations. Discarding the 10° initial iterations as transients, we plotted the next 300
iterations. The result is shown in Figure 3. In fact, we found essentially the same picture
when we only plotted the first 300 iterations, with the difference that the first 10 iterates
or so are not yet in the immediate basin of the periodic attractors. The simulated dynamics
in Figure 3 is in excellent agreement with the predictions of Table 1.

The result above has also important implications in the study of the inverse problem
of recovering the network structure from observations of its dynamics only. In [ET*19],
the authors describe an approach inspired by Theorem A to reconstruct information on the
degree distribution, community structures, local dynamics and interaction function from
the time series recording the state of each node.

1.4. Impact of network structure on dynamics: Theorems B and C

The importance of network structure in shaping the dynamics has been highlighted by
many studies [GS06, AA*11, NRS16] where network topology and its symmetries shape
bifurcation patterns and synchronization spaces. Here we continue with this philosophy
and show the dynamical feature that are to be expected in HCM. In particular, if we fix
the local dynamics and the coupling, then the network structure dictates the resulting
dynamics. In fact, we show that
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e there is an open set of coupling functions such that homogeneous networks globally
synchronize but heterogeneous networks do not. However, in heterogeneous networks,
hubs can undergo a transition to coherent behaviour.

In Subsection 2, this claim is given a rigorous formulation in Theorems B and C.

1.4.1. Informal statement of Theorem B on coherence of hub dynamics. Consider a
graph G with sequence of degrees given by (2) with M := Y ;' | My, each M; being
the number of nodes in the i-th connectivity layer. Assume

A=ONY"*),  M=00ogN) and d= O(logN), (7

which implies that L &~ N when N is large. Suppose that f(x) = 2x mod 1 and that
h(zi, zn) is as in (5).

Theorem B (Informal statement in special case). For every connectivity layer i and
hub node i; in this layer, there exists an interval I C R of coupling strengths such that
for any a € I, the reduced dynamics Ty, (see (6)) has at most two periodic attractors
{Z(OV_, and {—Z(1)}!_, and there are s € {£1} and ty € [p — 1] such that

dist(z;; (t + t9), sZ(t mod p)) < &

for1/& <t < T, with T exponentially large in A, and for any initial condition outside a
set of small measure.

Note that in order to have 1/§ <« T one needs A to be large. Theorem B proves that
one can generically tune the coupling strength or the hub connectivity so that the hub
dynamics follow, after an initial transient, a periodic orbit.

1.4.2. Informal statement of Theorem C comparing dynamics on homogeneous and het-
erogeneous networks

Erdés—Rényi model for homogeneous graphs. In contrast to layered graphs which are
prototypes of heterogeneous networks, the classical Erd6s—Rényi model is a prototype
of a homogeneous random graph. By homogeneous, we mean that the expected degrees
of the nodes are the same. This model defines an undirected random graph where each
link in the graph is a Bernoulli random variable with the same success probability p
(see Definition 2.3 for more details). We choose p > (log N)/N so that in the limit as
N — oo almost every random graph is connected (see [BolO1]).

Diffusive coupling functions. The coupling functions satisfying
h(zi,zj) = —h(zj,z;) and h(z,z) =0

are called diffusive. The function & is sometimes required to satisfy d14(z,z) > 0 to
ensure that the coupling has an “attractive” nature. Even if this is not necessary for our
computations, the examples in this paper satisfy this assumption. For each network G,
we consider the corresponding system of coupled maps defined by (1). In this case the
subspace

Si={G1.....en) €TV i gy = - =2y} ®)
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is invariant. S is called the synchronization manifold on which all nodes of the network
follow the same orbit. Fixing the local dynamics f and the coupling function 4, we ob-
tain the following dichotomy of stability and instability of synchronization depending on
whether the graph is homogeneous or heterogeneous.

Theorem C (Informal statement).

(a) Take a diffusive coupling function h(z;, z;) = @(zj — zi) with Z—f(O) % 0. Then
for almost every asymptotically large Erdds—Rényi graph and any diffusive coupling
function in a sufficiently small neighbourhood of h there is an interval I C R of
coupling strengths for which S is stable (normally attracting).

(b) For any diffusive coupling function h(x, y), and for any sufficiently large heteroge-
neous layered graph G with sequence of degrees satisfying (2) and (7), S is unstable.

Example 1.1. Take f(z) =2z mod 1 and
h(zi, zj) = sin(2rz; — 2mz;) + sin(2wz;) — sin(2mw z;).

It follows from the proof of Theorem C(a) that almost every asymptotically large Erd6s—
Rényi graph has a stable synchronization manifold for some values of the coupling
strength (o ~ 0.3) while any sufficiently large layered heterogeneous graph has no stable
synchronized orbit. However, in a layered graph G the reduced dynamics for a hub node
in the i-th layer is

8i; (zi;) = 2zi; + ak; /[sin(Zny —2mzi;) +sin(2ry) — sin(2wz;;)]dm(y) mod 1

= Zij — aK; sin(2nzl~j) mod 1
= TCtKl' (Zij)'

By Theorem B there is an interval for the coupling strength (ak; ~ 0.3) for which g;; has
an attracting periodic sink and the orbits of the hubs in the layer follow this periodic orbit
(modulo small fluctuations) exhibiting coherent behaviour.

2. Setting and statement of the main theorems

Let us consider a directed graph G whose set of nodes is N = {1, ..., N} and set of
directed edges E C A x A. In this paper we will be only concerned with in-degrees of
a node, i.e. the number of edges that point to that node (which counts the contributions
to the interaction felt by that node). Furthermore we suppose, in a sense that will be later
specified, that the in-degrees dj, ..., dy of the nodes {1, ..., L} are low compared to
the size of the network, while the in-degrees dy 41, ..., dy are comparable to the size
of the network. For this reason, the first L nodes will be called low degree nodes and the
remaining M = N — L nodes will be called hubs. Let A = (A;,)1<i.n<n be the adjacency
matrix of G, with entry A;; equal to 1 if an edge going from node j to node i is present,
and O otherwise. So d; = Z;V:l A;j. The important structural parameters of the network
are:
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e L, M, the number of low degree nodes, resp. hubs; N = L + M, the total number of
nodes;

e A := max; d;, the maximum in-degree of hubs;

e § := maxj<;< d;, the maximum in-degree of low degree nodes.

The building blocks of the dynamics are:

e the local dynamics, f : T — T, f(x) = ox mod 1, for some integer o > 2;
e the coupling function, h : T x T — R, which we assume is clo.
e the coupling strength, o € R.

We require the coupling to be C'° to ensure sufficiently fast decay of the Fourier coeffi-
cients of 4. This will be useful in Appendix A. In the coordinates z = (21, ...,2N) € T,
the discrete-time evolution is given by a map F : TV — TV defined by 7’ := F(z) with

N
o
Z;:f(z,.)+ZZA,-nh(z,-,zn)modl, i=1,...,N. ©)

n=1

Our main result shows that low and high degree nodes will develop different dynamics
when « is not too small. To simplify the formulation of our main theorem, we write
7= (x,y) withx = (x1,...,x7) := (z1,....22) € T and y = (y1,..., yu) =
(zL+1,---,2N) € TM . Moreover, decompose

All Alh
A= (Ahl Ahh)

where A is an L x L matrix, etc. Also write A = (Al A"y and A" = (A" A"). In this
notation we can write the map F as

N
o
x{:f(xi)+ZZAmh(xi,zn) modl, i=1,...,L, (10)

n=1

y; =8 (yj) +&i(z) mod 1, Jj=L....M, an

where, with m| denoting the Lebesgue measure on T,

gy = f(y) + ak; / h(y,x)dmi(x) mod 1,  «j :=dji1/A, (12)
1 N

£ (z) = Ol|:Z Z A;lnh()’j, Zn) — Kj / h(yj,x) dml(x):|. (13)
n=1

Before stating our theorem, let us give an intuitive argument why we write F in the
form (10) and (11), and why for a very long time horizon one can model the resulting
dynamics quite well by

x;~ f(x) and y;~ gi(y)).



2194 Tiago Pereira et al.

To see this, note that for a heterogeneous network, the number of non-zero terms in the
sum in (10) is an order of magnitude smaller than A. Hence when N is large, the inter-
action felt by the low degree nodes becomes very small and therefore we have approx-
imately x| ~ f(x;). So the low degree nodes are “essentiallly” uncorrelated with each
other. Since the Lebesgue measure on T, m1, is f-invariant and since this measure is ex-
act for the system, one can expect x;, i = 1,..., L, to behave as independent uniform
random variables on T, at least for “most of the time”. Most of the d; = «; A incoming
connections of hub j are with low degree nodes. It follows that the sum in (13) should
converge to

Kj / h(y;, x) dmy(x)

when N is large, and so &;(z) should be close to zero.

Theorem A of this paper is a result which makes this intuition precise. In the follow-
ing, we let N, (A) be the r-neighborhood of a set A and we define one-dimensional maps
g :T—T,j=1,..., M,tobe hyperbolic in a uniform sense.

Definition 2.1 (A hyperbolic collection of one-dimensional maps, see e.g. [dMvS93]).
Given A € (0,1),r > 0andm,n € N, we say that g : T — T is (n, m, A, r)-hyperbolic
if there exists an attracting set A C T with

(1) g(A) = A,

(2) |Dyg"| < A forall x € N, (A),

(3) |Dyg"| > A~ forall x € N.(Y) where Y := T\ W*(A),
(4) for each x ¢ N,(Y), we have g*(x) € N, (A) forall k > m,

where W*(A) is the union of the stable manifolds of the attractor,
WY (A) = {x eT: lim dist(g"(x), A) = 0],
k— 00

It is well known (see e.g. [dMvS93, Theorem IV.B]) that for each C> map g: T — T
(with non-degenerate critical points), the attracting sets are periodic and have uniformly
bounded period. If we assume that g is also hyperbolic, we obtain a bound on the number
of periodic attractors. A globally expanding map is hyperbolic since it correspond to the
case where A = (.

We now give a precise definition of what we mean by heterogeneous network.

Definition 2.2. We say that a network with parameters L, M, A, § is n-heterogeneous
with n > 0 if there are p, g € [1, 00) with 1 = 1/p + 1/g such that

ATl LYrsla <, (H1)
ATVP PP <, (H2)
ATTMLYP < g, (H3)

ATILIFPs < (H4)
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Remark 2.1. (H1)—(H4) arise as sufficient conditions for requiring that the coupled sys-
tem F is “close” to the product system f x --- X f X g1 X --- x gy : TEHM — TL+M
and preserve good hyperbolic properties on most of the phase space. They are satisfied
in many common settings, as is shown in Appendix G. An easy example to have in mind
where those conditions are asymptotically satisfied as N — oo for every n > 0, is the
case where M is constant (so L ~ N),§ ~ LT, and A ~ LY, with0 < 7 < 1/2 and
(t +1)/2 < y < 1. In particular the layered heterogeneous graphs satisfying (7) in the
introduction have these properties.

Theorem A. Fix o, h and an interval [a1, a2] C R for the parameter . Suppose that
foralll < j < M anda € [a1, az], each of the maps gj, j =1,..., M, is (n,m, A, r)-
hyperbolic. Then there exist £y, n, C > 0 such that if the network is n-heterogeneous,
then for every 0 < & < &y and every 1 < T < Ty with

T) = exp[CAE?],
there is a set Qr C TV of initial conditions with

T+1
my(Qr) = 1 — 1
T

such that for all (x(0), y(0)) € Qr,
1§z <&, Vi<sj<Mandl <t <T.

Remark 2.2. The result holds under conditions (H1)-(H4) with n sufficiently small, but
uniform in the local dynamical parameters. Notice that p has a different role in (H1),
(H3), (H4) and in (H2) so that a large p helps the first one, but hinders the second and
vice versa for a small p.

The proof of Theorem A will be presented separately in the case where g; is an expanding
map of the circle for all the hubs (Section 4), and when at least one of the g; has an
attracting point (Section 5).

The next theorem is a consequence of results on density of hyperbolicity in dimension
one and Theorem A. It shows that the hypothesis on hyperbolicity of the reduced maps g;
is generically satisfied, and that generically one can tune the coupling strength to obtain
reduced maps with attracting periodic orbits resulting in regular behaviour for the hub
nodes.

Theorem B (Coherent behaviour for hub nodes).

(a) Foreacho € N, o € R, «k; € (0, 1], there is an open and dense set I" C cl9(T?; R)
such that, for all coupling functions h € T, the function g; € C 10(T, T) defined by
(12) is hyperbolic (as in Definition 2.1).

(b) There is an open and dense set T' C C'0(T?; R) such that for all h € T there exists
an interval I C R such that if ax; € I then g; has a non-empty and finite periodic
attractor. Furthermore, suppose that h € T, the graph G satisfies the assumptions
of Theorem A for some & > 0O sufficiently small, and akj € I for the hub j € N.
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Then there exists C > 0 and x € (0, 1) such that the following holds. Let Ty :=
exp[CAéjz]. There is a set Qr C TN of initial conditions with

T+1
1

_EI_X

my(Q7) > 1—

such that for all z(0) € Q7 there is a periodic orbit of gj, O = {Z(k)},le, for which

dist(zj(t),z(tmod p)) <& forl/§ <t <T <T.

Proof. See Appendix E. O

Remark 2.3. In the setting of the theorem above, consider the case where two hubs
Jji, j2 € N have the same connectivity «, and their reduced dynamic gj, has a unique
attracting periodic orbit. In this situation their orbits closely follow this unique orbit (as
prescribed by the theorem) and, apart from a phase shift r € N, they will be close to each
other resulting in highly coherent behaviour:

dist(zj, (1), 2j, (t + 7)) < 2&

under the conditions of Theorem B. In general, the attractor of gj; is the union of a finite
number of attracting periodic orbits. Choosing initial conditions for the hub’s coordinates
in the same connected component of the basin of attraction of one of the periodic orbits
yields the same coherent behaviour as above.

In the next theorem we show that for large heterogeneous networks, in contrast with the
case of homogeneous networks, coherent behaviour of the hubs is the most one can hope
for, and global synchronisation is unstable.

Definition 2.3 (Erdés—Rényi random graphs [BolO1]). For every N and p, an Erdds—
Rényi random graph is a discrete probability measure on the set G(N) of undirected
graphs on N vertices which assigns independently probability p € (0, 1) to the presence
on any of the edge.

Denote by IP, that probability and by (A;;) the symmetric adjacency matrix of a graph
randomly chosen according to IP,. Then {A;;};>; are i.i.d. random variables equal to 1
with probability p, and to O with probability 1 — p.

Theorem C (Stability and instability of synchrony).

(a) Take a diffusive coupling function h(x,y) = ¢(y — x) for some ¢ : T — R with
fl—f(O) = 0. For any coupling function h' in a sufficiently small neighbourhood of h,
there is an interval I C R of coupling strengths such that for any p € ((log N)/N, 1]
there exists a subset Guom(N) C G(N) of undirected homogeneous graphs with
P,(GHom(N)) — 1 as N — oo such that for any a € I the synchronization man-
ifold S, defined in (8), is locally exponentially stable (normally attracting) for each
network coupled on G € Gyom(N).
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(b) Take any sequence {G(N)}nen of graphs where G(N) has N nodes and non-de-
creasing sequence of degrees d(N) = (di.N,...,dv N). If dv N/di.n — 00 as
N — oo, then for any diffusive coupling h and coupling strength o € R there is
No € N such that the synchronization manifold S is unstable for the network coupled
on G(N) with N > Nj.

