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Abstract

The aim of this paper is to rigorously study 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 [? ]. Some nodes called hubs are highly connected while the remaining
nodes have only a small number of connections (see Figure ?? 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 [? ]. 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 [? ], power grids [? ], and many other fields.

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 [? |. However, in certain situations hubs
can undergo a transition to collective dynamics [? 7 ? |. Despite the large amount of recent
work, a mathematical understanding of dynamical properties of such networks remains elusive.
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In this paper, we introduce the concept of Heterogeneously Coupled Maps (referred to as
HCM in short), where the heterogeneity comes from the network structure modelling the inter-
action. 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 arbitrary small, but fixed fluctuation, over exponentially
large time scales. In summary, we obtain

(i) 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 7T'. The true dynamics of
a hub and its low dimensional approximation are the same up to the given accuracy. The time
T for which the reduction is valid is exponentially large in the network size. For example, we
can describe the hubs with 1% accuracy in networks with 10% nodes for a time up to roughly
T = % for a set of initial conditions of measure roughly 1 — e~4°. This is arguably the only
behaviour one will ever see in practice.

(ii) Emergent dynamics changes across connectivity levels. The dynamics of hubs can drastic-
ally change depending on the degree and synchronization 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 7?7, we informally
discuss these results and illustrate the rich dynamics that emerges in HCM due to heterogeneity.

1.1 Emergent Dynamics on Heterogeneously Coupled Maps (HCM).

Figure 7?7 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 this three types constitute a connectivity layer, meaning a subset 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 behaviour can emerge for the three
types of nodes. In fact, we will show examples where the dynamics of the hub at the top ap-
proximately 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.
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Figure 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 connection (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 mechanism



responsible for high correlations among the hubs states, which is observed in experimental and
numerical observations. The mechanism turns out to be different from synchronization due to
mutual interaction, i.e. different from “Huygens” synchronization. In HCM, hubs display highly
correlated behaviour even in the absence of direct connections between themselves. 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 77

The Model. A network of coupled dynamical systems is the datum (G, f, h, ), where G is a
labelled graph of the set of nodes N’ = {1,..., N}, f : T — T is the local dynamics at each node
of the graph, h: T x T — R is a coupling function that describes pairwise interaction between
nodes, and « € R is the coupling strength. We take f to be a Bernoulli map, z — ogzmod 1,
for some integer o > 1. This is in agreement with the observation that the local dynamics
is chaotic in many applications [? ? 7 |. 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 an directed edge of the graph going from n and pointing at i. A;, = 0 otherwise.
The degree d; := Zﬁ;l Ajp is the number of incoming edges at . For sake of simplicity, in this
introductory section we consider undirected graphs (A is symmetric), unless otherwise specified,
but our results hold in greater generality (see Section ?7).
The dynamics on the network is described by

N
Lt +1) = f(z(t) + % 3" Ainh(zi(t), za(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 of the coupling strength in (??) dividing by A allows to scope the 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 we have that the degree d; of the nodes 1, ..., L
are much smaller than the incoming degrees of nodes L+ 1,..., M. A prototypical sequence of
heterogeneous degrees is

d(N)=(d,...,d,kmA,....kmA, ... koA .. ke AJA L A). (2)
—_——

L M, Mo My

with Kk, < -+ < k2 < 1 fixed and d/A small when N is large, then 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 sequence of degrees prescribed by Eq. (??) 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 ag > 0
such that for all 0 < a < ap and any large IV, the system will preserve an ergodic absolutely
continuous invariant measure [? |. When « increases, one reaches a regime where the less
connected nodes still feel a small contribution coming from interactions, 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; € N in the i-th
connectivity layer, our result give a one-dimensional approximation of its dynamics in terms



of f, h, a and the connectivity k; of the layer. The idea is the following. Let z1,...,25y € T
be the state of each node, and assume that this collection of NV 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 (??) is a mean field (Monte-Carlo)
approximation of the corresponding integral:

N

a

N ZAijnh(zij,zn) R kg / h(zi;,y)dm(y) (3)
n=1

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

g1, (1) o= fz,) + s / Wz, y)dm(y), (4)

Equations (??) and (??) 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 modes. It turns out
that the joint behaviour at poorly connected nodes is essentially ergodic. This will imply 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.

Theorem ??7 below makes this idea rigorous for a suitable class of networks. We state the
result precisely and in full generality in Section ?7. 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
(?7) on a layered heterogeneous graph. If the degrees of the hubs are sufficiently
large, i.e. A = O(N1/2+8), and the reduced dynamics g; are hyperbolic, then for any
hub j

zj(t+1) = g;(2(t)) + &(1),

where the size of fluctuations £;(t) is below any fized 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 ;(t) is small and g; has an attracting periodic orbit,
then z;(t) will be close to this attracting orbit after a short time and it will remain close to the
orbit for an exponentially large time T'. 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 perturb-
ation of the dynamics f, of the coupling function A and under addition of small independent
noise. Our results show that the fluctuations £(t), 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 with respect
to the C'' norm. Moreover, they are correlated, and with probability one, &(¢) 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 condi-
tions for which the fluctuations remain below this small threshold up to time 7T 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 mod 1 and the following simple coupling function:
h(zi, zn) = — sin 27z; + sin 27w zy,. (5)
Since fol sin(27y) dy = 0, the reduced equation, see Eq. (?7), becomes
9j(2j) = Tax,; (2j) where Tg(z) = 2z — Bsin(27z) mod 1. (6)

A bifurcation analysis shows that for § € Ip := [0,1/27) the map is globally expanding,
while for 8 € Ir := (1/2m,3/27) it has an attracting fixed point at y = 0. Moreover, for
B € I, := (3/2m,4/2x] it has an attracting periodic orbit of period two. In fact, it follows from
a recent result in [? ] that the set of parameters g for which Tj is hyperbolic, as specified
by Definition ?? below, is open and dense. (See Proposition ?? and 7?7 in the Appendix for a
rigorous treatment). Figure 7?7 shows the graphs and bifurcation diagram of Tz varying f3.

Figure 2: On the left the graphs of Tz for § = 0,0.2,0.4,0.6. On the 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 segment of a typical orbit of length 103, for a collection of values
of the parameter .

1.3.1 Predicted Impact of the Network Structure

To illustrate the impact of the structure, we fix the coupling strength o = 0.6 and consider a
heterogeneous network with four levels of connectivity including three types of hubs and poorly
connected nodes. The first highly connected hubs have k1 = 1. In the second layer, hubs have
half of the number of connections of the first layer ko = 1/2. And finally, in the last layer,
hubs have one fourth of the connections of the main hub k3 = 1/4. The parameter ; = ax;
determines the effective coupling, and so for the three levels j = 1,2, 3 we predict different types
of dynamics looking at the bifurcation diagram. The predictions are summarised in Table 77.



Connectivity Layer FEffective Coupling 8 Dynamics

hubs with k1 =1 0.6 Periodic
hubs with ko = 1/2 0.3 Fixed Point
hubs with k3 = 1/4 0.15 Uniformly Expanding

Table 1: Dynamics across connectivity scales

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 equation (??) above, with N = 10°, A = 500, w = 20, m = 2,
M; = My =20, K = 1 and kg = 1/2. The layer with highest connectivity is made of 20 hubs
connected to 500 nodes, and the second layer is made of 20 hubs connected to 250 nodes. The
local dynamics is again given by f(z) = 2z mod 1, the coupling as in Eq. (??). We fixed the
coupling strength at o = 0.6 as in Section 7?7 so that Table 7?7 summarises the theoretically
predicted dynamical behaviour for the two layers. We choose initial conditions for each of
the N nodes independently and according to the Lebesgue measure. Then we evolve this 10°
dimensional system for 10° iterations. Discarding the 108 initial iterations as transients, we
plotted the next 300 iterations. The result is shown in Figure ?7. 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 77 is in excellent agreement with the predictions of Table ?77.

k=1 k=1/2 k=1/4

0
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Figure 3: Simulation results of the dynamics of a layered graph with two layers of hubs. We plot the return maps
2i(t) X zi(t+1). The solid line is the low dimensional approximation of the hub dynamics given by Eq. (??). The
red circles are points taken from the hub time-series. In the first layers of hubs (k = 1) we observe a dynamics
very close to the periodic orbit predicted by g1, in the second layer (x = 1/2) the dynamics of the hubs stay near
a fixed point, and in the third layer (k = 1/4) the dynamics is still uniformly expanding.

1.4 Impact of Network Structure on Dynamics: Theorems 7?7 and 77

The importance of network structure in shaping the dynamics has been highlighted by many
studies [? 7 7 | where network topology and its symmetries shape bifurcations patterns and
synchronization spaces. Here we continue with this philosophy and show the dynamical feature
that are to be expected in HCM. In particular one has that fixing the local dynamics and the
coupling, the network structure dictates the resulting dynamics. In fact we show that

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 ??7 the content of this claim is given a rigorous formulation in Theorems 7?7 and
??

1.4.1 Informal Statement of Theorem 7?7 on Coherence of Hub Dynamics

Consider a graph G with sequence of degrees given by Eq. (?7?) with M := )"} | My, each M;
being the number of nodes in the i—th connectivity layer. Assume

A = O(N'Y?*%), M = O(log N) and d = O(log N) (7)

which implies that L ~ N when N is large. Suppose that f(z) = 2z mod 1 and that h(z;, 2zy,)
is as in Eq. (77).

Theorem B (Informal Statement in Special Case). For every connectivity
layer i and hub node i; in this layer, there ewists an interval I C R of coupling
strengths so that for any o € I, the reduced dynamics Ty, (Eq. (?7)) has at most
two periodic attractors {Z(t)}i_, and {—Z(t)},_; and there is s € {1}

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

for 1/¢ <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 Ty < T} one needs A to be large. Theorem 77 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 Thorem C Comparing Dynamics on Homogeneous
and Heterogeneous Networks

Erdés-Rényi model for homogeneous graphs In constrast to layered graphs which are
prototypes of heterogeneous networks, the classical Erdos-Rényi model is a a prototype of
homogenous ones. 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 ?? for
more details). We choose p > log N/N so that in the limit that N — oo almost every random
graph is connected (see [? ]).

Diffusive Coupling Functions The coupling functions satisfying
h(z;, z;) = —h(zj, 2;) and h(z,z) = 0.

are called diffusive. For each network GG, we consider the corresponding system of coupled maps
defined by (??). In this case the subspace

S = {(Zl,...,ZN)GTN : 21222:--'221\[} (8)

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 h, we obtain 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;) = @(2; — 2;) with 3—5(0) # 0.
Then for almost every asymptotically large Erdés-Rényi graph and any dif-
fusive 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(xz,y), and for any sufficiently large het-
erogeneous layered graph G with sequence of degrees satisfying (?77) and (?7),
S is unstable.

Ezample 1.1. Take f(z) =2z mod 1 and
h(z;, z;) = sin(2mz; — 27mz;) + sin(27z;) — sin(27z;).

It follows from the proof of Theorem ?? a) that almost every asymptotically large Erdés-Rényi
graph has a stable synchronization manifold for some values of the coupling strength (o ~ 0.3)
while any sufficiently large layered heterogeneous graph do not have any stable synchronized
orbit. However, in a layered graph G the reduced dynamics for a hub node in the ¢—th layer is

9i;(zi;) = 22i; + omi/ [sin(2my — 27mz;,) + sin(27y) — sin(27z;, )| dm(y) mod 1

= 22;; — ak;sin(2mz;) mod 1
= Tomi (Zz])

By Theorem ?? there is an interval for the coupling strength (ax; ~ 0.3) for which g;; has an
attracting periodic sink and the orbit of the hubs in the layer follow this orbit (modulo small
fluctuations) exhibiting coherent behaviour.
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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 N. In this paper we will be only concerned with in-degrees of a node, namely
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 dy, . ..,dr, of the nodes {1,..., L} are low compared to the size of the network while
the in-degrees dyt1,...,dyN of the nodes are is 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 be the adjacency matrix of GG

A= (Ain)i<in<n

whose entry A;; is equal to one if the edge going from node j to node 7 is present, and zero
otherwise. So d; = Ejvzl A;;j. The important structural parameters of the network are:

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 the hubs;



® 0 := maxj«;<r, d;, the maximum in-degree of the 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 assumeﬂ is C'10;
e the coupling strength, a € R.
Expressing the coordinates as z = (z1,...,2n) € TV, the discrete-time evolution is given by a

map F : TV — TV defined by 2/ := F(z) with

N
/ a )
z; = f(zi) + A E_ Ainh(zi,2,) mod1l , i=1,.. N. 9)

Our main result shows that low and high degree nodes will develop different dynamics when
a is not too small. To simplify the formulation of our main theorem, we write z = (x,y), with
= (z1,...,21) := (21,...,21) € T and y = (y1,...,ynr) := (2041,-..,2n5) € TM. Moreover,

decompose
All Alh
A= < AW phh >

where A" is a L x L matrix, etc. Also write A' = (A" A") and A" = (A" AP, In this notation
we can write the map :

N
a = %Z h(zi,2n) mod 1 i=1,..,L (10)
where p
9i(y) = fly) + amj/h(y,x)dml(x) mod 1, Kj o= JXL’ (12)
and

g] =

A ZA (Y, 2n) /fj/h(y,x)dml(x)] : (13)

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

v~ f(z;) and  y; =~ gj(y;).

To see this, note that for a heterogeneous network, the number of nonzero terms in the sum
in (?7) is an order of magnitude smaller than A. Hence when N is large, the interaction felt
by the low degree nodes becomes very small and therefore we have approximately =, ~ f(x;).
So the low degree nodes are “essentiallly” uncorrelated from each other. Since the Lebesgue
measure on T, my, is f-invariant and since this measure is exact for the system, one can expect
xz;, ©=1,..., L to behave as independent uniform random variables on T, at least for “most of
the time”. Most of the d; = k;A incoming connections of hub j are with low degree nodes. It
follows that the sum in (??7) should converge to E(y;) when N is large, and so &;(z) should be
close to zero when N is large.

This is to ensure sufficient fast decay of Fourier coefficients in the series of h.



Theorem 7?7 of this paper is a result which makes this intuition precise. In the following,
we let N,.(A) be the r-neighborhood of a set A and we define one-dimensional maps g; : T — T,
j=1,..., M to be hyperbolic in a uniform sense.

Definition 2.1 (A Hyperbolic Collection of 1-Dimensional Map, see e.g. [? ]). Given A € (0, 1),
r >0 and m,n € N, we say that g : T — T is (n, m, A, r)-hyperbolic if there exist an attracting
set A C T, with

1. g(A) = A,
2. |Dg™(z)| < A for all x € N,(A),
3. |Dg™(x)] > A7! for all x € N,.(Y) where T := T\W?$(A),
4. for each z ¢ N,(Y), we have f¥(x) € N,.(A) for all k > m,
where W#*(A) is the union of the stable manifolds of the attractor
W4 (A) :={x €T s.t. kli)ngo d(gF(z), A) = 0}.