Proof. See Appendix F. O

2.1. Literature review and the necessity of a new approach for HCM

We just briefly recall the main lines of research on dynamical systems coupled in networks
to highlight the need of a new perspective in order to meaningfully describe HCM. For
more complete surveys see [PG14, Fer14].

e Bifurcation theory [GST98, GS06, KY10, AAT 11, RS15]. In this approach typically
there exists a low-dimensional invariant set where the interesting behaviour happens.
Often the equivariant group structure is used to obtain a centre manifold reduction. In
our case the networks are not assumed to have symmetries (e.g. random networks) and
the relevant invariant sets are fractal-like containing unstable manifolds of very high
dimension (see Figure 5). For these reasons it is difficult to frame HCM in this setting
or use perturbative arguments.

o Global synchronization [Kur84, BP02, EM14, PET 14] is the convergence of orbits to
a low-dimensional invariant manifold where all the nodes evolve coherently. HCM do
not exhibit global synchronization. The synchronization manifold in (8) is unstable (see
Theorem C). Furthermore, many works [SB16, Str00] deal with global synchronization
when the network is fully connected (all-to-all coupling) by studying the uniform mean
field in the thermodynamic limit. On the other hand, we are interested in the case of a
finite size system and when the mean field is not uniform across connectivity layers.

o The statistical description of coupled map lattices [Kan92, BS88, BRO1, BD198,
KLO05, KL06, KL04, CF05, Sé118] deals with maps coupled on homogeneous graphs
and considers the persistence and ergodic properties of invariant measures when the
magnitude of the coupling strength goes to zero. In our case the coupling regime is
such that hub nodes are subject to an order one perturbation coming from the dynam-
ics. Low degree nodes still feel a small contribution from the rest of the network, but
its magnitude depends on the system size and to make it arbitrarily small the dimen-
sionality of the system must increase as well.

It is worth mentioning that dynamics of coupled systems with different subsystems ap-
pears also in slow-fast system dynamics [GM13, DSL16, SVMO07]. Here, loosely speak-
ing, some (slow) coordinates evolve as “id 4+ ¢h” and the others have good ergodic prop-
erties. In this case one can apply ergodic averaging and obtain a good approximation of
the slow coordinates for time up to time 7 ~ £~ '. In our case, spatial rather than time
ergodic averaging takes place and there is no dichotomy on the time scales at different
nodes. Furthermore, the role of the perturbation parameter is played by A~! and we ob-
tain 7 = exp(C A), rather than the polynomial estimate obtained in slow-fast systems.
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3. Sketch of the proof and the use of a “truncated” system

3.1. A trivial example exhibiting main features of HCM

We now present a more or less trivial example which already presents all the main features
of heterogeneous coupled maps, namely

e existence of a set of “bad” states with large fluctuations of the mean field,

e control on the hitting time of the bad set,

e finite time exponentially large in the size of the network.

Consider the evolution of N = L + 1 doubling maps on the circle T interacting on a star
network with nodes {1, ..., L 4+ 1} and directed edges £ = {({i, L+ 1) : 1 <i < L}
(see Figure 4). The hub node {L + 1} has an incoming directed edge from any other node
of the network, while the other nodes have just the outgoing edge. Take for interaction
function the diffusive coupling i (x, y) := sin(2wy) — sin(2w x). Equations (10) and (11)
then become

2x;i(t+1)=2x;(t) mod1, 1<i<L, (14)
a .
v+ 1) =2y@) + I Z[sm(ani (t)) — sin(2my(¢))] mod 1. (15)
i=1

The low degree nodes evolve as an uncoupled doubling map making the above a skew-
product system on the base T akin to the one extensively studied in [Tsu01]. One can
rewrite the dynamics of the forced system (the hub) as

L
Yt + 1) = 2y(t) — asinry(t)) + % > sin(rxi (1) (16)
i=1

and notice that with g(y) := 2y — « sin(27y) mod 1, the evolution of y(#) is given by the
application of g plus a noise term

L
£ =7 Y sin(2mx;(1) a7

i=1

depending on the low degree nodes coordinates. The Lebesgue measure on T is invariant
and mixing for the dynamics restricted to the first L uncoupled coordinates. The set of

©

Fig. 4. Star network with only incoming arrows.
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bad states where fluctuations (17) are above a fixed threshold ¢ > 0 is

o]

1 L
B, = {x eTk: ‘Z D sin(@rx;) — Ey[sin(27x)]
i=1

o).

Using large deviation results one can upper bound the measure of the set above as

mr (Be) < exp(—Ce?L)

1 L
= {x eTL: ‘z Zsin(27rxi)
i=1

(C > 0Ois aconstant uniform in L and ¢; see the Hoeffding inequality in Appendix A for
details). Since we know that the dynamics of the low degree nodes is ergodic with respect
the measure m, we have the following information regarding the time evolution of the
hub.

e The set B, has positive measure. Ergodicity of the invariant measure implies that a
generic initial condition will visit B, in finite time, making any mean-field approxima-
tion result for infinite time hopeless.

e As a consequence of the Kac lemma, the average hitting time of the set 3, is m, (Be)™!
> exp(Ce? L), thus exponentially large in the dimension.

e From the invariance of the measure my, forevery 1 < T < exp(CezL) there is a set
Qr ¢ TEH! with measure my 1 (Q7) > 1 — T exp(—Ce?L) such that for all x € Qr
and forevery 1 <t < T,

<eé&.

1 L
‘Z Z sin(2m x; (1))

i=1

3.2. Truncated system

We obtain a description of the coupled system by restricting our attention to a subset of
phase space where the evolution prescribed by equations (10) and (11) resembles the evo-
lution of the uncoupled mean-field maps, and we redefine the evolution outside this subset
in a convenient way. This leads to the definition of a truncated map F, : TN — TN, for
which the fluctuations of the mean-field averages are artificially cut off at level ¢ > 0, re-
sulting in a well behaved hyperbolic dynamical system. In the following sections we will
then determine existence of and bounds on the invariant measure for this system and prove
that the portion of phase space where the original system and the truncated one coincide
is of almost full measure with a remainder exponentially small in the parameter A.
Note that since & € C'°(T?; R), its Fourier series

h(x.y) = Y by (005,
s=(s1,8)€Z?
where ¢, € Rand 6; : T — [0, 1] form a base of trigonometric functions, converges

uniformly and absolutely on T2. Furthermore, for all s € 72,

o] < l2]l c10
N

< — . (18)
511315213
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Taking 05, = [ 65, (x) dm;(x) we get

L

(@) =a )y c[% > ALO ) — & Y]}eQ(yJ) +— ZA (). (19)
sezZ? n=1

For every ¢ > 0 choose a C®° map ¢, : R — R with £.(¢) = ¢ for |¢t| < &, and £ (¢) = 2¢

for |f] > 2e. So for each ¢ > 0, the function ¢ +> |D;¢{,| is uniformly bounded in ¢

and &. We define the evolution for the truncated dynamics F,: T/TM — TE+M by the

following modification of equations (10) and (11):

x,{:f(xi)‘i‘ ZAmh(xl’Zn)mOd] i=1,...,L, (20)
n=1

where the expression of &; . (z) modifies that of &;(z) in (19):

éj,s(z)::a Z Cs§s|51|< ZA]zesl (xi)— Kj S|)9sz(yj)+ Z h(ij Yu)- (22)

seZ?

So the only difference between F' and F; is the cut-off functions .|| appearing in (22).
Foreverye >0, j € {1,..., M} and 51 € Z define

. 1 & _
Beri) = {x e Tk : ‘K DAL (xi) — K0y, | > 8|s1|}. (23)
i=1
The set where F and F, coincide is Q. x TM where
M .
ﬂ () T\ BEHD (24)

j=1s51€Z

is the subset of TL where all the fluctuations of the mean-field averages of the terms of
the coupling are less than the imposed threshold. The set B, := Qf, is the portion of
phase space for the low degree nodes were the fluctuations exceed the threshold, and the
systems F and F; are different. Furthermore we can control the perturbation introduced
by the term §; . in equation (11) so that F; is close to the hyperbolic uncoupled product
map f : TV — TV,

S xn v ym) =D, L fxD), g1, - g (V). (25)

All the bounds on relevant norms of &; . are reported in Appendix A. To upper bound the
Lebesgue measure my, (13;) we use the Hoeffding inequality (reported in Appendix A) on
concentration of the average of independent bounded random variables.

Proposition 3.1.

exp[—Aez/Z 4+ O(log M)]
1 — exp[—Ag2/2]

Proof. See Appendix A. O

mp(Be) < (26)
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This gives an estimate of the measure of the bad set with respect to the reference measure
invariant for the uncoupled maps. In the next section we use this estimate to upper bound
the measure of this set with respect to the SRB measures for F,, which are measures
giving statistical information on the orbits of F.

Remark 3.1. Notice that in (26) we expressed the upper bound only in terms of orders of
functions of the network parameters, but all the constants could be rigorously estimated
in terms of the coupling function and the other dynamical parameters of the system. In
particular, where the expression of the coupling function was known one could have ob-
tained better estimates on the concentration via large deviation results (see for example
Cramér-type inequalities in [DZ09]), which takes into account more than just the upper
and lower bounds of 6;. In what follows, however, we will be only interested in the order
of magnitude with respect to the aforementioned parameters of the network (A, §, L, M).

3.3. Steps of the proof and challenges
The basic steps of the proof are the following:

(i) First of all we are going to restrict our attention to the case where the maps g; satisfy
Definition 2.1 with n = 1.

(i1) Secondly, hyperbolicity of the map F; is established for an n-heterogeneous network
with &, n > 0 small. This is achieved by constructing forward and backward invariant
cone fields made up of expanding and contracting directions respectively for the
cocycle defined by application of D_ F; (see (63)).

(iii) Then we estimate the distortion of the maps along the unstable directions, keeping
all dependencies on the structural parameters of the network explicit.

(iv) We then use a geometric approach employing what is sometimes called standard
pairs [CLP16] to estimate the regularity properties of the SRB measures for the
endomorphism Fg, and the hitting time of the set ;.

(v) Finally, we show that Mather’s trick allows us to generalise the proofs to the case in
which the g; satisfy Definition 2.1 with n # 1.

We consider separately the cases where all the reduced maps g; are expanding and when
some of them have non-empty attractor (Sections 4 and 5). At the end of Section 5 we put
the results together to obtain the proof of Theorem A.

In the above points we treat F, as a perturbation of a product map where the mag-
nitude of the perturbation depends on the network size. In particular, we want to show
that F is close to the uncoupled product map f. To obtain this, the dimensionality of the
system needs to increase, changing the underlying phase space. This leads to two main
challenges. First of all, increasing the size of the system propagates non-linearities of the
maps and reduces the global regularity of the invariant measures. Secondly, the situation
is inherently different from the usual perturbation theory where one considers a paramet-
ric family of dynamical systems on the same phase space. Here, the parameters depend on
the system’s dimension. As a consequence, one needs to make all estimates explicit in the
system size. For these reasons we find the geometric approach advantageous compared to
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the functional-analytic approach [KL99] where the explicit dependence of most constants
on the dimension is hidden in the functional-analytic machinery.

Notation. As usual, we write O(N) and O(¢) for an expression such that O(N)/N resp.
O(e)/e is bounded as N — oo resp. € | 0. We use shorthand notation [n] := {1, ..., n}.
Throughout, m and m,, stand for the Lebesgue measure on T and T" respectively.
Given an embedded manifold W c TV, mw stands for the Lebesgue measure induced
on W.
We indicate by D, G the differential of the function G evaluated at the point x in its
domain.

4. Proof of Theorem A when all reduced maps are uniformly expanding

In this section we assume that the collection of reduced maps g;, j = 1,..., M, from
equation (12) is uniformly expanding. As shown in Lemma 5.6, this means that we can
assume that there exists A € (0, 1) such that |g; (x)| > Al forallx € Tandall j =
I,...,M.

Firstof all pick 1 < p < oo,let]l < g < oobesuchthat1/p+1/q = 1, and consider
the norm defined as

- llp =1 e + 11l

where || - ||, gt is the usual p-norm on R*. Then || - || p induces the operator norm of any
linear map £: RN — R, namely

Lo
Il := sup L

9
gy vl
lvllp=1

and the distance d, : TV x TV — Rt on TV.

Theorem 4.1. There are ng, o > 0 such that under (H1)-(H4) with n < no and for all
& < g there exists an absolutely continuous invariant probability measure v for F,. The
density p = dv/dmy satisfies, for all z,7 € TV,

p(z) — -1

E <explady(z,2)}, a=O(A" §L)+OWM). 27
In Section 4.1 we obtain conditions on the heterogeneous structure of the network which
ensure that the truncated system F is sufficiently close, in the C' topology, to the un-
coupled system f, in (25), with the hubs evolving according to the low-dimensional
approximation g;, for it to preserve expansivity when the network is large enough. In
this setting, F; is a uniformly expanding endomorphism and therefore has an absolutely
continuous invariant measure v whose density p = p. is a fixed point of the transfer
operator of Fg,

P.: LY(TN, my) — LY (TN, my).
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(See Appendix C for a quick review of the theory of transfer operators.) For our purposes
we will also require bounds on p which are explicit in the structural parameters of the
network (for suitable ¢). In Section 4.2 we obtain bounds on the distortion of the Jacobian
of F (Proposition 4.2), which in turn allow us to prove the existence of a cone of functions
with controlled regularity which is invariant under the action of P, (Proposition 4.3) and
to which p belongs. To obtain the conclusion of Theorem A, we need that the v-measure
of the bad set is small, which will be obtained from an upper bound for the supremum of
the functions in the invariant cone. This is shown in Section 4.4 under some additional
conditions on the network.

4.1. Global expansion of Fg

Proposition 4.1. Suppose that for every j € [M] the reduced map g; is uniformly ex-
panding, i.e. there exists A € (0, 1) such that |Dyg;| > A~ Yforally € T. Then

(i) there exists Cy (depending on o, h and o only) such that for every 1 < p < oo,
ze€ TN, and w € RN \ {0},

(D Fe)wllp
lwllp
> [min{o, A ™' — eCy} — O(AT'8) — OA~VPMPy — OATINVPsYa)),
(1) there exists n > 0 such that if (H1) and (H3) are satisfied with

£ < At (28)
Cy
then there exists @ > 1 (not depending on the parameters of the network or on p), so
that
W_a> 1, VzeTV, vweRY\{0}.
)4

Proof. To prove (i), let z = (x,y) € TLTM and w = (Z) e RLHM and
/
<M/> :DzFe<u>y M/GRL,U/ERM.
v v
Using (20)—(21), or (63), we find that forevery | <i <Land1 <j <M,

N N
o o
u; = |:Dx,-f + Z E Ajnhi (x;, Zn)]ui + Z E Ainhy(xi, Zn)wy,
n=1 n=1

L M
o
v = Oudjette + = D Apha(yj ym)vm + Dy gj + 8 clvj,
=1 m=1

where i1 and &5 denote the partial derivatives with respect to the first and second variable.
Hence

N
Iu'lly gt = (@ = OGA™ D ull, = OAT'LYP) max [3° Aualwn ]

n=1
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Recall that, for any k € N, if w € R¥ then
lwlly ge < kY wl, g with 1/p+1/g =1 (29)
for every 1 < p < oo. Thus
N N 1/p
> Ainlwnl =693 Aulwa?) " < 819wl
n=1 n=1

since at most § terms are non-vanishing in the sum ZQ’:I Ain|w,|?P, we can view as a
vector in R?, which implies

lu'll, e = (0 = OGA™ N ull, — OAT'LYPsYT)|w]|,.

Analogously using the estimates in Lemma A.1 we obtain
IV o = 07 = eCiluly = O™ 077) max |37 ajnl

> —eCy— OAT M) VIl — OATVPMYPY w], (30)

since in the sum ) Aj,|w,| in (30), at most A terms are different from zero and
A~V'AV4 = A=1/P_ This implies

@/, 0 1l re + V1l g
[ G, V)1 I G, V)1
> min{o — O(AT18), A7 —eCy — O(AT M)} —OATVPMVPy — oA~ LY PsY 9y,

For the proof of (ii), notice that condition (28) implies that min{o, Al — eCyl > 1
and conditions (H1)-(H3) imply that the O are bounded by 7 and so

D, F,
IDLL00  ingor, 471 — eCa — O, Y € RV \ (0},
lwllp
and choosing n > 0 sufficiently small one obtains the conclusion. O

Now that we have proved that F; is expanding, we know from the ergodic theory of
expanding maps that it has an invariant measure, say v, with density p = dv/dmy. The
rest of the section is dedicated to upper bounding v(Q,).