It is well known, see e.g. [? , 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,d is n-heterogeneous with
n > 0 if there is p,q € [1,00) with 1 = 1/p + 1/q, such that the following conditions are met:

ATLLMPY e < (H1)
ATYPAP < (H2)
ATIMIMP <y (H3)

AT2LIF2Ps < (H4)

Remark 2.1. (77)-(77?) arise as sufficient conditions for requiring that the coupled system F' is
“close” to the product system f x --- x f x gy X -+ x gy : TEHM — TLHM and preserve good
hyperbolic properties on most of the phase space. They are verified in many common settings,
as is shown in Appendix ??. 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)
and § ~ L™, and A ~ L7 with 0 <7 < 1/2 and (7 +1)/2 < v < 1. In particular the layered
heterogeneous graphs satisfying (??) in the introduction to the paper have these properties.

Theorem A. Fiz o, h and an interval (a1, as] C R for the parameter o. Suppose that for all
1<j <M and a € [aq,az], each of the maps g;, j =1,..., M is (n,m, \,r)-hyperbolic. Then
there exist £y,m,C' > 0 such that if the network is n—heterogeneous, for every 0 < £ < & and
for every 1 < T < Ty with

T) = exp[C A&,
there is a set of initial conditions Qp C TN with
T+1
my(Qr) >1— @’
11

such that for all (x(0),y(0)) € Qr
&) <€ VI<i<Mand1<t<T.

10



Remark 2.2. The result hold under conditions (?7)-(??) with n sufficiently small, but uniform
in the local dynamical parameters. Notice that p has a different role in (??), (??), (??) and in
(?7) so that a large p helps the first one, but hinders the second and viceversa for a small p.

The proof of Theorem ?? will be presented separately in the case where g; is an expanding
map of the circle for all the hubs (Section 7?), and when at least one of the g; have an attracting
point (Section ?7).

The next theorem, is a consequence of results on density of hyperbolicity in dimension one
and Theorem ?7. 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). For eacho € N, a € R, k; € (0,1], there is an
open and dense set I' C C10(T?R) such that, for all coupling functions h € T, g; € C(T,T),
defined by Eq. (77?), is hyperbolic (as in Definition ?7).

There is an open and dense set I’ C C(T?;R) such that for all h € T’ there exists an
interval I C R for which if arx; € I then g; has a nonempty and finite periodic attractor.
Furthermore, suppose that h € T, the graph G satisfies the assumptions of Theorem 77 for
some & > 0 sufficiently small, and that for the hub j € N, ar; € I. Then there exists C > 0
and x € (0,1) so that the following holds. Let Ty := exp[CAE?]. There is a set of initial

conditions Qr ¢ TN with

mN(QT) >1— H _ glfx
Ty

so that for all z(0) € Qr there is a periodic orbit of g;, O = {Z(k)},_y, for which
dist(z;(t),Z(t mod p)) < &

foreach 1/ <t <T <1Tj.

Proof. See Appendix ?77. O

Remark 2.3. In the setting of the theorem above, consider the case where two hubs ji,j2 € N
have the same connectivity &, and their reduced dynamics g;, have 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 7 € N, they will be close one to another resulting in highly coherent
behaviour:

dist(zj, (1), zj, (t + 7)) < 2€

under the same conditions of Theorem ?7. In general, the attractor of g;; is the union of a finite
number of attracting periodic orbits. Choosing initial conditions for the hubs’s coordinates in
the same connected component of the basin of attraction of one of the periodic orbits yield 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 (Erdos-Rényi Random Graphs [? ]). For every N and p, an Erdés-Rényi
random graph is a discrete probability measure on the set G(NN) of undirected graphs on N
vertices which assigns independently probability p € (0,1) to the presence on any of the edge.

Calling IP,, such probability and (A;;) the symmetric adjacency matrix of a graph randomly
chosen according to Py, {A;;};>; are i.i.d random variables equal to 1 with probability p, and
to 0 with probability 1 — p.

11



Theorem C (Stability and instability of synchrony).

a) Take a diffusive coupling function h(z,y) = p(y — x) for some ¢ : T — R with %(O) #0.
For any coupling function h' in a sufficiently small neighbourhood of h, there is an interval

. log N
I C R of coupling strengths such that for any p € (Ojg\, , 1

undirected homogeneous graphs Gaom(N) C G(N), with P,(Gaom(N)) = 1 as N — oo
so that for any o € T the synchronization manifold S, defined in Eq. (?7), is locally
exponentially stable (normally attracting) for each network coupled on G € Grom(N).

} there exists a subset of

b) Take any sequence of graphs {G(N)}nen where G(N) has N nodes and non-decreasing
sequence of degrees d(N) = (din,...,dn ). Then, if dyvn/diNn — oo for N — oo,
for any diffusive coupling h and coupling strength o € R there is N9 € N such that the
synchronization manifold S is unstable for the network coupled on G(N) with N > Njy.

Proof. See Appendix 77. 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 that meaningfully describe HCM. For more complete
surveys see [? 7 ].

e Bifurcation Theory [? ? 7 ? 7 |. 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 center 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 ??7). For
these reasons it is difficult to frame HCM in this setting or use perturbative arguments.

e The study of Global Synchronization [? ? ? 7 | deals with 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 Eq. (?7) is unstable
(see Theorem ?7). Furthermore, many works [? ? | deal with global synchronization
when the network if 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.

e The statistical description of Coupled Map Lattices [? 7 7 2 2 72 7 ? 7 | 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 dynamics. Low degree nodes still feel a small contribution
from the rest of the network, however, its magnitude depends on the system size and to
make it arbitrarily small the dimensionality of the system must increase as well.

It is worth mentioning that dynamics of coupled systems with different subsystems appears
also in slow-fast system dynamics [? 7 7 ]. Here, loosely speaking, some (slow) coordinates
evolve as “id + eh” and the others have good ergodic properties. In this case one can apply
ergodic averaging and obtain a good approximation of the slow coordinates for time up to time
T ~ 71, 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 obtain 7' = exp(CA), 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 to the bad set,
e finite time exponentially large on 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 + 1} and set of directed edges &€ = {(i,L + 1) : 1 <1i < L} (see Figure 77?).
The hub node {L + 1} has an incoming directed edge from every other node of the network,
while the other nodes have just the outgoing edge. Take as interaction function the diffusive
coupling h(z,y) := sin(2wy) — sin(27z). Equations (??) and (??) then become

Figure 4: Star network with only incoming arrows.

.%'Z'(t + 1) = 2I‘i(t) modl 1<:<L (14)
L
D [sin(2ma;(t)) — sin(2my(t))] mod 1. (15)

=1

y(t+1) =2y(t) +

e

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 [? ]. One can rewrite the dynamics
of the forced system (the hub) as

L
y(t + 1) = 2y(t) — asin(2ry(t)) + % 3 sin(2mai(t)) (16)
=1

and notice that defining g(y) := 2y — asin(2wy) mod 1, the evolution of y(t) is given by the
application of g plus a noise term

L
§(6) = = Y sin(2nay(1)) (17)
=1

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

13



fluctuations (??) are above a fixed threshold ¢ > 0 is
1 L
— L. ; . *
B. = {x eT™: |L El sin(27x;) — Ep [sin(27z)]

>5}
_ PRERSW .
=qxeT: LZSIH(2W$Z) > e
i=1

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

mp(B.) < exp(—Ce’L).

(C > 0 is a constant uniform on L and ¢, see the Hoeffding Inequality in Appendix ?? for
details). Since we know that the dynamics of the low degree nodes is ergodic with respect the
measure my, 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 approximation result
for infinite time hopeless.

e As a consequence of Kac Lemma, the average hitting time to the set B. is mp(B.)~! >
exp(Ce?L), thus exponentially large in the dimension.

e From the invariance of the measure my, for every 1 < T < exp(Ce?L) there is Qp C TFH!
with measure my,1(Qr) > 1 —T exp(—Ce?N) such that Vz € Q7 and for every 1 <¢ < T

<e.

1
7 ; sin(2mx;(t))

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 (?7?) and (??) resembles the evolution 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 — TV, for which the fluctuations
of the mean field averages are artificially cut-off at the level £ > 0, resulting in a well behaved
hyperbolic dynamical system. In the following sections we will then determine existence 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 almost full measure with a remainder
exponentially small in the parameter A.
Note that since h € C'0(T?; R), its Fourier series

h(z,y) = Z csbs, ()05, (y),

s=(s1,52)€Z?

where ¢, € R and 6; : T — [0, 1] form a base of trigonometric functions, converges uniformly
and absolutely on T2. Furthermore, for all s € Z?

[l

ol < .
el < [ PlsaP

(18)
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Taking 05, = [ 05, (x)dmi(z) we get

M
— «
§i(2) = o Z Cs ZA]n s1(2n) = K05, | 0s,(y;) Z Z h(yj, Yn) (19)

For every £ > 0 choose a C* map (. : R — R with (.(¢) =t for |[t| < &, ((t) = 2¢ for |t| > 2e.
So for each ¢ > 0, the function ¢ — |D((t)| is uniformly bounded in ¢ and e. We define
the evolution for the truncated dynamics F.: TLHM — TLHM by the following modification of
equations (??) and (?7?):

N
/ o .
x; = flx;) + A E_ Ainh(x;, z,) mod 1 i=1,..,L (20)

where the expression of &;.(z) modifies that of £;(z) in (?7):

L M
1 _ a
(ie(2) i=a Z CsCels | (A ZAjﬂsl(xz‘) - Rj931> 52 (Y5) Z Z h(yj, yn)- (22)
i=1 n=1

sE€Z?

with 8 < 1. So the only difference between F' and F: are the cut-off functions (|, appearing
n (??). For every € >0, j € {1,..., M} and s; € Z define

ZA — K05,

The set where F' and F. coincide is Q. x T™, with

Bésl’j) = {m c Tk .

> 6]31} (23)

M
Q. =) ) T8 (24)

J=1s1€7Z

the subset of T where all the fluctuations of the mean field averages of the terms of the coupling
are less than the imposed threshold. The set B, := Q¢ 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
(??7) so that F. is close to the hyperbolic uncoupled product map f : ™ — TN

f(xh - XL, Y1, 7yM) = (f(x1)7 ~~-,f($L),gl(yl), ,gM(yM)) (25)

All the bounds on relevant norms of {;. are reported in Appendix ??. To upper bound the
Lebesgue measure mp(B:) we use the Hoeffding’s inequality (reported in Appendix ?7?) on
concentration of the average of independent bounded random variables.

Proposition 3.1.

Proof. See Appendix 77. O
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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 SRB measures for F;, which is the measure giving statistical
informations on the orbits of F..

Remark 3.1. Notice that in (??) 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 obtained better estimates
on the concentration via large deviation results (see for example Cramér-type inequalities in
[? ]) 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 magnitudes with respect to the
aforementioned parameters of the network (A, d, 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 7? with n =1

(ii) Secondly, hyperbolicity of the map F; is established for an n—heterogeneous network with
g,n > 0 small. This is achieved by constructing forward and backward invariant cone-
fields made of expanding and contracting directions respectively for the cocycle defined
by application of D,F;. (7).

(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 e then use a geometric approach employing what are sometimes called standard pairs,

iv) We th tri h loyi hat ti lled standard pai
[? ], to estimate the regularity properties of the SRB measures for the endomorphism F_,
and the hitting time to the set B.

(v) Finally we show that Mather’s trick allow us to generalise the proofs to the case in which
g; satisfy Definition 7?7 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 (Section ?? and Section ??). At the end of Section ??
we put the results together to obtain the proof of Theorem 77.

In the above points we treat F; as a perturbation of a product map where the magnitude 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 propagate nonlinearities of the maps and reduces the global
regularity of the invariant measures. Secondly, the situation is inherently different from usual
perturbation theory where one considers a parametric 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 on the system size. For these reasons we find the geometric
approach advantageous with respect to the functional analytic approach [? | where the explicit
dependence of most constants on the dimension are hidden in the functional analytic machinery.
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Notation As usual, we write O(/N) and O(¢) for an expression so that O(N)/N resp. O(e)/e
is bounded as N — oo and € | 0. We use short-hand notations [n] := {1, ...,n} for the natural
numbers up to n.

Throughout the paper m, m, stand for the Lebesgue measure on T and T"™ respectively.
Given an embedded manifold W c TV, my stands for the Lebesgue measure induced on W.

4 Proof of Theorem 7?7 when all Reduced Maps are Uniformly
Expanding

In this section we assume that the collection of reduced maps g;, j = 1,..., M, from equation
(??) is uniformly expanding. As shown in Lemma ?7? this means that we can assume that
there exists A € (0,1), so that |gj(z)] > A™! for all z € T and all j = 1,...,M. Under this
assumptions we prove

Theorem 4.1. There are no,e9 > 0 such that under (?77)-(??) with n < ny and for all € < €9
there exists an absolutely continuous invariant probability measure v for F.. The density p =
dv/dmy satisfies for all z,Z € TN

B

(2 <exp{ady(z,2)}, a=O(AT'SL)+ O(M). (27)

In Section ?? we obtain conditions on the heterogenous structure of the network which ensure
that the truncated system F. is sufficiently close, in the C'' topology, to the uncoupled system
f,in Eq. (??), 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 F;

S
—

P L' (T, my) — L' (TN, my) .

(See Appendix ?? for a quick review on the theory of transfer operators). For our purposes we
will also require bounds on p which are explicit on the structural parameters of the network (for
suitable ). In Section 7?7 we obtain bounds on the distortion of the Jacobian of F. (Proposition
?7?), 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 ??) and to which p belongs. To obtain
the conclusion of Theorem 77, 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 what is shown in Section ?? under some additional conditions on the network.