4.2. Distortion of F;

Proposition 4.2. If conditions (H1)—(H3) are satisfied then there exists &y (depending
only on o, |a| and the coupling function h) such that if & < &o then for every z,7 € TV,

D.F,| = SPIOAT8L) + O(MD)]deo 2, D).
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Proof. To estimate the ratios consider the matrix D(z) obtained from D, F, by factoring
Dy, f = o out of the i-th column (i € [N]), and Dy, gj out of the (j + L)-th column
(j € [M]). Thus

I+ & X A M, k=t <L,
& App 20, k#L<L,
D@k = | "5 k>L t<L, 31
S Ap L k#¢>L,
14 Pebiete, k=t>1L,

and

M
|D.F| _ [lj=1Dy8 D)
IDeFel 1M, Dyg; D@

For the first ratio

ﬁ Dysj _ ﬁ(l L Dysi- Dng/)
] D= o: il — o
M

DngJ

1+ O0Mly; —¥;D = explO(M)doo(y, V)] (32)
]=1

To estimate the ratio :g%: we will apply Proposition B.1 of Appendix B. To this end

define the matrix

B(z) :=D(z) — 1d.

First of all we will prove that for every 1 < p < oo and z € TV, B(z) has operator norm
bounded by

B, < max{O(A™'M), Cye} + OATVPMYPy 4+ O(ATINYPSYEY  (33)

where Cy is a constant uniform in the parameters of the network and 1/p 4+ 1/g = 1.
Indeed, cons1der( ) e RL+M and( ) = B(2) (ﬁ) Then

[

>R

L
h 5 h ’ h ’
ZAzn 1(x; Zn)] + % ZA” l(xz xe) i+ 2 Z lh 2(x; ym)vm’

im
=1 Dymgm

=

hZ ] 87'&_.;
M€+ Z Ahh (yj )’m)vm_i_ Vj J«SUJ_.

\c\
[
M~
QJ

m=1 )’mgm D.ng/

~
Il
—_
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Using estimates analogous to the ones used in the proof of Proposition 4.1 yields

—1 -1 l lh
'l e < OAS)]ull, +O(A mﬁX[Z 4|M6|+ZA o |

< O™ )llull, + OATI NP, v)],
10/, zm < Caellvll, + O(A™ Nl/p)max[ZA lug] + ZA”’ |0 ]

< Cyellvll, + O~ P MPy |, )],
so using conditions (H1), (H2), we obtain (33):

@, v, -
l(u, I, —
< Cse + O(n).

max{O(A78), Cye} + OA™VPMPYy 4 OA™ LV P§Y4)

Taking Cye < 1 and n > O sufficiently small ensures that || B(z)||, < A < 1 for all
z € TN. Now we want to estimate the norm || - || p of columns of B — B where

B:=B(z) and B := B@).

For 1 < i < L, looking at the entries of D(z) (see (31)), it is clear that the non-
vanishing entries [B(z)];x for k # i are Lipschitz functions with Lipschitz constants
of order O(A~1):

|Bit — Bir| < AixO(A™)doo(z, 7).

Instead, for k = i,

— (04 _ _
|Bii — Bii| = K’Z Al (i (xi, x0) — iy (Ri, X0)) +ZA%1(hl(xi»xm) —hi1(Xi, Xm))

I A

—ZA@|h1(x,,xe>—h1<xl,xz)|+ > AR i ym) = B (i 5|

m

< O(A™18)dwo(z,2),

which implies

) _ — 1/p — 1/p
|Col'[B — Blll, = (Z | Bir — Bik|p) + ( Z | Bir — Bik|p)

ke[L] ke[L+1,N]
.1p 1/p = 1p 1/p 1 _
(X Bu-Bul) T+ (X IBa—Bul’) " +0AT9)dn(z D)
ke[LI\{i} ke[L+1,N]
1/p
<2(Y An) O @ D + O ) 2. D)

ki
< O(A™'8)dx(z, 7).
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For 1 < j < M, looking again at (31) we see that the non-vanishing entries of [B(z)](j+L)k
for k # j 4+ N are Lipschitz functions with Lipschitz constants of order O(A~"), while
[B(2)](j+L)(j+1) has Lipschitz constant of order O(1), thus

ICol/ X [B — Bl

— 1/p — 1/p
= (Z |B(j+Lok — B(j+L>k|”) + ( Y 1By - B<j+L>k|")

Kell) kelL+1,N]
— AP = »\V?
< (Z |B(j+Lk — Bijroil ) + ( > 1Bj+k = B(jt+Lkl )
ke[L] ke[L+1,N]\{j+L}

+ O0(dw(z,2)

1/p
=2( D Agrk) OB (2. D) + O()doo (2. 2)
k#j+L

< O()dso(z, 2).

Proposition B.1 from Appendix B now implies that

N
DN < exp| 3" ICol (B ~ Bl | < expl(O(A™'5L) + Oz, 2)). (34)
D@ = Pl

O

4.3. Invariant cone of functions

Define the cone of functions
Cap=1p:T"V > R" : 0(2)/p@) < explad,(z,7)]. ¥z.Z € TV}.

It is convex and has finite diameter (see for example [Bir57, Bus73] or [Via97]). We
now use the result on distortion from the previous section to determine the parameters
a > 0 such that C, ), is invariant under the action of the transfer operator P;. Since C,,
has finite diameter with respect to the Hilbert metric on the cone (see [Via97]), P is
a contraction when restricted to this set and its unique fixed point is the only invariant
density which thus belongs to C,, ,. In the next subsection, we will use this observation
to conclude the proof of Theorem A in the expanding case.

Proposition 4.3. Under conditions (H1)—(H3), for every a > a. where a. is of the form

_O(A8L) + O(M)

1—-0

dc

, (35)

Cy,p is invariant under the action of the transfer operator P; of Fg, i.e. P.(Cq,p) C Cq,p.

Proof. Since F; is a local expanding diffeomorphism, its transfer operator P, has the
expression

(Peg)@) = D @ (F | @)IDpo1 Fel™!
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where {F ;}; are surjective invertible branches of F. Suppose ¢ € C, . Then

o(F, @) 1P Fel

9(F @) 1D g o) Fel
< explad, (F,; (2), F.;' @)} exp{[O(AT'SL) + O(M))doo(F. (2), . @)}
< exp{la + O(A™'8L) + O(M)ldy(F ' (2), F! @)}

< exp{[cla + O(ATISL) + O(M)1d,(z, 7))}

Here we have used doo(z,7) < dp(z,7) forevery 1 < p < oco. Hence

(Pep)(2) Zz"P(Fgf,-l(Z))IDFQ(Z)FSrl
(Pep)@ Y p(F @)D -1, Fel ™!

< expl(@ 'a+ OATISL) + O(M))d,(z, 2)].

It follows that if @ > a. then C, , is invariant under P,. m]

Proof of Theorem 4.1. The existence of the absolutely continuous invariant probability
measure is standard from the expansivity of F;. The regularity bound on the density
immediately follows from Proposition 4.3 and from the observation (which can be found
in [Via97]) that the cone C,, , has finite diameter with respect to the projective Hilbert
metric. This in particular means that P; is a contraction with respect to this metric and
has a fixed point. O

4.4. Proof of Theorem A in the expanding case

Property (27) of the invariant density provides an upper bound for its supremum which
depends on the parameters of the network and proves the statement of Theorem A in the
expanding case.

Proof of Theorem A. Since under conditions (H1)—(H3) in Theorem A, Proposition 4.3
holds, the invariant density o for F belongs to the cone Cy , for a > a.. Since p is a
continuous density, it has to take value 1 at some point in its domain. This together with
the regularity condition given by the cone implies that

sup p(2) < exp(O(ATSLITYP) + OMLYT)).

zeTN

Using the upper bound (26), we obtain

v(B; xTI‘M):/

B xT

p(z)dmy(z) < my(Be x TM) sup p(z)

< exp(—Ae?/2+ OATISLITYP) + OMLYP)).
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From the invariance of p and thus of v, forany T € N,

T
v<,L=Jo F' (B x ’JI‘M)) < (T + (B, x T)

< (T + D exp{—Ae?/2+ OAT'SLFVPy + O(ML'/P)).

Using again p € C,, ), and (H1) and (H3), we get

T
mN(gFS_t(BS X TM)) :/U p Vv

o F (B xTH)

IA

T
v(U F7' (B x TI‘M)> exp{OA~LSLIFP) L OMLY/PY)
=0

IA

(T + 1) exp{—A&?/2 + O(ATISLITVPy L OMLYP))
< (T + 1) exp{—A&*/2+ O(n) A},

where we use (H4) to obtain the last inequality. Hence, the set

T
Qr =TV \ U F7'(Be x TM)
t=0

for n > 0 sufficiently small satisfies the assertion of the theorem. O

5. Proof of Theorem A when some reduced maps have hyperbolic attractors

In this section, we allow for the situation where some (or possibly all) reduced maps have
periodic attractors. For this reason, we introduce the new structural parameter M, € Ny
such that, after renaming the hub nodes, the reduced dynamics g; is expanding for 1 <
J < M,, while for M, < j < M, g; has a hyperbolic periodic attractor A;. Let us also
define My = M — M,,. We also assume that g; are (n, m, A, r)-hyperbolic withn = 1. In
Lemma 5.6 we will show how to drop this assumption.

As in the previous section, the goal is to prove the existence of a set of large mea-
sure whose points take a long time to enter the set 3, where fluctuations are above the
threshold. To achieve this, we study the ergodic properties of F; restricted to a certain
forward invariant set S and prove that the statement of Theorem A holds true for initial
conditions taken in this set. Then in Section 5.8 we extend the reasoning to the remainder
of the phase space and prove the full statement of the theorem.

For simplicity we will sometimes write (z,, z) for a point in TEHMu 5 TMs = TN
and 7, = (x, y,) € TF x TM«, Let

Ty TN — TL+Mu gnd I1, RNV - RETM.

be respectively the (canonical) projection on the first L + M, coordinates and its differ-
ential.



2210 Tiago Pereira et al.

We begin by pointing out the existence of an invariant set.

Lemma 5.1. As before, for j € {M, +1,..., M}, let A; be the attracting sets of g;
and T = T \ Wy(A;). There exist .. € (0,1) and e, ro > 0 such that for each j in
{M,+1,..., M} and each |r| < ry,

(1) |1Dgi(»| <A <1 foreveryy e Ujand gj(x) +r € U; forevery x € Uj;, where Uj
is the € p-neighborhood of Aj,
(i) |Dgjl > A~! on the € 5 -neighborhood of Y; forall j € [M, + 1, M].

Proof. The first assertion in (i), and (ii), follow from continuity of Dg;. Fix x € U; and,
r € (—rg, ro). From the definition of Uj, there exists y € A; such that d(x, y) < &x.
From the contraction property, d(g;(x), g;(¥)) < Ad(x,y) < Aea, and choosing ro <
(1 —X)ep we get

d(gj(x) +r,gj(y) <Xea+ro <én.
From the invariance of A}, g;(y) € A;, and the lemma follows. O

Let
R:=Upm,41 x---x Uy and S :=TLMu w R TV, (36)

Lemma 5.1 implies that provided the ¢ from the truncated system is below r(/2, the set
S is forward invariant under F,. It follows that for each attracting periodic orbit O (zy)
of gpm,+1 X -+ X gm: TMs — TM; | the endomorphism F, has a fat solenoidal invariant
set. Indeed, take the union U of the connected components of R containing O (z;s). Then
by the previous lemma, Fp(TEHMe x U) € TLHMu x U. The set (), FI(TEMe x U)
is the analogue of the usual solenoid but with self-intersections (see Figure 5). An anal-

(a) (b)

Fig. 5. Approximate 2D and 3D representations of one component of the attractor of F.

ogous situation, but where the map is a skew product, is studied in [TsuO1]. The set
Muso Fe' (TE+Mu 5 ) will support an invariant measure:



Heterogeneously coupled maps: hub dynamics and emergence across connectivity layers 2211

Theorem 5.1. Under conditions (H1)—(H4) of Theorem A with n > 0 sufficiently small,

e for every attracting periodic orbit of gy, +1 X -+ X gm, Fg has an ergodic physical
measure,

e for each such measure v, the marginal (7r,)sv on TEtMe 5 {0} has a density p satisfy-
ing, for all z,,, z, € TEHMe x {0},

%“; < explady(zy,Zu)}),  a = O LITPslay L O,

e these are the only physical measures for Fy.

This theorem will be proved in Subsection 5.5.

5.1. Strategy of the proof of Theorem A in the presence of hyperbolic attractors

For the time being, we restrict our attention to the case where the threshold of the fluc-
tuations is below ry as defined in Lemma 5.1 and consider the map Fyls : S — S
that we will still call F; by abuse of notation. The expression for F, is the same as in
(20) and (21), but now the local phase space for the hubs with a non-empty attractor,
{L+M,+1,...,L+ M = N}, is restricted to the open set R.

Theorem A will follow from the following proposition.

Proposition 5.1. For every s; € Z and j € [M], the measure of the set

T
B = JF7 (B x T x RynS < TV
t=0

is bounded as
my(BEE) < Texpl—CAe® + O(ATILIHYPsl/ay L oMLYP)).  (37)

To prove the above result, we first build families of stable and unstable invariant cones
for F, in the tangent bundle of S (Proposition 5.2) which correspond to contracting and
expanding directions for the dynamics, thus proving hyperbolic behaviour of the map. In
Section 5.3 we define a class of manifolds tangent to the unstable cones whose regularity
properties are kept invariant under the dynamics, and we study the evolution of densities
supported on them under the action of F,. Bounding the Jacobian of the map restricted
to the manifolds (Proposition 5.4) one can prove the existence of an invariant cone of
densities (Proposition 5.5), which gives the desired regularity properties for the measures.
Since the product structure of Bésl P 5 TMu x R is not preserved under preimages of F,
we approximate it with the set which is the union of global stable manifolds (Lemma 5.3).
This last property is preserved under taking preimages. The bound in (37) will then be a
consequence of estimates on the distortion of the holonomy map along stable leaves of
F; (Proposition 5.6).
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5.2. Invariant cone fields for F

Proposition 5.2. There exists no > 0 such that if conditions (H1)—(H4) are satisfied with
n < no, then there exists Cy > 0 such that for every & with

C(1=x A=
0 < & < min , LE0f > (38)
Cy Cs
(i) the constant cone fields
lvllp,m
C" = {(u, w, v) € REFMutMs\ 0y P2 < Bu. } (39)
P lullp.e + lwlpag, 7
and
1
C =1, v,w) € REHMatMs \ 10} - Illp. v, > —} (40)
lullp.o +llwlps, — Bs.p
with

Bup :=OTPMIPy, B, = max{OAT L8, OA=VP My 7))

satisfy DZFg(C")_C C" and DZFE_I(CS) C CSforallz € TN;
(ii) there exist & and X such that, for every z € TV,

| D, Fe(u, w, U)”p

>o>1, VYu,w,v) eC, 41
|, w, V)l
D F ’ 9 Y
| D, Fe(u, w, v)l, <h<l, Y wv)eC. (42)
||(M, wvv)”p

Remark 5.1. We have constructed the map F; in such a way that when the network is
n-heterogeneous with n very small, it results to be “close” to the product of uncoupled
factors equal to f for the coordinates corresponding to low degree nodes, and equal to g;
for the coordinates of the hubs. This is reflected by the width of the invariant cones which
can be chosen to be very small for 7 tending to zero, so that C; and Cy, are very narrow

around their respective axes RETM« @ {0} and {0} @ RM:.

Corollary 5.1. Under the assumptions of the previous proposition, w, 0 F[' : TE+HMu 5 {0}
— TL+Mu js q covering map of degree oM ywhere o is the degree of the local map.

Proof. This follows from the proposition, because T ™M« x {0} is tangent to the unsta-
ble cone, and thus m, o F} is a local diffeomorphism between compact manifolds. This
implies that every point of TXTM« has the same number of preimages, and this number
equals the degree of the map. Then observe that there is a homotopy bringing 7, o F; to
the (L + M,,)-fold uncoupled product of identical copies of the map f”. The homotopy
is obtained by continuously deforming the map letting the coupling strength & go to zero.
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Since degree is a homotopy invariant and 7, o F; is homotopic to the (L + M,,)-fold

uncoupled product of identical copies of the map f”, we have
degﬂu (o} Fg = deg fn X+ X fn — o-n(L+Mu)'
[N ———

L+M,, times

Proof of Proposition 5.2. (i) The expression for the differential of the map F}3 is the

same as in (63). Take (u, w,v) € RE x RM« x RMs and suppose (u/,w’,v') :
D, F.(u, v, w)". Then

L
o
[f o+ & ZAlhh1+ ZA h1i|ui+ZZAZ3h1ug
=1

M,
o .
+ 5D Al hown + Z A2V, l<is<L,
m=1 m=M,+1
L M
] Z Ox,&jette + — Z A%Ehzwm + Z Z A;’,},'lhzvm
=1 m=M,+1
o .
+[ay_,-sj,g+ZZAj’,ﬁhz]wj, 1<j<M,
L
G= S s LS A+ S i,
=1 m=1 m=M,+1
[ayjsj e+ — Z Ahhhz]l}j, M, <j<M,

where we suppressed all dependences of those functions for which we use a uniform

bound. Moreover,

Il 50 = (@ — O™ ) ull, g
M

_ o Ll/l’)max[ZAAugH—ZAlh|wm|+ 3 Alhlvm|]

m=1 m=M,+1
> (0 — 08 ull, g
— O LYPSYD (ully g + Iwl g + 0], o)
1w/l 2 = 7" = Cpe — OAT M) [wl], o

M
_O(A"M'P) max [ZA,E|W|+ZA‘7Z|wm|+ > Aﬂ},lvml]

1<j=<M, m=M,+1
> (07 = Cs — O(AT M) wll, g

_ 1
— O MYl e + Wl ot + [0l )
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and analogously
1l s < A+ Cye + OAT M) ||v]l, goe
— 1
+ OO M)l e+ Wl g + 0] gt )-

Suppose that (u, w, v) satisfies the cone condition [[ul|, gz + [|wll, gpe = TV, RMs
for some t. Then
0/ + 1 st Fur (e + 0l ) = Fia ol
V1l s = Falvll, jrus + Fa(lull, ge + lwll, gi)
P, p, p, P,
S 1 Fip
Tl R+

with
Fi1 := min{o — O(A™'8), A7 — Cye — O(A™ M)}
— max{O(A™'L/Ps/1y O(AVP My/PY)
= min{o, A™' — Cye} — O(n),
T2 := max{OA'LYPsYy oA~V MYTY) = O@),
Fot 1= A+ Cye + O(A™' M) + OA™PM/P)) = A + Cye + O(p),
Fap i= O(A™VP M7y = O,

where we use (H1)~(H4). The cone C, is forward invariant iff [|u']l, g + [[w'll, gre >
||V’ s and therefore if

Fii —t '\ Fia = For + tFn. (43)

Hence we find C, > 0 such that if T = C./F>; the inequality (43) is satisfied provided
(38) holds and 1 > 0 is small enough because then Fi; > F>.

Now let us check when the cone C; is backward invariant. Suppose that ||u’|| pRL T
lwll, gma < Tl[V'|l , g - Then

llull, ge + llwll, g
Fi—2 b —Fp<tFu+tFn
vl , mws vl mms

el e + 1wl g

SO

lllp e + 1wllpzone_ Fiz + v Fon
vl s T Fu-—tFn’

and imposing yet again
T Fio4 Fu < Fu—tFn (44)
implies that [|ull, gz + |wll, gm. < TVl gy . Taking T = CiFi2 with Cy > 0 small,

we find that C;) is backward invariant (provided as before that (38) holds and n > 0 is
small).
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(i) Take (u, w, v) € Cz such that ||(u, w, v)||, = 1. From the above computations,
and applying the cone condition, we get

'l e+ 1wl g + 101, e = N1, e+ 1w, ot
= Fulull, ge + lwll, mme) — Fizllvll, gus
> Fuu(l = Bu,p) — Fr2Bu.p
> minfo, A~ — Cye} — O(n) — O(*)  (45)

where to obtain (45) we kept only the largest order in the parameters of the network, after
substituting the expressions for F1 and Fi;. This means that under (H1)-(H4), if n > 0
is sufficiently small, (41) will be satisfied. Choosing now (u, v, w) € C';, of unit norm we
get

-1
|, me + lw'll, ot + 101, g < (14 B ) ATV, gy
p p p p

<A+ Cse+ OATM) + OATVPMYPY 4 B, < A+ Cae + O()

and again whenever (H1)—(H4) are satisfied with n > O sufficiently small, (42) holds. O

5.3. Admissible manifolds for F,

As in the diffeomorphism case, the existence of the stable and unstable cone fields implies
that the endomorphism F; admits a natural measure.

To determine the measure of the set B. x T™ for one of these measures we need
to estimate how much the marginals on the coordinates of the low degree nodes dif-
fer from Lebesgue measure. To do this we look at the evolution of densities supported
on admissible manifolds, namely manifolds whose tangent space is contained in the un-
stable cone and whose geometry is controlled. To control the geometry locally, we invoke
the Hadamard—Perron graph transform argument (see for example [Shul3, KH95]) (Ap-
pendix D) which implies that manifolds tangent to the unstable cone which are locally
graphs of functions in a given regularity class, are mapped by the dynamics into mani-
folds which are locally graphs of functions in the same regularity class.

As before, T = R/~ with x; ~ x; when x; — x» € Z, so each point in T can be
identified with a point in [0, 1). Define I = (0, 1).

Definition 5.1 (Admissible manifolds W), k). For every Ko > 0Oand 1 < p < co we
say that a manifold W of S is admissible and belongs to the set W, g, if there exists a
differentiable function E : I-+M« — R with Lipschitz differential such that

e W is the graph (id, E)(I1XTMu) of E,
o D EREMu) C C4forall z, € IFHMu,

. ID;, E — Dz, Elp
o |[DE|Ljp := sup = < Ko,
Zu#fu dp (Z“’ Zu)
where, by abuse of notation, we denote by || - ||, the operator norm of linear transfor-

mations from (RETMe |- | o + | - 1L, gons) 10 RM, || - [, gn).
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Proposition 5.3. Under conditions (H1)-(H4), for n > 0 sufficiently small, there is K,
uniform in the network parameters such that for all 71, zo € S the norm

D, F.— D, F.)(u, w, v
1Dy Fo = Doy Fluy = sup 1 Parlz Dal( 0 0l
(u,w,v)eCl Il (u, w, U)”p

satisfies
||Dzl Fe — Dzst”u,p < Kudwo(z1, 22)-

Proof. Notice that from the regularity assumptions on the coupling function 4, we can
write the entries of D, F;, — D, F; as

[D; Fe — Dy, Fele

(X o HAl + Y0 oA AR ldoo(z1,22), k=€ <L,

O(A YAl dso (21, 22), k#€<L,
. oA~ I)Ak(g L)doo(Zl, 22), k<L, ¢>1L, 46)
oA de (21, 22), k>L, <L,

o~ l)A(k Dye—1)doc (21, 22), k#¢>L,

[O1) + O(A™'M)]dso (21, 22), k=(>1L,

Take (u, w, v) € Cyy with ||(u, w, v) |, = 1 and ', w' V) =(D; Fe — D, Fe)(u, w, v)".
Then

u; = O(A~ )[ZA +ZA ]uidoo(m,zz)

+0(A” 1)[2 i+ ZAizwm Z sitn doo(z1, ), 1= <L,

=1
=[O()+0O(A~ IM)]wjdoo(m,Zz)

M
+OTD[ Y Affui+ Z Wb 35 A vz, 125 < M

m=1

= [O)+O(A™ M) vjdoo (21, 22)
L M, M
OO Alfuc+ Y Alhwn+ Y Alhu |dntr ), 1= =M,
=1 m=1 m=M,+1
so that
lu'll, e < OAT'SNYP)doo (21, 22) = O()doo 21, 22),
||w/||p,RMu E O(l)doo(zla Z2)9
', gre < O(Ddoo (21, 22).

which implies the proposition. O
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Lemma 5.2. Suppose that Ko > O(K,) and W is an embedded (L + M,,)-dimensional
torus which is the closure of Wo € W), k. Then, for every n € N, F}(W) is the closure
of a finite union of manifolds, Wy € Wy k., k € K, (and the difference F}'(W) \
Uke i, Wn.k is a finite union of manifolds of lower dimension).

Proof. As in Corollary 5.1, since 7, |w, is a diffeomorphism, the map m;, o F}' o m, |ﬁ,(1) :
TL+Me — TE+Mu js a well defined local diffeomorphism between compact manifolds,
and therefore is a covering map. One can then find a partition {R, x}rek, of ']I‘L“"’M such
that 7, o F!' o nulw (Rpx) = TEMu and, defining W,k = 7, o F!' o 7|y, (Rn )
where R° .k is the interior of R, i, we have m, (W, ;) = TE+Mu From Propos1t10n D.1in

Appendlx D it follows that W, x € W), k, and {W,, }rek, is the desired partition. O
R '.' ‘..".“...:, R : S ~—
W CWI/Z
TL+Mu - I ol LMy
R F, Rl
P
Wo — ftimmmnnnns 7
vxTvLJrMu & »,»>J1I-L+Mu
R =g =
/ H
e WIA 7z ’ H
AN e e )
] TL+Muy _-"‘]1‘L+Mu

Fig. 6. The admissible manifold W) is mapped under F¢ to the union of submanifolds W; 1, W1 »,
Wi 3, and Wy 4.

5.4. Evolution of densities on the admissible manifolds for F

Recall that 7, and I1,, are projections on the first L 4+ M,, coordinates in TV and R re-
spectively. Given an admissible manifold W € W, k,, which is the graph of the function
E : I*™Mu — R, forevery z, € I1XTMu the map

my 0 Fyo(id, E)(zy)

gives the evolution of the first L 4+ M,, coordinates of points in W. The Jacobian of this
map is given by
J(zu) = Iy - Diid, E)(z,) Fe - (Id, D, E))|.
In the next proposition we upper bound the distortion of such a map.
Proposition 5.4. Let W € W), | be an admissible manifold and suppose z,,, 7, € 1 LMy

Then
J(zu)

T exp{[OA™' LT/ Py + O(M)doo (24, Zu))-
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Proof. We have

|/ @)l Ty - Diid, E)@) Fe - (1d, Dy, E)| |1y - Did £y, Fe - Ad, Dy, E)|
[V @) My - Did,Ey@o) Fe - Ad, Dy, E)| Ty - Did, By, Fe - (Id, D, E)|
=: (A) - (B).

(A) can be bounded with computations similar to the ones carried out in Proposition 4.2:
(A) < exp{[O(A™18L) + O(M)]doo (2, D))

To estimate (B) we also factor out the number Df = o from the first L columns of
My D, £),) Fe» and Dg; (3, ;) from the (L + j)-th column when 1 < j < M,, and thus
obtain
ol ;% Dg |M,D(d, E)G)) - (d, D, E)|

. J= . u 4 u > Zu

B) = —
B =5 ]’[]’.‘i”1 Dg; D((d, E)(zy)) - (d, Dz, E)|

where D(-) is the same matrix defined in (31) apart from the last M columns which
are kept equal to the corresponding columns of D.F;. The first two ratios trivially can-
cel. For the third factor we proceed in a fashion similar to previous computations using
Proposition B.1 of the appendix. Defining B := D((id, E)(z,)) — Id, we are reduced to
estimating

IIld+ 11, - B - (d, D, E)|
IId+ 11, - B - (Id, Dz E)|

where we use the fact that I1,D - (Id, D, E) —1d =I1,B - (Id, D, E).
Since ||(Id, D,, E)ll, < 1+ By, p for any z, € S, it follows, by choosing n > 0
sufficiently small in (H1)—(H4) and from (33), that
I, - B-{d, D, E)|lp, <A < 1. 47)

It is also rather immediate to upper bound the column norms of I1,,- B- (0, D, , E — Dz E):

[Coll[T1, - B - (0, D, E — Dz, E)ll, < OA'LYPSVN)IDE |Lip. pdp (zus Zu)
< OA"MYPYd, (24, Z0),

so that by Proposition B.1, the overall estimate for (B) is

M, - D((d, E)&,)) - (d, D, E))| sl .
M- DG4, B)Ew) - (1, Do, By = SPIO@ L0y G 2ok (48)
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5.5. Invariant cone of densities on admissible manifolds for F

Take W € W, k,. A density p on W is a measurable function ¢ : W — R™ such that the
integral of ¢ over W with respect to my is 1, where my is defined to be the measure ob-
tained by restricting the volume form in TV to W. The measure 7,4 (@ -myy) is absolutely
continuous with respect to m 4y, on TEMe and so its density ¢, : TEHMe — RY is
well defined.

Definition 5.2. For every W € W, g, and every ¢ : W — RT we define

L d”w(‘ﬂ : mW)
woo— - 5, .
dmpim,
Consider the set of densities

%f“; < exp[adp(zu,zu)]}.

PulZu

Ca,p(W) := {(p ‘W —> R
The above set consists of all densities on W whose projection on the first L + M,, coordi-
nates has the prescribed regularity property.
Proposition 5.5. For every a > a,. where
ac = OAT'LTrstay 4 Om), (49)

W e W, k, and ¢ € C4,,(W) the following holds. Suppose that {W} is the partition of
Fo (W) given by Lemma 5.2 and that Wy is a manifold of W such that Fo(Wy) = W,é €
Wy, ko Then for every k, the density ¢, on W, defined as

o e 1 dFe(oly mw)
k fWk(pde deli

belongs to Cq, ,(W)).
Proof. 1Itis easy to verify that ¢, is well defined. Let Gy be the inverse of the map Fe|w, :
Wi — W,;. From Definition 5.2 follows that

/. d( o Feo(id, E)s(Qulr, W) - ML4M,)
(‘pk)u o

dmpypy,
where E is the map whose graph equals W. This implies that
/ u(Gi(zu))
(P u(zu) = m
and therefore
(0)uz)  0u(Gr(zu)) J(Gr(Zu))
@DuG)  ¢u(GrEu)) J(Grlzu))
< explo ' ady (zu, Z)Texp{OA ™' LIFVP$10) 1 OM)1d) (2, 7))

<exp{[cla + OAT LIPSy L OM)1dy (24, Zu)))-

Taking a. as in (49) yields the assertion. ]
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At this point we can prove that the system admits invariant physical measures and that
their marginals on the first L + M, coordinates are in the cone C,, , for a > a.. The
main ingredients we use are Krylov—Bogolyubov’s theorem and Hopf’s argument [Wil12,
KH95].

Proof of Theorem 5.1. Pick a periodic orbit O(zs) of gy, +1 x -+ x gy and let U be
the union of the connected components of R containing points of O(zs). Pick y; € U
and take the admissible manifold Wy := TLtMe x {y} € W, g,. Consider a density
p € Cq,p(Wp) with a > a, such that the measure (o := p - my is the probability measure
supported on Wy with density p with respect to the Lebesgue measure on Wy. Consider
the sequence {u; };en, of measures defined as

= tHZ( D) 10-

From Lemma 5.2 we know that Fg(Wo) =U kek; Wi, x modulo a negligible set with
respect to (F?), (i), and that

(FD«(u0) = Y (FD),10(Wi i) ik,
kEICi

where p;  is a probability measure supported on W; x for all i and k € ;. It is a con-
sequence of Proposition 5.5 that w; x = ;i x - mw,, with p; x € Cq p(W; ). Since F is
continuous, every subsequence of {1, };cN, has a convergent subsequence in the set of all
probability measures of S with respect to the weak topology ({/}/en, is tight). Let iz be
a probability measure which is the limit of a converging subsequence. By convexity of
the cone C,, , the second assertion of the theorem holds for 1.