4.1 Global Expansion of F.
For 1 <p<oo,let 1 <¢q< oo besothat 1/p+1/q =1 and consider the norm defined as

- llp = [l re 11 llpmar
where || - ||, gt is the usual p—norm on RF. || - ||, induces the operator norm of any linear map
L£:RY — RN namely
Il
I£]lp := sup =
veRN HUHP
l[ollp=1

and the distance d,, : TN x TN — Rt on TV.
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Proposition 4.1. Suppose that for every j € [M] the reduced map g; is uniformly expanding,
i.e. there exists A € (0,1) so that |Dg;j(y)| > A=t for all y € T. Then

(i) there exists Cy (depending on o, h and o only) such that for every 1 < p < oo, z € TV,
and w € RN\ {0}
I(D-Fo)wl,

[w]lp

min{o, A~ — eCy} — O(A™15) — O(A~VPALP) — (’)(A”Nl/pél/q)} :

(ii) there exists n > 0 such that if (??7) and (??) are satisfied together with

A1

e <
Cy

(28)

then there exists @ > 1 (not depending on the parameters of the network or on p), so that

ID=Fejully 57y vz e Y, v € RN\ {0},

[w]lp

Proof. To prove (i), let z = (z,y) € T*™™ and w = (¥) € RETM and

!
(“,> — D,F. (“) W € RE o' € RM,
v v

Using (?7?)-(?7), or (??), we obtain that for every 1 <i < L and 1 < j < M,

N
o
u; = [Df 331 K Z xzazn

Z amgf] € A Z Ahh h2 yja ym)“m + [Dngj + angj,e] Uj
(=1

u; + A ZAznhl xzazn)wn

n=1

Hence

'l = (o = OGA™)) lull, — OATILY?) max

N
3 ZAm\wn\] :

Recall that, for any k € N, if w € R* then

1 1
lwlly gx < k4wl pr, with p g1t (29)

for every 1 < p < co. Thus

N N 1/p
S Ailion] < 6V (Z Am|wnrp> < 8w,
n=1 n=1

. C . . N .
since at most ¢ terms are non-vanishing in the sum (anl Am|wn]p>, we can view as a vector

in R®, which implies

1|y = (o = O@EA™) [full, — OATLYPSYE) ]|,
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Analogously using the estimates in Lemma 77

uwu>(X*—sawnmu—CXA*Aﬂm%q@ﬁf}jAMmmq (30)

> (A —eCy — O(ATIM)) [Joll, — O(ATPMYP) ]|,

since in the sum ) Aj,|jw,| in (?77), at most A terms are different from zero and since
A~TAYe = A=1/P_ This implies

[, Ollp N llp + 11Vl
1ol o)l

> [min{o — O(A™18), A7 — eCu — O(AIM)} — O(A~VPALP) - O(A*Ll/p(sl/q)}

For the proof of (ii), notice that condition (??) implies that min{o, \™! —Cx} > 1 and
conditions (?7?)-(??) imply that the O are bounded by 7 and so

D.F,
H’,’z‘ijp > min{o, \"t —eCy} — O(n), VYw e R¥\{0}
Wiip
and choosing n > 0 sufficiently small one obtains the proposition. O

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

4.2 Distortion of F;

Proposition 4.2. If conditions (7?7)-(??) are satisfied then there exists ey (depending only on
o, |a| and the coupling function h) such that if € < gy then for every z,zZ € TV

|D-Fe|

’DEF‘E‘ = oxp { [O<A715L) + O(M>] doo(Z,z)} .

Proof. To estimate the ratios consider the matrix D(z) obtained from D, F. factoring D f(z;) =
o out of the i-th column (i € [N]), and Dg;(y;) out of the (j + L)-th column (j € [M]). Thus

L+ &b Ayl <,
%AMM k#¢<L,
Do)y = | 5 o bis oy
’ apheWe-pye-r) k#(>L
AAKCTD,, g1 ’
Oyj_1.8k—L,e —
IR R

and "
D.E| _ [ Dygi D)
D:F-| 1T, Dyg; D)

For the first ratio:
M M M
D,.g; D, .g;i — Dy g,
it A <1+3”Jyfj> <TT (1 + 0y —7]) < exp[O(M)duo(y,7)] . (32)
Jj=1 =

D?jgj D@jgj j=1

j=1
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To estimate the ratio Iggg} we will apply Proposition 7?7 in Appendix ??. 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(2)||, < max{O(A™IM), Cye} + O(A~YPMYP) 4 O(A~IN/P§L/9) (33)

where Cy is a constant uniform on the parameters of the network and 1/p + 1/¢ = 1. Indeed,
consider () € REFM and (%) := B(z)("). Then

L
o xuzn i hl Iz,iw h h2 l'z7ym)
Az:: in Z+AZ AZ im Dy gm 7 . Um
L
(9 h2 y Y ) 0 e
v = uz—f—— Ahh DI i 4 210
’ 22::1 Z Dy,.9m " Dngj !

Using estimates analogous the ones used in the proof of Proposition 7?7
ML M
1|y < O(A™18)Jull, + O(A™") max > Aflud + ) A%Ivmll
Lé=1 m=
< O(A™'0)Jull, + OATINYPEY)||(u, )],

i

1o/l < Cyellvll, + OAT NPy max | > Alfjug| + ZA%\vm\]
L ¢ m
< Cyelloll, + OATVPMYP)| (1, )|,

so using conditions (77?), (?7), we obtain (77?):

AN
”H((Z;’ Z))H”p < max{O(A716), Cye} + O(A~VPMYP) 1 O(A~} LMP§H/a)
) p
< Cyue+ O(n).

Taking Cge < 1 and 1 > 0 sufficiently small, ensures that |[B(2)||, < 1 for all z € TV. Now we
want to estimate the p—norm of columns of B — B where

B:=B(2) and B := B(2).

For 1 < ¢ < L, looking at the entries of D(z), (??), it is clear that the non-vanishing entries
[B(2)]ix for k # i are Lipschitz functions with Lipschitz constants of the order O(A™!):

|Bir, — Bir| < AixO(A ) doo(2, )

Instead, for k =i,
‘Bz'z - ZA hl xzaxé hl xhxf +ZA”Z hl ‘r%xm) - hl(flafm))

< A;A%VM iy 20) — hi (T, To)| + — ZA |h1 (@i, ym) = "1 (Ti, Y|

< O(A'6)doo(2, 7).
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which implies

1 1
P g
1Cl (B =Bl = S 1B —Bal | +| > B~ Bal
ke[L] ke[L+1,N]
1 1
p P
< > Ba—Bal'| +| D [Bax—Bul"| +0(A)dw(z7)
ke[LI\{i} k€[L+1,N]

<2 A | O(ANdo(2,2) + O(A16)duo(2,7)
ki
< O(A™16)doo(2,2).

For 1 < j < M, looking again at (?7) the non-vanishing entries of [B(2)](j4r) for k #j + N
are Lipschitz functions with Lipschitz constants of the order O(A™1), while [B(2)](j41)(j+1) has
Lipschitz constant of order O(1), thus

p P
ICoV (B =Bll,= | Y I1Bysry — Byrowl” | +| D, [Byrow — Bironl”
ke[L] kE[L+1,N]
» v
< Z |Bjrox — Bgrorl” | + Z 1Bi+oyk = B+l |+
ke[L) ke[L+1,N\{j+L}
+O0(1)do(2,2)
%
<2| D Agror | O(A Ndwo(2,2) + O(1)doo(2,2)
k#j+L
< O0(1)doo(2,7).
Proposition 7?7 from Appendix 7?7 now implies that
D) -
DG) < exp {Z Col*[B — ]} < exp {((’)(A_léL) +O(M))d(2,%)} . (34)
k=1
O

4.3 Invariant Cone of Functions

Define the cone of functions

Cop = {(p TV 5 RT . @Ez; < expladp(z,%)], Vz,Z € ’]I‘N} )
This is convex and has finite diameter (see for example [? ? ] or [? |). 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 [? |, P. is a contraction 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 77 in the expanding

©
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Proposition 4.3. Under conditions (?7)-(?7), for every a > a., where a. is of the form

oA + O(M) 35)

1-0

Cap is invariant under the action of the transfer operator P. of F;, i.e. P-(Cqp) C Cqp.

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

(Pp)() = 3 0 o) | D e

where {F; ;}; are surjective invertible branches of F;. Suppose ¢ € C, . Then

o(F () [P o P
PE @) Dy Fe

< exp {ady (FZ'(2), F (2)) f exp { [O(ATIL) + O(M)] doo(FZA(2), F(2)) |

€,0 K]

e,1 Y e

<exp{[c 'a+ O(ATISL) + O(M)] dy(2,%)} .