Now let Vi, ..., V, be the components of U where n is the period of O(zs). Since
all stable manifolds are tangent to a constant cone which has a very small angle (in par-
ticular less than m/4) with the vertical direction (corresponding to the last M; directions
of TV), they will intersect all horizontal tori T+« x {y} with y € V. It follows from
the standard arguments that 7z has absolutely continuous disintegration on foliations of
local unstable manifolds, which in the case of an endomorphism are defined on a set of
histories called inverse limit sets (see [QXZ09] for details). Following the standard Hopf
argument [Wil12, KH95], one first notices that given a point x € V; on the support of 1z, a
history x € (TN )N, and a continuous observable @, from the definition of i, almost every
point on the local unstable manifold associated to the selected history has a well defined
forward asymptotic Birkhoff average (computed along x) and every point on that stable
manifold through x has the same asymptotic forward Birkhoff average. The aforemen-
tioned property of the stable leaves implies that any two unstable manifolds are crossed
by the same stable leaf. This, together with absolute continuity of the stable foliation, im-
plies that forward Birkhoff averages of ¢ are constant almost everywhere on the support
of 7t, which implies ergodicity. O
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5.6. Jacobian of the holonomy map along stable leaves of F

In order to prove Proposition 5.1 we need to upper bound the Jacobian of the holonomy
map along stable leaves. It is known that for a C? uniformly hyperbolic (or even partially
hyperbolic) diffeomorphism the holonomy map along the stable leaves is absolutely con-
tinuous with respect to the induced Lebesgue measure on the transversal to the leaves
[HPOS]. This can be easily generalised to the non-invertible case.

First of all, let us recall the definition of the holonomy map. We consider holonomies
between manifolds tangent to the unstable cone.

Definition 5.3. Given embedded disks D and D; of dimension L + M,,, tangent to the
unstable cone C*, we define the holonomy map 7w : D; — D; by

w(x) = W'(x) N D;y.

As before, we define m p to be the Lebesgue measure on D induced by the volume form
on TN,

Remark 5.2. For the truncated dynamical system Fg, fixing D, one can always find a
sufficiently large D; such that the map 7 is well defined everywhere in Dj.

Proposition 5.6. Given admissible embedded disks Dy and D> tangent to the unstable
cone, the holonomy map m : D1 — D» associated to Fg is absolutely continuous with
respect to mp, and mp,, the restrictions of Lebesgue measure to the two disks. Further-
more, if Js is the Jacobian of m, then

Js(2) < exp{[O(A_lLt?) + (’)(M)]ﬁdoo(z, n(z))}, Vz € Dy. (50)

Proof. The absolute continuity follows from results in [Mn87] (see Appendix D), as well
as from the estimate on the Jacobian. In fact, it is proven in [Mn87] that

Ji(z) = lo_o[ Jac(Dy, Felv,) VzeD
s il Jac—(ng Fg|7k) ) 1s

where zx = FX(2), zx = FX(n(2)), Vi = T, FX(Dy) and Vi = T; FX(Dy).
Since Dp and D; are tangent to the unstable cone, one can write Fg‘ (Dq) and ng (D)
locally as graphs of functions Eqx : Bj(zx) — Bj(zx) and Exy : By (zx)) —
Bj (zy), with E; ;. given by applying the graph transform on E;;_1, and E; ¢ such that
(Id, D_E; o) RETMey = T, ;.

For every k € NU {0}, we have (Id, Dy, ;) E1,x) o 1|y, = Id|y, and so

Jac(Id, Dx, (z1) E1.6) Jac(Tly |v) = 1,

and analogously
Jac(Id, Dﬂu(gk)Eg’k)JaC(HﬂVk) =1.
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Since

[TT, o Dzk F.(d, Dnu(zk)El,kH = Jac(IT, o Dzk Fe(Id, Dnu(zk)El,k))
= Jac(Ily|v,) Jac(d, Dy, (o) E1,k) Jac(Dyy Felv, ),

and analogously

|1, o Dz Fe(1d, Dy, ) E2,0)| = Jac(Il, o Dz, Fe(Id, Dy, z) E2.1))
= Jac(Ily |y, ) Jac(d, Dx, z) E2,) Jac(Dz, Fely,).

we have

> Jac(D,, F, Jac(Dz, F,
JS(Z):I—[ ( Zk 8|Vk) ( k 8|Vk)

iz Jac(Dz, Fely,) Jac(Dz, Fely, )

_ lo_o[ [T, o Dsza(Id, Dnu(zk)El,k)| [T, o ka Fs(Id, Dnu(zk)El,k”
IT1y o Dz, Fe(Id, Dy, (z) E1,0)| [Tl 0 Dz, Fe(Id, Dy, ) E2,0)|

k=0

The first ratio can be deduced with minor changes from the estimate (48) in the proof of
Proposition 5.4. So

< |1, o D,, F.(Id, D E 0
M © Doy Feld, Dy E10)] = exp{[0(ATL8) + O Y dp (et 7o) |
ieo [T © Dz, Fo(Id, Dy, z) E160)| =

< exp{[O(A_lLS) + O(M)]ﬁd,,(zg, zo)}

where we have used the fact that zg and 7 lie on the same stable manifold and, by Propo-
... _ —k _
sition 5.2, d), (2, 7k) < A dp(20, 20)-
To estimate the other ratio we make similar computations leading to the estimate
in (48). Once more we factor out o from the first N columns of Dz (F) and, for all
J € [M], Dy, g from the (L + j)-th column and thus

Mll —
[Ty o Dz, Fe(Id, Dy, o Er0)l _ o [1;21 Dgj |1, 0 DE) (A, Dy, o) E1p))|

Ty 0 Dz Fe(1d, Dz E20l o [T Dg; T © D@0 (4, Dr o E2.0)]

_ [T1,, o D(zx)(1d, Dnu(zk)El,k)|
[T1, 0 D(zx)(d, Dx,z) E2 )l

where D(zi) is defined as in (31). Defining, for every k € N,
By := D) (Id, Dy, ;1) E1.k) — 1d = T1,(D(Zk) — Id)(Ad, Dr, (1) E1.1)
and analogously

By :=11,D(Z)(d, Dy, z) E2.4) — 1d = I, (D(zx) — 1d)(Id, Dy, ) E2,0),
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we have proved in (47) that IBkll, lIBxll < A < 1. It remains to estimate the norm of the
columns of By — By. Forall £ € [L],

ICol[By — Billl = |Col* [T, (D(Zk) — Id)(0, Dy () E1 & — Do) 2011
< M (PG — D) logrms || du(Vi, Vi) < OAT'8)du (V. Vo).

where we have used the fact that, as can be easily deduced _from the definition of d,, in
(69) of Appendix D, [|(0, Dy, (z;) E1,k — Dr, @) E2,0) 1l = du(Vi, Vi). By Proposition B.1,

[T1y o Dz, Fe(Id, Dy, (z) E1,0)]
|TT, o ng F.(Id, Dnu(Zk)E2,k)|

< exp{OLA"'8)d, Vi, Vi)).

By Proposition D.3, if g, is sufficiently small, then d,, Vi, Vi) < rudy(Vo, Wp) for
some X, < 1, and this implies that

3 |1, o DZsz(Id, Dnu(zk)El,kN

o0
< ex {(’)(LA_I(S) du (Ve Vk)}
N, o Do Fo(d, Dy B2l ~ F k;) ‘

< exp{O(LA™'8)d, (Vo, Wo)}
< exp{O(LAT'8B,)). O

5.7. Proof of Proposition 5.1

The following result shows that BS’J' ) % TMu x R, the set where fluctuations of the dy-

namics of a given hub exceed a given threshold, is contained in a set ES’J ) that is a union
of global stable manifolds. This is important because even if the product structure of the

former set is not preserved by taking preimages under (F;), the preimage of ES’-" ) will
be again the union of global stable manifolds. Furthermore, if S is sufficiently small, and
this is provided by the heterogeneity conditions, the set gés’j ) will be “close” (topologi-
cally and with respect to the right measures) to Bés’j ),

Lemma 5.3. Consider Bés’j ) as in (23). Then there exists a constant C > 0 such that

BOD x TMe x R ¢ B .= U W (2) € BED x T xR (51)
2eB8 < TMu xR

withe| = & + C4M'/PB; .

Proof. The first inclusion is trivial. Take z € B;S’j ) x TM« x R such that

> elsi].

1 —
‘Z D A, (i) — ;s
i
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Since W*(z) is tangent to the stable cone C*, by (40) for any 77 € W?*(z) we have
dy(,(z), 2) < By, p. This implies that

‘ ‘ Z A vl (xi) —
Z Al (O, (xi) —

proving the lemma. O

‘— A’”eg1 (x]) — KB

ZA”HDeYJd,,(nu(z/), ) < IsilOM'P B ),

Proof of Proposition 5.1. As in the proof of Theorem 5.1, take an embedded L + M,,-
torus Wy € W, k, such that m,|w, : Wo — TLMe is a diffeomorphism, a density
p € Cq,p(Wp) with a > a. such that puy is a probability measure, and the limit z& of the
sequence {{};eN, of measures defined as

t+12( )10

is an SRB measure. From Lemma 5.2 we know that Fg(WO) = UkelC,- Wi r modulo a
negligible set with respect to (ng)*(Mo), and

(FD, (o) = Y (FD), 110(W; )i k-
kG’Ci

where w;  is a probability measure supported on W; x for all i and k € K;. It is a con-
sequence of Proposition 5.5 that w; x = p;x - mw,, with p; x € Cq (W ). For every
t € Np,

i (BED) < i (BST < T x R)

_ Z Z (F) MO(Wl k) i’k(Bg,j) % r]I\Mu % R)

i=0 kE’C,‘ ! + 1
_Z Z (F) mo (Wi i) pixdmiim
i=0 kek r+1 Bgsfj)x’]l‘Mu " i
F! :
< Z Z (7o), “0(1 ) exp[O(A™'LI2/P510) 1 OM)Imp g pr, (BT x TM)
i=0 kek; I+ (52)
= exp[O(A™' L'2/P§19) + O(M)Impa, (BED x TM), (53)

Since the set gé” ) might not in general be measurable, in the above and in what follows
we abuse the notation so that whenever the measure of such a set or one of its sections is
computed, it should be understood as its outer measure. To prove the bound (52) we use
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the fact that p; x € Cg4, (Wi ) for a > a. and thus its supremum is upper bounded by
explO(A~LLIF2/P§1/0y 4 O(ML'/P)]; and (53) follows from the fact that

$ 5 s ZZI(F;)*“O((FE)i(WO))=itl121' (54)
i=0

i=0 kek; t+1 i=0 t+1

Since the bound is true for every ¢ € Ny, it is also true for the weak limit i:
EBET) < explOATILH/Ps1ay 4 OMLYPYmp 4 p, (BED x TMn),
and since 1 is invariant, for all 1 € N we have
A (BE)) < explO(AT' LT2/P 81y 4 OMLYP)m 1 py, (BED x T,
From (54) there exist i € N and k € K; such that
ik (FH(BED)) < (F (BE))
and thus
my,  (F'(BS)) < explO(AT'L1+2/Ps1 0y 4 OMLYP)mp 1 p, (BED x TMu),

Now, pick y; € R and consider the holonomy map along the stable leaves, m
Wix — Dy,, between transversals W; x and Dy = TLTMu x {y} C C*. We know
from Proposition 5.6 that the Jacobian of 7 is bounded by (50) and thus

mp,, (F;'(BPD)) < explOAT L7810y 4 OMLYP)imp iy, (BED > TH0).
The above holds for every y; € R, and so by Fubini

my (F(BED)) < explOATILIT2/P814) 4 OMLYP)imp g, (BE) x T,
and from the first inclusion in (51) we obtain

my (F (BE) < explO(AT LI2/Pstay  OMLYP)imp gy, (BED x T, 0

5.8. Proof of Theorem A

In this section F, : TV — TV again denotes the truncated map defined on the whole
phase space. Define the uncoupled map f : TV — TV by

S oxn, e ym) = (G, ), g1, - g (ym))-
The next lemma evaluates the ratios of the Jacobians of F! and f* for any fixed r € N.
Lemma 5.4.

t
ﬁ < exp[O(MLA™'8) + O(M?)].
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Proof. Foralli € [t] define z; := fi(z), 7= FFf (z), and zg = Zp := z. Then

M
WJ”:HLM@JIZﬁUWMa%mM
|DZF£t| H;{:OlDZ/\'FS| k=0 |D§kF€|

D"k m8m 7[kk.m 8m

¢ GL nn"f:] DYk‘m gm(l + - ka g’m !
=11 T < exp[O(M)] H
8! Dz, F| |D(Z )l

where D(z;) is defined as in (31). Now, 1/|D(z;)| can be estimated in the usual way by
defining B(z;) := D(z;) — Id and noticing that 1 = |Id + 0|. One can obtain, from the
computations leading to (34),

ID(lz )|~ e"p[zc"l [B@)]] = explO(LA™S) + OM)),
and thus
[
|DZ£f| < exp[O(M)] explO(LA~'8) + O(M)] < exp[O(LA~'8) + O(M)]. O

Lemma 5.5. Let A>(T, T) be the set of C* Axiom A endomorphisms of T endowed with
the C' topology. Take a continuous curve y : [ai, az] — A*(T,T). Let A% and T
denote respectively the attractor and repellor of yy forall o € [a1, a2]. Then

(i) there exist uniform ey > 0 and A € (0, 1) such that

Valaz | <1 and |y,lxe, (55)

(i1) there are uniformr > 0 and t € N such that for all @ € [oq, az] all sequences
{81}1 70 with e; € (—r, r) and all points x € T\ Y, the orbit {xi}]_, defined by
xo:=x and xj:=Vyyu(xi_1)+ & (56)
satisfies xr € Ay, .

Proof. The above lemma is quite standard [dMvS93] and can be easily proved by con-
sidering the sets

U @ xAscCla ol xT and ) (o) x Yo Clar.on] x T

a€lay,on] a€la,an]

and noticing that they are compact. Then from the C! assumption on the Axiom A map,
it follows that all the stated quantities are uniformly bounded. O

Proof of Theorem A. The proof is in two steps.

Step 1. Restricting F; to S, we can use Proposition 5.1 to get an estimate of the Lebesgue
measure of Be, 7 x TM« x R. Define

T
Ber: = U Fo'(Ber x T x R)N S.
t=0
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To determine the Lebesgue measure of this set we compare it with the Lebesgue measure
of

= Uf "Ber x T x R)N S.
t=0

Forally € TM, the map f|yc,(y) : T* x {y} = TL x {(g1(y1). - .., gm(ym))} is an
expanding map with constant Jacobian and thus measure preserving if we endow T x {y}
and TL x {(g1(»), ..., gm(ym))} with the induced Lebesgue measure. Fubini’s theorem
implies that for all 7 € [7],

my(Be.r x TV« x R)

my(f 7 (Ber x T x R)yNS) < C(x) S

where C(7) is a constant depending on 7 and uniform in the network parameters. And
thus

my(f 7 (Ber x TM x R)yNS) < Cygmuy (Be.r x TMu x R).

Now

D t
my(F,~ (Bng']TM“xR)OS)<mN(f (Bng']TM“xR)OS)sp| f'.
ze'ﬂ‘N|DFt|

By Lemma 5.4, assuming that T < 7', we get

T
myBer) < Y explOLSA™") + OM)ICymy (Be.r x T x R)
t=0

< Texp[~O(A™")e? + O™ LIF/P8) + OMLY7)).
Step 2. Define/ c TV as
U = TEMu s p Mt oYM,
Consider the system G : TN — TV obtained by redefining F, on ¢ so that if (x’, y') =

G(x,y), m, 0G(x,y) = my, o Fe(x, y) (the evolution of the “expanding” coordinates is
unchanged) and

" 1
y;-=ﬁ(yj>+a2g<ZZA§’,ies(xn)— >0s(y,)+ ZD,mh(y,,ymmodl
p n

where the reduced dynamics is (smoothly) modified to be globally expanding by putting
fl'T/ = gJ|T, and fjl'ﬂ'\T’ redefined so that |fj| > A~! > 1 everywhere on T. Evi-

dently Gly = F lz¢- We can then invoke the results of Section 4 to impose conditions on
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n and ¢ to deduce global expansion of the map G (under suitable heterogeneity hypothe-
ses) and the bounds on the invariant density obtained in that section. In particular, for all
T € N one has

T
mN<U G~ (Be x TM)> < Texp{—As2/2 + OA~NFY/Pslay 4 O(MNY/PY),
t=0

and this implies

N(O G™! (Be x TM) ) Bs,r,T)

t=0
< 2T exp{—A&?/2 + O(A~' LI T2/Pslay L oMLY P)),

concluding the proof of the theorem. O

5.9. Mather’s trick and proof of Theorem A when n % 1

Until now we have assumed that the reduced maps g; satisfied Definition 2.1 withn = 1.
We now show that any n € N will work by constructing an adapted metric via what is
known as “Mather’s trick” (see [dMvS93, Chapter 3, Lemma 1.3] or [HPS06]).

Lemma 5.6. It is enough to prove Theorem A forn = 1.

Proof. Assume that all g;, j = 1, ..., M, satisfy the assumptions in Definition 2.1 for
some common (72, m, A, r). Conditions (2) and (3) imply that one can smoothly conjugate
each of the maps g; so that |[D,g;| < A for all x € N,(Aj), and |D,g;j| > A~ for all
x € N, (7). These conjugations are obtained by changing the metric (“Mather’s trick”).
In other words, there exists a smooth coordinate change ¢;: T — T such that for gj =
pjogj o(p71 the properties from Definition 2.1 hold for n = 1. Moreover, there exists some

uniform constant Cy only dependmg on (n, A, r) such that the C? norms of f o) and <pJ
are bounded by Cy. Write y; = ¢;(y;) andZ = (Z1,...,20) = (X1, ..., XL, Y1y o ooy YM)-
In these new coordinates, (10)—(13) become

xp=f (i) + ZAf@h(xl,er ZAlhh(x,,ym)modl, i=1...L

e 1
(57)
¥, =% G)+E@ mod 1, j=1....M,
(58)
where
~ 8 (yj)+§; ~ .
Sj(z):=f~ ~ Digjdt and  h(x,y) :=h(x,¢; ). (59
g ()
In fact

-, o g )+
Vi =¢i(yj) = @i(gi(yj) + &) =gi(yj) + /~ - D, gj dt.
8iyj
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Then we can set
- () +Ej e
Eje 1= / Dy dt

and define the truncated system as

L M
o o ~ ~ .
x| = f(xi)+Z§ Aﬁllh(x,-,xg)+z > A, Fwymod1, i=1,....L,

=1 m=1
(60)
;=25 +E.e(Z)mod 1, j=1,....,M.
(61)

Since the ¢; are C 2 with uniformly bounded C? norm, it immediately follows that E ¢ has
all the properties satisfied by &; . listed in Lemma A.1. Assuming that |$ e (X(1))| < & for
all0 <t < T, we immediately obtain

1y} — &)l = 9] 13 (9 (5))) + &.£(D] — (3] < OFj () <OE). O

5.10. Persistence of the result under perturbations

The picture presented in Theorem A is persistent under smooth random perturbations of
the coordinates. Suppose that instead of the deterministic dynamical system F : TV — TV
we have a stationary Markov chain {F;};cn on some probability space (€2, P) with tran-
sition kernel

P(Fut1 € Al Fn=12) = /Aw(y — F(2))dy

where ¢ : TV — RT is a density function. The Markov chain describes a random dy-
namical system where independent random noise distributed according to the density ¢
is added to the iteration of F'. Take now the stationary Markov chain {F; ;};cn defined by
the transition kernel

P(Fent1 € A| Fep=2) = /A‘P(y — F:(2))dy

where we consider the truncated system instead of the original map in the deterministic
drift of the process and restrict, for example, to the case where F is uniformly expanding.
The associated transfer operator can be written as P, = P, o P, where P; is the transfer
operator for F, and

(Pyp)(x) = f p(»p(y — x)dy.

Let C,,, be a cone of densities invariant under P as prescribed in Proposition 4.3. It is
easy to see that this is also invariant under P, and thus under P;. In fact, take p € Cq .
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Then

(Pop)2)  [oWe(y —2)dy [ pz—y)e(y)dy

(Pop)@  [oMe(y—2dy [ pE— e dy
_ [ pE =) explady(z, DYp(y) dy
B [ o@ = y)e(y)dy

This means that there exists a stationary measure for the chain with density belonging to
Cq,p and that the estimates of Section 4 hold for the measure of Be. This allows us to
conclude that the hitting times of B, satisfy the same type of bound as in the proof of
Theorem A. Notice the independence of the above from the choice of density ¢ for the
noise. This implies that all the arguments continue to hold independently of the size of
the noise, which, however, contributes to spoil the low-dimensional approximation for the
hubs in that it randomly perturbs it.

= expfad,(z,2)}.

6. Conclusions and further developments

Heterogeneously Coupled Maps (HCM) are ubiquitous in applications. Because of the
heterogeneous structure and lack of symmetries in the graph, most of the previously
available results and techniques cannot be directly applied to this situation. Even if the be-
haviour of the local maps is well understood, once they are coupled in a large network, a
rigorous description of the system becomes a major challenge, and numerical simulations
are used to obtain information on the dynamics.

The ergodic theory of high-dimensional systems presents many difficulties including
the choice of reference measure and dependence of decay of correlations on the sys-
tem size. We exploited the heterogeneity to obtain rigorous results for HCM. By using
an ergodic description, the dynamics of hubs can be predicted from knowledge of the
local dynamics and the coupling function. This makes it possible to obtain quantitative
theoretical predictions of the behaviour of complex networks. Thereby, we establish the
existence of a range of dynamical phenomena quite different from the ones encountered
in homogeneous networks. This highlights the need of new paradigms when dealing with
high-dimensional dynamical systems with a heterogeneous coupling.

Synchronization occurs through a heat bath mechanism. For certain coupling func-
tions, hubs can synchronize, unlike poorly connected nodes which remain out of syn-
chrony. The underlying synchronization process is not related to direct coupling between
hubs, but comes via the coupling with poorly connected nodes. So the hub synchroniza-
tion process is through a mean-field effect (i.e. the coupling is through a “heat bath”).
In HCM, synchronization depends on the connectivity layer (see Subsection 1.3). We
highlighted this feature in the networks with three types of hubs having distinct degrees.

Synchronization in random networks—HCM versus homogeneous. Theorem C
shows that synchronization occurs in random homogeneous networks, but is rare in HCM
(see Appendix F). Recent work (for example [GS198]) shows that structure influences
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dynamics. Theorem B shows that it is not strict symmetry, but (probabilistic) homogene-
ity that makes synchronization possible. In contrast, in the presence of heterogeneity the
dynamics changes according to connectivity layers.

Importance of long transients in high-dimensional systems. Section 3.1 shows how
certain behaviour can be sustained by a system only for finite time 7 and, as it turns
out, T is exponentially large in terms of the size of the network, being greater than
any feasible observation time. The issue of such long transient times naturally arises in
high-dimensional systems. For example, given an N-fold product of the same expanding
map f, densities evolve asymptotically to the unique SRB measure exponentially fast, but
the rate depends on the dimension and becomes very low for N — oo. Take an expanding
map f and define

fr=fxxf

Suppose v is the invariant measure for f absolutely continuous with respect to some
reference measure m different from v. Then the push forward fL(m®N) = (fim)®N
will converge exponentially fast in some suitable product norm to v®V because this is
true for each factor separately. However, by choosing N large, the rate can be made ar-
bitrarily slow and in the limit of infinite N, f! (m™) and vN are singular for all r € N.
This means that in practice, pushing forward with the dynamics an absolutely continu-
ous initial measure, it might take a very long time before relaxing to the SRB measure
even if the system is hyperbolic. This suggests that in order to accurately describe HCM
and high-dimensional systems, it is necessary to understand the dependence of all rele-
vant quantities and bounds on the dimension. This is often disregarded in the classical
literature on ergodic theory.

6.1. Open problems and new research directions

With regard to HCM some problems remain open.

1. In Theorem A we assumed that the local map f in our model is Bernoulli and that all
the non-linearity within the model is contained in the coupling. This assumption makes
it easier to control distortion estimates as the dimension of the network increases. For
example, without this assumption, the density of the invariant measure in the expand-
ing case (see Section 4) becomes highly irregular as the dimension increases.

Problem: Obtain the results in Theorem A when f is a general uniformly expanding
circle map in C'*V with v € (0, 1).

2. In Theorem A we gave a description of orbits for finite time until they hit the set B,
where the fluctuations are above the threshold and the truncated system F; differs from
the map F.

Problem: Describe what happens after an orbit enters the set Bg. In particular, find
how much time orbits need to escape B; and how long it takes for them to return to
this set.
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3. In the proof of Theorems A and C we assume that the reduced dynamics g;, in (4), of
each hub node j € {1, ..., M} is uniformly hyperbolic.

Problem: Find a sufficiently weak argument that allows one to describe the case where
some of the reduced maps g; have non-uniformly-hyperbolic behaviour, for example,
have a neutral fixed point.

In fact, hyperbolicity is a generic condition in dimension one (see [RvS15, KSvS07])
but not in higher dimensions. An answer to this question would be desirable even in
the one-dimensional case, but especially when treating multi-dimensional HCM.

The study of HCM and the approach used in this paper also raise more general questions
such as:

1. Problem: Is the SRB measure supported on the attractor of F. absolutely continuous
with respect to the Lebesgue measure my on the whole space?

Tsujii [Tsu01] proved absolute continuity of the SRB measure for a non-invertible two-
dimensional skew product system. Here the main challenges are that the system does
not have a skew-product structure, and the perturbation with respect to the product
system depends on the dimension.

2. Chimera states refer to “heterogeneous” behaviour observed (in simulations and ex-
periments) on homogeneous networks (see [AS04]). The emergence of such states is
not yet completely understood, but they are widely believed to be associated to long
transients.

Problem: Does the approach of the truncated system shed light on Chimera states?

Appendix A. Estimates on the truncated system
Hoeffding inequality. Suppose that (X;)eN is a sequence of bounded independent ran-

dom variables on a probability space (2, X, P) and there exist a; < b; such that X; (w) €
[ai, bi] forall w € Q2. Then

P(‘%gxi—m[%gxi}

forallt > 0andn € N.

=) <26 222
X e —
=1) =< Yol (b — a;i)?

Proof of Proposition 3.1. Hoeffding’s inequality can be directly applied to the random
variables defined on (T%, B, my) by X; := 65, o ' (x) where 7' : TL — T is the pro-
jection on the i-th coordinate (1 < i < L). These are in fact independent by construction
and bounded since {6y, }5, ¢z are trigonometric functions on [—1, 1].

Consider the set
M

B, = U U Béslvj)

jZlSIEZ
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with Béxl’j) defined as in (23). Notice that for s; = 0, BS”]) = TL. Since KkiA =d;, we

can rewrite
ZAjlefl(-xl - s1 >_|51|}
Kj

Since d; is the number of non-vanishing terms in the sum, the above is the measurable
set where the empirical average over d; i.i.d. bounded random variables exceeds their
common expectation by more than £|s1 |/k;. Being under the hypotheses of the above
Hoeffding inequality, we can estimate the measure of this set as

pod = |retts

. dze’lsi |2 A&?|s |2
my (BE11) < 2exp[—ﬁ} = 2exp|:—%}, (62)
2K j

and this gives

M 2
. Age
mpBe) <y Y mp (B <2M Y exp[—7|s1|]

j=1 s1€2Z\{0} 51€2\{0}

A2
<am exp[—Ae”/2]
1 — exp[—Ag2/2]

since k; < 1, which concludes the proof of the proposition. O

Now we give an expression for D F;. Using (20) and (21) and writing as before z = (x, y),
noting that zzx = yx—_r fork > L, we get

Dy f+ %30 Ahi Xk, 20), k=€ <L,

K Areha(xx, ze), k#¢ k<L,

[D(x,y) Felke = | 0x, kL6 k>L,¢<L, (63)
X Akeha(Yk—L, Ye-L), k#0>1L,
Dy, 8k—1 + Oy, Ek—L.e, k=¢>L.

Here hy and h; stand for the partial derivatives of the function 2 with respect to the
first and second coordinate respectively, and where we suppressed some of the functional
dependences.

The following lemma summarises the properties of §; . that will yield good hyperbolic
properties for F;.

Lemma A.1. The functions &; . : TN — R defined in (22) satisfy
(1) 1&j,¢l < Ca(e+ A~'M) where Cy is a constant depending only on o, h, and «;
(ii)
O(A™ N A, n<lL,
10:,8j.e1 < {Coe + O(A™'M), n=j+L,
O(A YA, n>L,n#j+L;
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(ii) forall z,7 € TV,

O(A ) Ajpdso(z, 2), n<lL,
192,8).6(2) = 85,8, @] < 1 O1) + O(A ' M)doo(2,2), n=j+L,
O(A™NHAjpd (2, 2), n>L n#j+L.

Proof. (i) follows from the estimates
6l = Co( X cxelsil + A7 M) < Cote + 47" M),
sez?
where the sum is absolutely convergent. To prove (ii) notice that forn < L,
A
0:,&7.6(2) = 0y, &1c () = Y CsD(»)é“e\sl\%Dxn@n (64)
seZ?

and |Dy, 65| < 2m|s|, so the bound follows from the fast decay rate of the Fourier
coefficients. Forn = j + L,

M
o
19:5.1.67.6 ()] = 103,810 @ = o D bty Dy + Y ATy Byh (s 3n)
sez? n=1
<eCy Y les| Dy 05, Is1] + O(A™' M),
seZ?

Again the decay of the Fourier coefficients yields the desired bound. For n greater than L
and different from j + L it is trivial. Point (iii) for n # L + j follows immediately from
expression (64) and the decay of the Fourier coefficients. Forn = j + L,

|ayj Sj,e(z) - 8yj$j,s(2)|

M
o - —
< |o D celsillDy 6y, = Dy 01+ 3 AL [0 h(3j, yu) = 0,8 3)]

seZ? n=1

<00+ A "M)dso(z,2).