< exp { [a+ O(A™'SL) + O(M)] dy(F-} (=) F—l(z))}

Here we used that do(2,%) < dp(2,%) for every 1 < p < oo Hence
(Pg)(2) _ 3 (L () D oy ) Fel !
(Pep)(z) Y, @(Fe_,il(Z»‘DF;il(w)Fe‘_l
<exp [(F'a+ O(ATISL) + O(M)) dy(z,7)] .

It follows that if a > a. then C,, is invariant under P;. (]

Proof of Theorem ?77. 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 ?? and from the observation (that can be found in [? ]) that the cone C, ) has
finite dimeter with respect to the projective Hilbert metric. This in particularly means that P.
is a contraction with respect to this metric and has a fixed point. O

4.4 Proof of Theorem ?? in the Expanding Case

Property (?7) 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 77 in the expanding
case.

Proof of Theorem ??. Since under conditions (??)-(??) in Theorem ??, Proposition ?? holds,
the invariant density for F; belongs to the cone Cy p, p € Cy p, for a > a.. Since p is a continuous
density, it has to take value one at some point in its domain. This together with the regularity
condition given by the cone implies that

sup p(z) < exp {O(ATISLYP) +- O(MLVY)}

2€TN

Using the upper bound (?77),
W(B) = [ plydm(z)
Be
< my(B:)sup p(z)

<exp{—A/K? + O(ATISLITIY) + O(MLY?) |
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From the invariance of p and thus of v, for any T' € N
T

” (U FE_t(B€)> < (T + 1)v(B) < (T + 1) exp {—AeQ/Kz +O(ATISLHPY (’)(MLl/p)} .
t=0

Using again that p € C, p, and (?77?) and (77),

T
m ﬁ_t(Bg)) :/ B ptdv
(tLZJO Uizo Ft(B2)

T
<v (U ﬁ—t(35)> exp {—A52 JK? + O(A~1SLIH/P) O(MLW)}
t=0

< (T +1)exp {—AeQ JK? + O(A~1SLIH/P) 4 0<ML1/P)}
< (T +1)exp {—Aez/K2 +O(n)A}.

Where we used (?7) to obtain the last inequality. Hence, the set

T
or = TN\ | J - (5.)
t=0

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

5 Proof of Theorem ?? when some Reduced Maps have Hyper-
bolic 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 with n = 1. We will show how to drop this
assumption in Lemma ?77?.

As in the previous section, the goal is to prove the existence of a set of large measure whose
points take a long time to enter the set B, 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 7?7 holds true for initial conditions taken in this
set. Then in Section 77 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 (zy,z2s) for a point in TFHMe x TMs = TN and
2y = (w,yu) € TE x TMu, Let

my: TV — TEMe and 11, : RY — REFM

be respectively the (canonical) projection on the first L + M,, coordinates and its differential.
We begin by pointing out the existence of the invariant set.

Lemma 5.1. As before, for j € {My, + 1,...,M}, let A; be the attracting sets of g; and T =
T\ Ws(A;). There exist A € (0,1), en > 0, 79 > 0 so that for each j € {M, +1,...,M} and
each |r| < o,
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() (b)

Figure 5: Approximate 2D and 3D representations of one component of the attractor of Fy.

(i) |Dg;(y)] < A < 1 for every y € U; and gj(x) +r € Uj, Va € Uj, where U is the
ea-neighborhood of A;.

(ii) |Dg;j| > A\~1 on the ep-neighborhood of Y, ¥j € [My, M|, where Y; is the complement
of the basin of Aj in T.

Proof. The first assertion in (i) and (ii) follow from continuity of Dg;. Fix 2 € U; and r €
(=7r0,70). From the definition of Uj, there exists y € A; such that d(x,y) < ex. From the
contraction property d(g;(x),g;(y)) < Ad(z,y) < Aea and choosing r < (1 — A)ey,

d(gj(x) +7,9;(y)) < Aea + 710 <en.
From the invariance of A, g;(y) € A;, the lemma follows. O

Let
R:=Upnyi1 X ... xUy and S:=TEMue xR TV, (36)

Lemma ?7? implies that provided the € from the truncated system is below 7y, the set S is
forward invariant under F;. It follows that for each attracting periodic orbit O(zs) of gas,+1 X
- x gy TMs — TMs  the endomorphism F. has a fat solenoidal invariant set. Indeed, take
the union U of the connected component of R containing O(zs). Then by the previous lemma,
F.(TEMu x U) € TEMu x U, The set NpsoF(TLTMe x U) is the analogue of the usual
solenoid but with self-intersections, see Figure ?7. An analogous situation, but where the map
is a skew product is studied in [? ]. The set ),sq F7(TETMe x U) will support an invariant
measure:

Theorem 5.1. Under conditions (?77)-(??) of Theorem 77 with n > 0 sufficiently small
e for every attracting periodic orbit of gy, +1 X -+ - X gm, Fe has an ergodic physical measure,

e for each such measure v, the marginal (m,).v on TEHMue x {0} has a density p satisfying
V2, Zy € TEMu x {0},

s

Ej@ < exp{ady(zy,Zu)}, a=O(ATLIF/Pslay - O(M),

e these are the only physical measures for Fr.

s

This theorem will be proved in Subsection 77.
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5.1 Strategy of the proof of Theorem 7?7 in Presence of Hyperbolic Attractors

For the time being, we restrict our attention to the case where the threshold of the fluctuations
is below 7 as defined in Lemma ?? and consider the map F.|s : S — S that we will still call F
with an abuse of notation. The expression for F; is the same as in equations (??) and (??), 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.

The proof of Theorem 7?7 will follow from the following proposition.

Proposition 5.1. For every s; € Z and j € [M]
. T .
Bésf]{d) — U Fa_t (Bésld) % TMu % R) NS c TN
t=0

1s bounded as
my (Bgf;ﬁ) < Texp [—CAEQ + O(ATILIFrgY ey o(vLYPY] . (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 ??) which correspond to contracting and expanding
directions for the dynamics, thus proving hyperbolic behaviour of the map. In Section 7?7 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
action of F.. Bounding the Jacobian of the map restricted to the manifolds (Proposition ?7)
one can prove the existence of an invariant cone of densities (Proposition ??) which gives the
desired regularity properties for the measures. Since the product structure of Bésl’] ) TMu x R
is not preserved under pre-images of F, we approximate it with the a set which is the union
of global stable manifolds (Lemma ?7). This last property is preserved taking pre-images. The
bound in (??) will then be a consequence of estimates on the distortion of the holonomy map
along stable leaves of F. (Proposition 77).

5.2 Invariant Cone Fields for F;

Proposition 5.2. There exists ng > 0 such that if conditions (??7)-(?7?) are satisfied with n < no,
then there exists Cy > 0 such that for every € > 0

1—-x A t-1
<min§ ——, ——, 38
£ mln{ o , Eo} (38)
(i) the constant cone fields
vllp.1
CY = {(u,w,v) € REFMutMa\ (0} [ollp.az, < PBu, } (39)
! lullp,. + lwllp,r, ~ 7
" o] 1
Ul|p,M,
Cs = {(u,v,w) € REFMutMs\ (0} B2 > } (40)
g ullp,z + llwllp.an, ~ Bsp
with

Bep = OATYPMYP) 8, = max{O(ATINYPsY ) O(A~VPMLP)Y

satisfy Vz € TV D,F.(C*) C C* and D,F.~*(C%) C C°.
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(i3) there exists & and \ such that, for every z € TV

1D Fe (u, w, v)

lp o —
> >1, V(u,w,v) € Cy (41)
||(U,’LU,’U)||p P
DZF b b N
| e(ww, v)llp <A<, V(u,w,v) € Cp. (42)
H(U,’U),’U)Hp

Corollary 5.1. Under the assumptions of the previous proposition, m, o F.": TLHMu {0} —
TLHMu 45 g covering map of degree o™ ETMu) where o is the degree of the local map.