Notice that to obtain the last step we need the sequence {cg|s1| |s2|>} to be summable. In
particular,

Cy
s < ——F——F—, b>0,
s 5124055440
is a sufficient condition, ensured by picking 1 € C'°. O

Appendix B. Estimate on ratios of determinants

In the following proposition Colf[M], with M € M, a square matrix of dimension 7,
is the k-th column of M.
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Proposition B.1. Suppose that || - ||, : R" — R¥ is the p-norm (1 < p < o0) on the
Euclidean space R". Take two n x n matrices by and by. Suppose there is a constant
A € (0, 1) such that

, ool .
1billp == sup ———— <A, Vie{l,2} (65)
veR”" ”U”p
[lvllp=<1

Then

k

I+ b1 _ ox > k=1 ICol*[by — b2l .
[Id + by| — 1+

Proof. Given a matrix M € M, «, it is a standard formula that

Id+b X, (=t

d+ b eXp{Z( )

|M| = exp[Trlog(M)],

= Tr[b¢ — bS]}
1+ bs| ¢ i 2]}

(=1
Substituting the expression

-1

bl — b5 = bl (b1 — by)by !
=0
we obtain
=1 _ 1
Tr(b{ — b%) = D Te(b] (b1 — ba)by 771y =Y by b (b1 — b2))
i=0 j=0
-1 n ) )
< IICOIk[bf’*lb{ (b1 — b)]ll (66)

=0 k=1

where we use the fact that the trace of a matrix is upper bounded by the sum of the
p-norms of its columns (for any p € [1, co]). Using conditions (65) we obtain

n
Tr(b} — b) < A"~ ) " [ICol b1 — byl - (67)
To conclude,
|Id+b1| 041401 k
B < {Z( D chOl [b1 = b21ll,)]
Colk[b) — b
=exp{2k=l |Col™[by 2]”p}' O
1+ A

Appendix C. Transfer operator

Suppose that (M, B) is a measurable space. Given a measurable map F : M — M define
the push forward F,u of any (signed) measure & on (M, B) by

Fou(A) == w(F~Y(A)), VAeB.
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The operator F, defines how mass distribution evolves on M after application of the
map F. Now suppose that a reference measure m on (M, B) is given. The map F is non-
singular if F,m is absolutely continuous with respect to m; we write F,m < m.If F is
non-singular and u < m then also F,u < m. This means that one can define an operator

P:LY(M,m)— L' (M, m)

such that if p € L! then Pp := dF.(p - m)/dm where p - m is the measure satisfying
d(p -m)/dm = p. In particular, if p € L' is a mass density (p > 0 and fM pdm =1)
then P maps p to the mass density obtained after application of F. One can prove that an
equivalent characterization of P is as the only operator that satisfies

/(plpode:/ Poydm, V¢ eL®M,m)andg € L.
M M

This means that if, for example, M is a Riemannian manifold and m is its volume form,
and if F is a local diffeomorphism, then P can be obtained from the change of variables

formula as )
o(x
Poy= Y
(P =) Jac F(x)

where Jac F (x) = ”lg—jnm (x). It follows from the definition of P that p € L' is an invariant

density for F if and only if Pp = p.

Appendix D. Graph transform: some explicit estimates

Once again we go through the argument of the graph transform in the case of a cone-
hyperbolic endomorphism of the n-dimensional torus. The scope of this result is to explic-
itly compute bounds on Lipschitz constants for the invariant set of admissible manifolds,
and the contraction rate of the graph transform [Shul3, KH95].

Consider the torus T" with the trivial tangent bundle T x R". Suppose that || - || :
R" — R is a constant norm on the tangent spaces, and that, by abuse of notation, ||x;—x2 ||
is the distance between x1, x, € T" induced by the norm. Take n,,ny; € N such that
n = ng + ny, and let [Ty : R* — R™ and I1, : R" — R" be the projections for the
decomposition R" = R" @ R"s. Identifying T" with T x T"s, we let g : T" — T"s
and 7, : T" — T" be the projections on the respective coordinates. Take a C? local
diffeomorphism F : T" — T" and define F,, := 7, o F and F; := 75 o F. Suppose that it
satisfies the following assumptions. There are constants 8, 8; > 1, K;, > 0 and constant
cone fields

C" :={veR": Ml = BullTsv|} and C°:={veR": || > BlTT,v]}
such that

e forallx € T", D, F(C") C C*(F(x)) and DF(,()F’1 (CS(F(x))) C C5(x);
e there are Ay, Ao, i1, 42 € RT such that

0 <Ay |IDyFlesll A1 <1 < g S |[DyFleell < pua;
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I(D-, F — D, F)v|
o |D.\F — D,F||, := sup — = < Kulzi — 22|
. lvll

From now on we denote by (x, y) € T" a point in the torus with x € T and y € T"s.
Take r > 0 and let B/ (x) and B; (y) be open balls of radius r in T"* and T"s respectively.
Consider

Cu(B!'(x), B} (y) :={o : B} (x) > B}(y) : IDo || < B;'}.

The condition above ensures that the graph of any o is tangent to the unstable cone. It is
easy to prove invertibility of 7, o F o (id, o)|px(x) for sufficiently small r, and thus the
graph transform

T2 Cy(BY(x), B} (3) = Cu(BY (Fulx, ), B} (Fs(x, 1))

is well defined, where the only requirement is that for any o as above the graph of I'o,
(id, I'o) (B (F,(x, y))), is contained in F o (id, o) (B} (x)). An expression for I' is given
by

To :=[7,0 F o (id, 0)] o [7, 0 F o (id, 0)1 ™" | (£, (x,y) -
The fact that |[D(I'o)|| < B, ! is a consequence of the invariance of C*. Now we prove a

result that determines a regularity property for the admissible manifold which is invariant
under the graph transform.

Proposition D.1. Consider o € C, ¢ (B!(x), Bi(y)) C C,(B}(x), Bi(y)) charac-
terised by

. ”Dx’U_Dy/U”
Lip(Do) = sup — < K.
P =yl
x/;éy/ X y
x',y'eB!(x)

Then T maps C,  (Bf(x), B () into Cp (B (Fy(x, y)), BY (Fy(x, y))) if

K >

—1 —1\2
1 (/Lz Kkl+ﬂ” LK a+8" )

u/M — u _
1—m mik2 1- 8" w1 =B

Proof. Take z1, z2 € B} (z) with z = m, o F o (id, o) (x) and suppose that x1, x € B} (x)
are such that w,, o F o (id, 0)(x;) = z;. Take w € R", and suppose that vy, v, € R"™
satisfy HuD(xi’o'(xi))F(vi, DxiO’(vi)) = w. Then

| Dz, (To)(w) — D, (o) (w)l
< 1Dy, F 1, Dyy0 (1)) — D(xy,0(x0)) F (v2, Dxy0 (02))]]
< 1Dy o)) F (w1 — v2, Dyyo(vp — v2)) ||
+ 1 Dxy,0) F (O, Dyyo — Dy,0)va]|
+ 1Dxy.oi ) F = Dixy.o(an)) Fllull (v2, Dyyov2) ||
< m2llvr — v2ll + M Dx;0 — Dyyo|| w2l + Ku (1 + By Dllxt — 21l [|(v2, Diyov)]l.
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Now
lxr —x2ll < 21+ B Hllz1 — zall

and
lvr = v2ll = lv1 = (D ry.o ey F) ™ Dy o ey F A, Dy o) (01|
= 1T (Dry.0000) F) ™ (Dxy.oey) F — Dy () F) (A, Dy, 0) (01) ]
< )»z_lKuIIM —x2|l vl < kz_lKuM(l + B Dlz1 = z2ll vl

Taking into account that ||vq ||, [Jv2|| < /,Ll_l(l — ,Bu_l)_l||w|| we obtain

A 1+ B! 1+ B H?
Lip(D.(I'o)) < —l_lLip(D.o) + &Az_ll(u)q + ﬂ”_l + Ku%,
mi(l— By ) M1 1 -8 mi(l— By )

and this gives the condition of invariance of the proposition. O

Proposition D.2. Forall o1, 0, € C}(B*(x), B:(y)),

sup  [[(To1)(z) — (To2) (@)l

Z€B} (Fy(x,y)) N — _
<D +23u7 B+ o B sup lon () — o2 (1))
teBY(x)

Hence if
AR B o aB <1

then T : C; (B*(x), B (y)) — C; (BY(Fy(x,y)), Bi(Fs(x,y))) is a contraction in the
CO topology.

Proof. Take 01,07 € C,i (B} (x), B{(y)) and z € B} (F,(x,y)), and suppose that x1, x,
in BY(x) are such that F,,(x1, 01(x1)) = z and F, (x2, 02(x2)) = z. Then
[(To1)(z) — To2) (@) = [ Fs(x1, 01(x1)) — Fs(x2, 02(x2)) ||
< [Fs(x1, 01(x1)) — Fs(x1, oa(x) || + [ Fs(x1, 02(x1)) — Fs(x2, 02(x2)) ||
< Mllor(x1) — o2(x)|l + A1 Lip(op)llxy — x2ll 4+ Lip(F) B, Hllx1 — x2l.
The following estimates hold:
It — x2ll = llx1 = (Fy 0 (id, 02) ™" o (F, 0 (id, 01)) (x1) |
= |lx1 — (Fy 0 (id, 02)) "' [F, 0 (id, 02) (x1) + Fy o (id, 01) (x1) — F, o (id, o) (x ]|
< llxt — x1 | + |1 Dx(Fy o (id, 02) " || | Fu 0 (id, 01) (x1) — Fy 0 (id, 02) (x|

< IDeFu |~ A llor (x1) — o2 (x| < Mflklllm(m) —o(x)|l (63)
and hence
I(Co)(z) — To) @Il < [ +ATuy Bt + o] 2B o1 (x1) —oa(xDll. O

Consider any linear subspace V C C* of dimension n,. This is uniquely associated to
L : R"™ — R™ such that (Id, L)(R"*) = V.
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Definition D.1. Given any linear spaces Vi, V, C C* of dimension n,,, we can define the
distance
deu(Vy, Vo) := sup ||Li(u) — La(u)|] (69)

ueR™
flull=1

(which is also the operator norm of the difference of the two linear morphisms defining
the subspaces).

Proposition D.3. [f

-1 A ,Bu)\l i| 1
ol [1+M1(1—ﬂu) <

then D, F is a contraction with respect to dcu for all z € T".

Proof. Pick Ly, Ly : R™ — R" with ||L;|| < B4. They define linear subspaces V; =
(Id, L;)(R™) which, as a consequence of the condition on the norm of L;, are tangent to
the unstable cone. The subspaces Vi and V; are transformed by D, F into subspaces V/{
and V;, which are the graphs of linear transformations L', L} : R" — R"s (||L}|| < B).
Analogously to the graph transform one can find an explicit expression for L/ in terms
of Li .
L, =TlyoD,Fo(ld, L;j)o[Il, o D,F o (Id, L;)]"".

To prove the proposition we then proceed analogously to the proof of Proposition D.2.
Pick u € R™ and suppose that u, up € R are such that

(d, L) () = D.F o (1d, L1)(u1),  (Id, L5)(u) = D, F o (1d, L2)(u2).
With the above definitions,

L) (u) — Ly(w)|| = ||y o D F(Id, L1)(u1) — I o D, F(Id, L1)(u2)|
<My o D F(d, Ly)(u1) — [y o D F(Id, L2)(uy)||
+ Ty o D F(Id, L2)(u1 — u)||
< mlLy = Lol luill + Bupa (1 + Bu)llur — uzll,
luy — usll = lluy — [My o D.F o (1d, Ly)] "' T, 0 D, F o (Id, L1)(uy) ||
= [T, 0 D,F o (Id, L2)]"'TT, 0 D.F 0 (0, Ly — Lo)(uy) |

< I, 0 D.F o (Id, L2) "I BurilIL1 — Loll lluy |
Buri
< ——"——|Ly — Lo| llux|l.
pr(l = By)

The two estimates together imply that

_ Buri
||L/1_L/2||§M11|:)\1+#_13) L1 — La|l. o
u
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Appendix E. Proof of Theorem B

Letg: T — T and for w € R define g, = g + w. Letw = (..., wy, wp—1, ..., wo) With
w; € (—¢', &) with ¢’ > 0 small. Define g; = 8w O 0 &y © Zup-

Proposition E.1. Let g: T — T be C? and hyperbolic (in the sense of Definition 2.1),
and assume that g has an attracting set A (consisting of periodic orbits). Then there exist
x € (0, 1) and C > 0 such that for each ¢ > 0 and T = 1/¢ the following holds.

There exists a set @ C T of measure 1 — £' =X such that for any k > To, and any
®w="_(..,0n, Wn_1,...,00) with |w;| < Ce¢, and for each k > Ty,

° gf) maps each component J of Q into components of the immediate basin of the peri-
odic attractor of g;
o the distance from g(]f)(J ) to a periodic attractor of g is at most ¢.

This proposition follows from the next two lemmas.

Lemma E.1. Let g: T — T be C? and hyperbolic (in the sense of Definition 2.1), and
assume that g has an attracting set A\ (consisting of periodic orbits). Then the repelling
hyperbolic set Y = T \ W3(A) of g is a Cantor set with Hausdorff dimension x' < 1.
Moreover, for each x € (x’, 1), the Lebesgue measure of the e-neighborhood N¢(Y) of
Y is at most €' =X provided ¢ > 0 is sufficiently small.

Proof. 1t is well known that the set T is a Cantor set [dMvS93]. Notice that by definition
g 1(T) = Y. Itis also well known that the Hausdorff dimension of a hyperbolic set T
associated to a C? one-dimensional map is < 1 and that this dimension is equal to its
box dimension [Pes97]. Now take a covering of Y with intervals of length ¢, and let
N (¢) be the smallest number of such intervals that are needed. By the definition of box
dimension, lim,_.glog N(¢)/loge — x’. It follows that N(¢) < 1/¢X for ¢ > O small.
Consequently, the Lebesgue measure of N, is at most N(¢)e < e!~X fore > O small. O

For simplicity assume that » = 1 in Definition 2.1. As in Subsection 5.9, the general
proof can be reduced to this case.

Lemma E.2. Let g and gg be as above. Then there exists C > 0 such that for each ¢ > 0
sufficiently small, and taking N = N (Y1) and |w;| < &' = Cs, we have the following:

(1) gK(T\N) C T\ N forallk > 1.

2) Ti\ N consists of at most 1/¢ intervals. ~

(3) Take Ty = 2/e. Then for each k > T, g(]f) maps each component J of T \ N into a
component of the immediate basin of a p;’iodic attractor of g. Moreover, g(’f)(J ) has
length < € and has distance < ¢ to a periodic attractor of g.

Proof. The first statement follows from the fact that we assume that |Dg| > 1 on T, be-
cause Y is backward invariant, and by continuity. To prove the second statement let J; be
the components of T\ N¢/4(Y). If J; has length < ¢ then J; is contained in T\ N (7). So
the remaining intervals J; all have length > ¢ and cover T \ N, (Y'). The second statement
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follows. To see the third statement, notice that the only components of T \ Y containing
periodic points are those that contain periodic attractors. Since Y is fully invariant, T \ Y
is forward invariant. In particular, if J' is component of T\ Y then there exists & such that
g¥(J’) is contained in the immediate basin of a periodic attractor of g and J/, ..., gk(J)
are all contained in different components of T\ Y. This, together with (1) and (2), implies
that each component of T \ N is mapped in at most 1/& steps into the immediate basin
of g. Since the periodic attractor is hyperbolic, it follows that under 1/¢ further iterates
this interval has length < ¢ and has distance at most ¢ to a periodic attractor (here we use
the fact that ¢ > 0 is sufficiently small so that also 2/¢ > m). O

Proof of Theorem B. (a) Fix an integer 0 > 2, « € R, and « € (0, 1]. The map
F: CKT x T,R) — CX(T,R) defined by F(h)(x) = [h(x,y)dy is continuous.
Since the set of hyperbolic C*¥ maps g: T — T is open and dense in the C¥ topol-
ogy [KSvS07], it follows that the set of functions h € CK(T x T, R) for which x —
ox +ak [ h(x,y)dmi(y) mod 1 is hyperbolic is also open and dense in the C* topol-
ogy, which proves the first statement of the theorem. (The above is true for k € N, k = oo,
ork =w.)