Proof. This follows from the previous proposition, because TEtMu x {0} is tangent to the
unstable cone. O

Proof. (i) The expression for the differential of the map F. is the same as in (??). Take
(u,w,v) € RE x RMu x RMs and suppose (v, w’,v')! := D, F.(u,v,w)!. Then

M

L
Pt + 5 D Al + 5D Alyhy
(=1

m=1

L
o 1
(7 =+ Z ; Aizhluz—i—

M
+—ZA B, + % S Al hooy, 1<i<L
m=M,+1

- Zamegjys Z A" hown, + Z Al hou™+
=1

m=M,+1
a M
+ 8yJ§jE+ZZAjlﬁLh2 w; 1<j<M,
m=1
a M
IR s S
m=M,+1
«Q .
+ {85+ § Z Al by | v; M, <j<M
m=1

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

ZAZAumZA w3 A \vm\]

m=1 m=M,-+1

[l > (o= O(AT'9)) [lull, — O(A™ N'/P) max

> (0= O0(A™1)) [full, — O(A_lLl/p5l/q)(IIUI|p + [[wllp + [lvllp)

lw'llp > (A" — Cpe — O(A”M)) [[wllp—

ZA \WHZA |wn | + Z Al yvmy]

m=M,+1

— O(A™'MP) max
1<j<M,

v

(A= Cys -0t )) IIU)Hp - O(Afl/pMi/”)(HUHp + [wllp + [[ollp)
and analogously

10"l < (A + Ce + O(ATIM)) 0]l + OATPMIP) (Jully + wllp + [10]5)
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Suppose that (u,w,v) satisfies the cone condition ||ul||, + ||w||, > 7||v||, for some 7. Then

[l + 1w'llp o Fralllullp + [[wllp) = Frolloll,
[P — Fallvllp + Faallullp + lwllp)
Fii — 17 1 Fs

with

Fii:=min{o — O(A™16), A7 — Ope — O(AT M)} — max{O(A~ILYPsY /) O(A=VPMLP)}
=min {o,\"! — Cye} — O(n),

Fig := max{O(ATILV/P§Y ), O(ATVPMLIPYY = O(n),

For == A+ Cyue + O(ATIM) + O(AYPMYPY) = X + Cye + O(n),

Fag := O(ATPMLP)) = O(n),

where we used (?7)-(??). The cone C is forward invariant iff |[v[[, + |||, > 7[[v'[, and
therefore iff

Fi1 — 7 Y Fia > For + 7Fa. (43)

Hence we find Cy > 0, so that if 7 = C.F12 the inequality (??) is satisfied provided (??) holds
and 7 > 0 is small enough because then Fi; > Fo1.

Now let us check when the cone C, is backward invariant. Suppose that |[u/[|, + |||, <
7|[v'||p, thus

Flulp bl ol + el
]l [ollp
[ullp + [[wlly _ Fi2 4+ 7F21
[
and imposing, yet again,
T Fig + For < Fin — 7Fa, (44)

implies that [ul[, + ||w[, < 7v|lp. Taking 7 = C\/Fae with Cx > 0 small, we obtain that C; is
backward invariant (provided as before that (??) holds and 7 > 0 is small).

(ii) Take (u,w,v) € Cj such that ||(u,w,v)||, = 1. From the above computations, and
applying the cone condition

1@ llp + [0l + 1V llp = [l llp + [[w'llp
= Fu(llullp + llwllp) — Frzlvllp
> F11(1 = Bup)) — F12Bup
> min {g,\7! — Cype} — O(ATVP§YPY — O(AT LY Ps /) (45)
> min {a, AL — C#E} —n
where to obtain (??) we kept only the largest order in the parameters of the network, after

substituting the expressions for F1; and Fi2. This means that in conditions (77)-(?7?), if n > 0
is sufficiently small, (?7) will be satisfied. Choosing, now, (u,v,w) € C, of unit norm we get

[/l + [l o + [l < (14 Bsp) A" NIV
<A+ Cpe + O(ATIM) + O(A™YPMYP) 4 B,
<A+ Cyue+n

and again whenever conditions (?7?)-(??) are satisfied with n > 0 sufficiently small, (??) is
verified. ]
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5.3 Admissible Manifolds for F,

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

To determine the measure of the set B, with respect to one of this measures we need
to estimate how much the marginals on the coordinates of the low degree nodes differ 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 unstable cone and whose
geometry is controlled. To control the geometry locally, we invoke the Hadamard-Perron graph
transform argument (Appendix ?7) which implies that manifolds tangent to the unstable cone
which are locally graph of functions in a given regularity class, are mapped by the dynamics
into manifolds which are locally graphs of functions in the same regularity class.

As before T = R/ ~ with x1 ~ z9 when x; — x9 € 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, g, ). For every Ky > 0 and 1 < p < oo we say that
a manifold W of § is admissible and belongs to the set W, g, if there exists a differentiable
function E : I**M« — R with Lipschitz differential so that

e W is the graph (id, E)(It+Mv) of B,
o D, E(RFM) CCl, vz, € IFHMe

e and

D, F—D; FE
IDE|y = sup 1P = Dally e
p

2uFZu dp (2u) Zu)

Proposition 5.3. Under conditions (??)-(77), forn > 0 sufficiently small, there is K,, uniform
on the network parameters such that for all z1,20 € S

D, F. — D, F.)(u,w,
|D.,F. — Doy Fellup :=  sup (D, Fx — D, Fo)(u, w,v)

Hp S Kudoo(zla 22)-
(uw,w,v)ECY H(u7 w, U)HP

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

[Sr 0@ Al + M oA A, | de(z,2) k=< L
O(A™N) Allydoo (21, 22) k#0<L
(D Fr— Doy Filp = 4 OB DAR, 1)doo(z1,22) E<L.0>L
O(A™H) ARjdoc (21, 22) k>L (<L
O(Ail)Al(l]?,L)(g,L)doo(Zh 22) k 7& {>1L
[ [0(1) + O(AT'M)] doo (21, 22) k=0>1
(46)
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Take (u,w,v) € C such that ||(u, w,v)|l, =1 and («/,w’,v')" = (D, F: — D, F.)(u, w,v)".
ZAQ + Z Al

+C’)(A*1) ZAleu”—’_ZA wm+ZAim+M ]doo(zl,ZQ) 1<i<L

wh = [O(l)—l—O(A 1M)] -d (zl,z2)

w21, 22)+

+0(A™) ZA fui + ZA Wi + ZAJWM ]dm(zbzﬁ 1<j< M,

= [0(1) + O(A~11)] e <m>+

r L
+0(A™h ZA w—i—ZA 1 Wrn, + Z A

L{=1 m=My+1

doo(21, 22) 1 <5 < Mg

/[l < O(ATINYP)do (21, 20) = O(n)doo (21, 22)
[w'll, < O(1)doo(21, 22)
V'], < O(1)doo(21, 22)

which implies the proposition. O
Lemma 5.2. Suppose that Ko > O(K,) and W is an embedded (L + M,)—dimensional torus
which is the closure of Wo € Wy, k,. Then, for every n € N, F."(W) is the closure of a finite

)
union of manifolds, Wy, , € Wy iy, k € KKy, (and the difference F." (W) \ U{W,, 1 }rek,, consists

of finite union of manifolds of lower dimension).