To prove (b), first of all recall that if g € C¥(T, T) is a hyperbolic map with a critical
point x € T, then g has a periodic attractor and x belongs to its basin. If h € C*(Tx T, R),
supposing that F(4)(x) is not constant, we have

dF (@) _
dx

Condition (70) holds for an open and dense set ' c C¥(T x T, R). Pick h € I'”; then
from (70) it follows that there exist an open neighbourhood V of & and an interval Z C R
such that gg ,(x) = ox + BF(h)(x) mod 1 has a critical point forall # € V and 8 € 1.
Since the map Z x V. — C*(T, T) is continuous, there is an open and dense subset
of Z x V for which the map gg ; is hyperbolic, and thus has a finite periodic attractor.
Furthermore, if gg ; has a periodic attractor, by structural stability there is an open interval
Tg such that also gg j, has a periodic attractor for all B’ € Zg. Once the existence of a
hyperbolic periodic attractor is established, the other statements follow from Theorem A
and Proposition E.1. O

x €T, 0. (70)

The following two propositions contain rigorous statement regarding the example pre-
sented in the introduction.

Proposition E.2. For any B € R, the map Tg(x) = 2x — B sin(2mrx) mod 1 has at most
two periodic attractors O1, Oy with O1 = —Oa.

Proof. The map Tg extends to an entire map on C and therefore each periodic attractor
has a critical point in its basin [Ber93]. This implies that there are at most two periodic
attracting orbits. Note that Tg(—x) = —Tg(x) and therefore if O is a finite set in R cor-
responding to a periodic orbit of Tg, then so is —0O, and it follows that if Tg has two
periodic attractors O and O; then Oy = —O;. (If Tg has only one periodic attractor O,
then O = —0.) Notice that indeed there exist parameters 8 for which Tg has two attract-
ing orbits. For example, when 8 = 1.25 then T has two distinct attracting fixed points.
O
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Proposition E.3. Given ko, k1, ..., ky, set Tg j(x) = 2x — Bk; sin(2nx) mod 1. Then

(1) there exists an open and dense subset T' of R such that for each B € I’ each of the
maps Tg j, j =1, ..., m, is hyperbolic;

(2) there exists By > 0 and an open and dense subset T of (—oo, —fo) U (Bo, 00) such
that for each B € I, each of the maps Tg j, j = 1, ..., m, is hyperbolic and has a
periodic attractor.

Proof. Let ‘H be the set of parameters 8 € R such that Tg(x) = 2x — Bsin(27x) mod 1
is hyperbolic. By [RvS15], the set H is open and dense. It follows that (1/«;)H is also
open and dense. Hence (1/k1)H N --- N (1/ky,)H is open and dense.

For each |B| > 27 the map Tg has a critical point, and so if such a Tg is hyperbolic
then, by definition, it has one or more periodic attractors (and each critical point is in the
basin of a periodic attractor). So if we take o = max(2w/ky, ..., 27w /k;) the second
assertion follows. O

Appendix F. Proof of Theorem C

The study of global synchronization of chaotic systems has started in the eighties for sys-
tems in the ring [FY83, HCP94]. This approach was generalized to undirected networks
of diffusively coupled systems merging numerical computations of Lyapunov exponents
and transverse instabilities of the synchronous states. See also [DB14, ELP17] for a re-
view. These results have been generalized to weighted and directed graphs via dichotomy
estimates [PE™ 14]. In our Theorem C, we make use of these ideas to obtain an open set
of coupling functions such that the networks will globally synchronize for random homo-
geneous networks. Simultaneously, our Theorem A guarantees that any coupling function
in this set can exhibit hub synchronization.

Proof of Theorem C. First we recall that the manifold S is invariant, F(S) C S. In-
deed, if the system is in S at a time fy, hence x(fy) = --- = xn(fp), then because
h(x(to), x(t9)) = 0 the whole coupling term vanishes and the evolution of the network
will be given by N copies of the evolution of x(#p). Hence, we notice that the dynamics
on S is the dynamics of the uncoupled chaotic map, x;(t + 1) = f(x;(¢)) forall r > 1y
andi = 1,..., N. Our goal is to show that for certain diffusive coupling functions, S is
normally attracting. The proof of item (a) can be adapted from [PET14].

Step 1: Dynamics near S. In a neighborhood of & we can write x; = s + 1; where
s(t+ 1) = f(s()) and |¢;| < 1. Expanding the coupling in a Taylor series, we obtain

Yi(t+1) = f/(sO)i(1)
+ % Z Ajjlhi(s@), sO)Yi(t) + ha(s@), s(D)Y; (1) + R(Yi (1), ¥ (1))]
J

where h; stands for the derivative of 4 in the i-th argument and R(v;, v;) is a non-linear
remainder; by the Lagrange theorem we have R(y;, ;) < C(vi > + |1ﬁj|2) for some
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positive constant C = C(A, h, f). Moreover, because 4 is diffusive,

hi(s(t),s(1)) = —ha(s(1), s(0)).

Defining w(s(¢)) := h1(s(¢), s(¢)) and the entries L;; of the Laplacian matrix A;; —d;d;;,
we can write the first variational equation in compact form by introducing W =
(W1, ..., ¥n) € R". Indeed,

W+ 1) = [f%s(r))IN - %w(s(t))L}v(r). (71)

Because the Laplacian is symmetric, it admits a spectral decomposition L = UAU¥,
where U is the matrix of eigenvectors and A = diag(y, ..., Ay) the matrix of eigenval-
ues. Also its eigenvalues can be arranged in increasing order,

O=Ar1 <2<+ ZAn,

as the operator is positive semidefinite. The eigenvalue A; = 0 is always in the spectrum
as every row of L sums to zero. Indeed, if 1 = (1,...,1) € R” then L1 = 0. Notice
that the direction 1 is associated with the synchronization manifold S. All the remaining
eigenvectors correspond to directions transverse to S. The Laplacian L has a spectral gap
A2 > 0 because the network is connected, as is shown in Theorem F.1. So, we introduce
new coordinates ® = UW to diagonalize L. Notice that by construction W is not in the
subspace generated by {1}, and thereby W is associated to the dynamics in the transverse
eigenmodes. Writing ® = (0, ..., fy), we obtain the dynamics for the i-th component:

6;(t + 1) = [f'(s(1) + arjw(s())16;.

Thus, we have decoupled all transverse modes. Since we are interested in the transverse
directions we only care about A; > 0. This is equivalent to the linear evolution of (71)
restricted to the subspace orthogonal to 1.

Step 2: Parametric equation for transverse modes. As we discussed, the modes 6; with
i =2,...,N correspond to the dynamics transverse to S. If these modes are damped,
the manifold S will be normally attracting. Because all equations are the same up to a
factor A;, we can tackle them all at once by considering the parametric equation

2t + 1) =[f'(s(1) — Baor(s())]z(1). (72)

This equation will have a uniformly exponentially attracting trivial solution if

vi=sup || f'(s(t)) — po(s@) < 1. (73)

t>0

Now pick any ¢ € C!(T; R) with Z—f(O) # 0, and suppose that /4’(x, y) is a diffusive
coupling function with |7’ (x, y) — ¢(y — x) |1 < &.
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Because f/(s(t)) = o and

d 0
w(s(1)) = —f@ + WG y) = 0 = DI 50)),

the condition in (73) is always satisfied as long as

d
a—ﬁf(O)‘+|ﬁ|s< 1. (74)

Suppose that Z—f(O) > 0 (the negative case can be dealt with analogously). Define

-1

-1
Bli= (o - 1)(d—(0)) and B2 := (0 + 1)(2—?(0))

Then there is an interval Z C (,361, ,362) such that for all 8 € 7 the inequality (74) holds.
From the parametric equation we can obtain the i-th equation for the transverse mode by
setting 8 = % A;, and ;s will decay to zero exponentially fast if

| o o
B <K)»2§"' Z)»N</3 (75)

Hence, if the eigenvalues satisfy

AN o+1
< 9
Ao o—1

(76)

then one can find an interval / C R for the coupling strength such that (75) is satisfied
forevery o € 1.

Step 3: Bounds for Laplacian eigenvalues. Theorem F.2 below shows that for almost
every graph G € G,
w(G)
A2(G)

Hence, condition (76) is met and we guarantee that the transverse instabilities are damped
uniformly and exponentially fast, and as a consequence the manifold S is normally attract-
ing. We illustrate such a network in Figure 7. Indeed, since the coordinates 6; of the linear
approximation decay to zero exponentially, 6; (1) < Ce™ " for all i =2,...,N with
n > 0, the full non-linear equations synchronize. Indeed, ||W(z)| < Ce"” Wthh means
that the first variational equation (71) is uniformly stable. To tackle the non-linearities
in the remainder, we notice that for any ¢ > O there are §p, C. > 0 such that for
|x; (fo) — x;(t0)] =< 8o, the non-linearity is small and by a Gronwall type estimate we
have

+o(1).

|xi (1) — xj(1)] < Coe™U700=E),

This will precisely happen when condition (76) is satisfied. The open set for the coupling
function follows as uniform exponential attractivity is an open property. The proof of item
(a) is therefore complete.
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For the proof of (b) we use Steps 1 and 2, and only change the spectral bounds. From

Theorem F.1 we obtain

AN _dy N

LA, LR

Ay din
hence heterogeneity increases as the ratio tends to infinity for N — oo and condition (76)
is never met regardless the value of «. Hence there are always unstable modes, and the

synchronization manifold S is unstable. O

The spectrum of the Laplacian is related to many important graph invariants, in particular
the diameter D of the graph, which is the maximum distance between any two nodes.
Therefore, if the graph is connected then D is finite.

Theorem F.1. Let G be a simple network of size N and L its associated Laplacian. Then:

4
(1) ([Moh91]) 2 > ND’

(2) ([Fie73]) A2 < di;

N -1
. N
(3) ([Fle73]) ﬁdmax = AN = 2dmax~

Theorem F.2 ([Moh92]). Consider the ensemble G, of random graphs with p >
(log N)/N. Then a.s.

A > Np— f(N) and iy < pN + f(N)

where

f(N)=/(B+e)(1—p)pNlogN fore > 0 arbitrary.

Regular networks. Consider a network of N nodes, in which each node is coupled to
its 2K nearest neighbors; see an illustration in Figure 7 when K = 2. In such a regular
network every node has the same degree 2K .

Fig. 7. Left: a regular network where every node connects to its two left and two right nearest
neighbors. Such networks shows poor synchronization properties in the large N limit if K < N,
as shown in (77). Right: a random (Erd6s—Rényi) network where every connection is a Bernoulli
random variable with success probability p = 0.3. Such random networks tend to be homogeneous
(nodes have pN connections) and they exhibit excellent synchronization properties.
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Whenever K < N the network will not display synchronization. This is because the
diameter D of the network (the maximal distance between any two nodes) is proportional
to N. In this case, roughly speaking, the network is essentially disconnected as N — oo.
However, as K — N /2 the network is optimal for synchronization. Here the diameter of
the network is extremely small as the graph is close to a full graph.

Indeed, since the Laplacian is circulant, it can be diagonalized by discrete Fourier
transform, and eigenvalues of a regular graph can be obtained explicitly [BP02]:

sin(2K + Dz (j — 1)/N)
sin(z (j — 1)/N)

Aj =2K — forj=2,...,N.
Hence, we can obtain the asymptotics in K < N for the synchronization (76). Using a
Taylor expansion in this expression, we obtain

AN _ (BT +2)N?

Ao 2m3K?2 an

Hence, when K < N synchronization is never attained.

From a graph-theoretic perspective, if K <« N, e.g. K is fixed and N — oo, then
A2 ~ 1/N?, implying that the bound in Theorem F.1 is tight, as the diameter of such
networks is roughly D ~ N.

This is in stark contrast to random graphs, where the mean degree of each node is
approximately d; y = pN. However, even in the limit d; y < N, randomness drastically
reduces the diameter of the graph, in fact, in the model we have D o log N (again p >
(log N)/N). Although regular graphs exhibit a quite different synchronization scenario
than homogeneous random graphs, if we include a layer of highly connected nodes we
can still exhibit distinct dynamics across levels.

Appendix G. Random graphs

A random graph model of size N is a probability measure on the set G(NN) of all graphs
on N vertices. Very often random graphs are defined by models that assign probabilities
to the presence of given edges between two nodes. The random graphs we consider here
are a slight generalization of the model proposed in [CL06], with a layer of hubs added
to their model. Our terminology is that of [CL0O6, BolO1]. Let w(N) = (w1, ..., wy)
be an ordered vector of positive real numbers, i.e. w; < --- < wy. We construct a
random graph where the expectation of the degrees is close to the one listed in w(N) (see
Proposition G.2 below). Let p = 1/(w1 +- - -+ wy). Given integers 0 < M < N, we say
that w is an admissible heterogeneous vector of degrees with M hubs and L = N — M
low degree nodes if

wywrp < 1. (78)

To such a vector w = w(N) we associate the probability measure Py, on the set G(N) of
all graphs on N vertices, i.e., on the space of N x N random adjacency matrices A with
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coefficients 0 and 1, taking the entries of A i.i.d. and so that

; heni < L <L,
Pw(Amzl):I:),wn,o wheni < Lorn <

wheni,n > L.

We have assigned constant probability 0 < r < 1 of having a connection among the
hubs to simplify computations later, but different probabilities could have been assigned
without changing the final outcome. Notice that the admissibility condition (78) ensures
that the above probability is well defined. The pair Gy = (G(N), Py) is called a random
graph of size N. We are going to prove the following proposition.

Proposition G.1. Let {w(N)}neN be a sequence of admissible vectors of heterogeneous
degrees such that w(N) has M := M (N) hubs. If there exists p € [1, 0o) such that the
entries of the vector satisfy

lim wl_lLl/”ﬂl/q =0, (79)
N—o0

lim w;~/PM'/P =0, (80)
N—o0

lim w, 2BL'*?*P =, (81)
N—oo

lim w;'MLYP =0, (82)
N—o0

with B(N) := max{wr, N'/?log N}, then for any n > 0 the probability that a graph in
Gw satisfies (H1)—(H4) tends to 1 as N — oo.

To prove the theorem above we need the following result on concentration of the degrees
of a random graph around their expectation.

Proposition G.2. Given an admissible vector of degrees w and the associated random
graph Gy, the in-degree of the k-th node, di =) _, Axy, satisfies, for every k € N and
C € RY,

P(ld; — Eldi]| > C) < exp{~NC?/2),

where
Wk, l<k=<L,

wk(l —-p ZQ/:LH wg) + Mr, k>1L.
Proof. Suppose 1 <k < L. Then

Eldi] = [

N
Eldi] = Z WrWep = Wk.
=1

From the Hoeffding inequality we know that

lN Wi
Pl|—) Ay — —
(‘N; TN

C
> N) < 2exp{—NC?/2}.
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Suppose k > L. Then

L N
]E[dk]=2wkwgp+rM=wk(l—p Z wg)+rM.
=1 {=L+1
Again by Hoeffding,
P(ldy — Eldi]| > Ne¢) < 26Xp{—N£2/2}. O

Proof of Proposition G.1. For every N € N consider the graphs
N
On = [ ldi — Eldi]| < Ce(N)}
k=1

in G(N) for given numbers {Cy(N)}yen, ke[n] C R*. Since dj are independent random
variables, one obtains

N 2
Ck(N)
P > 1— —-K———1¢ ).
Q) = L[l( exp{ N })
If we choose Cr(N) = (N log N)1/2g(N) with g(N) — oo at any rate then
lim P(Qy) =1.
n— o0
Take any graph G € Q. Then the maximum degree satisfies
A>wi(l-O0M 'wi'L)) — C(N)

and the maximum degree for a low degree node will be § < wy + C(N). So, from
conditions (79)—(82), in the limit for N — oo,

mi/r  pml/p 1
7y = 1 iy 0
A w, [1 —C(N)/wil

N/prsglia - NYPlwy + C(N)]V/4 - [Lq/pr/w? + LQ/I’C(N)/w‘f]l/‘I

A T w[l=C(N)/wi] — 1 = C(N)/wi
MLYP  MLYP 1
= -0

A wp 1= CN)/wi(n)

L1+2/ps _ L'*2P  w, + C(N) L2y jw? + LY PC(N) jw?

= —_— s

A2 T wr [1=CWN)/u [1—C(N)/w]?

— 0,

which proves the proposition. O
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