Proof. As in Corollary 7?7, since m,|w, is a diffeomorphism, the map oFE”owu\;Vt . TLAMu
TEAMu i a well defined local diffeomorphism between compact manifolds, and therefore is
a covering map. One can then find a partition {R, }rex, of TE+Mu guch that 7, o F." o
7Tu|;V10(Rnk) = TE+Mu and, defining W, := m, 0 F." o 7r|‘7V10(R7°l7k), where R} is the interior
of Ry i, muWn i) = IL+Mu  From Proposition ?? in Appendix A it follows that Wik € Wh K
and {W,, r}rek, is the desired partition. d

5.4 Evolution of Densities on the Admissible Manifolds for F_

Recall that 7, and II,, are projections on the first L+ M, coordinates in TV and RY respectively.
Given an admissible manifold W € W, g, which is the graph of the function E : I LMy S,
for every z, € I**Mu the map
Ty o Fro (Zda E)(Zu)

gives the evolution of the first L 4+ M, coordinates of points in W. The Jacobian of this map is
given by

J(zu) = |y - D(ig gy (s Fr - (1d, D, E)| .
In the next proposition we upper bound the distortion of such a map.

Proposition 5.4. Let W € W), 1, be an admissible manifold and suppose z,,%Z, € IEHMu  then

‘ J(zu)
J(Zu)

< exp {[O(A—ILHI/%W) + O(M)]doo(zu,zu)} :
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Wo —_—

STLAM,

LM,

Figure 6: The admissible manifold Wy is mapped under F; to the union of sub manifolds Wi 1, Wi 2, Wi 3, and
Wi 4.

Proof.
|7 (za)| _ 1Ly - D(ig,p)(2) Fe - (Id, D, B)| |1, - D py(z,) Fe - (1d, D2, E)|
| J(Zu)| Wy Da,pyzo)Fe - (d, D2, E)| |11, - Diig gz, Fe - (1d, Dz, E))|
=:(4) - (B)

(A) can be bounded with computations similar to the ones carried on in Proposition ?7?:
(A) <exp {[O(ATI6L) + O(M)] doo(2,%) } .

To estimate (B) we also factor out the number Df = o from the first L columns of
. Dia,py(z,) Fe, and Dg; (7, ;) from the (L + j)—th column when 1 < j < M, and thus obtain

B =7 [1% Dg; |0,D((id, B)(z.)) - (1d, D, E)
oF 1M Dg;  M,D((id, E)(z,) - (1d, D=, E)|

where D(-) is the same matrix defined in (??) apart from the last M, columns which are kept
equal to the corresponding columns of D.F.. The first two ratios trivially cancel. For the third
factor we proceed in a fashion similar to previous computations using Proposition 77 in the
appendix. Defining B := D((id, E')(Z,)) — Id, we are reduced to estimate

Id+11, - B - (Id, D, E)|
Id+11, - B - (Id, Dz, E)|
where we used that 11, D - (Id, D, F) —1d =11,B - (I1d, D, E).

Since ||(Id, D, E)|lp < (14 Bup) for any z, € S, it follows, choosing 1 > 0 sufficiently small
in (?7?)-(??) and from equation (??) that the operator norm

I, - B- (1d, D, E)[l, < A < 1 (47)

It is also rather immediate to upper bound the column norms of I, - B - (0, D, E — Dz, FE) and
obtain

| Col'[l1,B(0, D, E = Dz, E)][l, < O(ATLY?6Y/9) | DE||1ip pdp (2, Zu)
< O(ATIMYPYdy (2, Z,)
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so that by Proposition 77, the overall estimate for (B) is

|Hu i D((zd7 E)(Eu)) ) (Id7 DzuE)‘
|Hu : D((Zdv E)(ZL) : (Ida DEuE)‘

< exp {O(A‘1L1+1/p51/q)dp(zu,Eu)} . (48)
O

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 — RT such that the
integral of ¢ over W with respect to my,, where my, is defined to be the measure obtained by
restricting the volume form in TV to W. The measure m,,(p - my) is absolutely continuous
with respect to mp iz, on TETMe and so its density o, : TFHMe — RY is well defined.

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

dmy(p - mw)
y = e W
dmipyn,

Consider the set of densities

Cap(W) = {go W — RT s.t. zzgz; < exp[adp(zu,zu)]} .

The above set consists of all densities on W whose projection on the first L + M, coordinates
has the prescribed regularity property.

Proposition 5.5. For every a > a., where
ae = O(ATILIFPgYay L O(M) (49)

W e W, k, and ¢ € Cqp(W) the following holds. Suppose that {W]}, is the partition of F.(W)
giwen by Lemma ?? and that Wy, is a manifold of W such that F.(Wy) = W} € W, k,, then for
every k, the density ¢, on W, defined as

SD% — 1 dFa*((P‘Wk : ka)
fWk (pdmw de;;

belongs to Cqp(W},).

Proof. It is easy to verify that ¢} is well-defined. Let G}, be the inverse of the map Fy|w, :
Wi, — W/. From Definition ?? follows that

d(my o Fe o (id, E))s(Pulr, (wy) - ML+M,)
dmpym,

where E is the map whose graph equals W. This implies that

/ _ ou(Gr(2u))
(Pk)u(zu) = J(Gr(za))

and therefore

(SOZ)u(gu) ou(Gr(Zu)) J(Gr(2u))

< exp [E_ladp(zmzu)] exp {[O(A—1L1+1/P51/q) + O(M)]dp(zuyzu)}

< exp {[E_la + O(ATILI Pty o C’)(M)]dp(zu,zu))} .

Taking a. as in (??), the proposition is verified. O

31



At this point we can prove that the system admits invariant physical measures and that
their marginals on the first L 4 M, coordinates is in the cone C, , for a > a:

Proof of Theorem ??. Pick a periodic orbit, O(zs) of gar,+1 X - -+ X gar and let U be the union of
the connected components of R containing points of O(zs). Pick ys € U and take the admissible
manifold Wy := TEHMe x [y} € Wy k,- Consider a density p € C,p(Wy) with a > a. such
that the measure pg := p- my is the probability measure supported on Wy with density p with
respect to the Lebesgue measure on Wy. Consider the sequence of measures {y }+eny, defined as

1
Kt 1:m Feipo-

i=0
From Lemma ?? we know that F.'(W,) = Ukex, Wik modulo a negligible set w.r.t. F. (o),
and that
Fei(po) = > Felpuo(Wik)pin,
kekC;

where f1; 1, is a probability measure supported on W; ;. for all < and k € ;. It is a consequence
of Proposition ?? that ujx = pix - mw,, with p;x € Cqp(Wig). Since F; is continuous, every
subsequence of {/i}en, has a convergent subsequence in the set of all probability measures of
S with respect to the weak topology ({u}ten, is tight). Let & be a probability measure which
is a limit of a converging subsequence. By convexity of the cone C, , the second assertion of the
theorem holds for .

Now let Vi,...,V, be the the components of U where n is the period of O(zs). Since all
stable manifolds are tangent to a constant cone which have a very small angle (in particular less
then 7/4) with the vertical direction (corresponding to the last M; directions of TV), they will
intersect all horizontal tori TX+Mu x {y} with y € V4. It follows from the standard arguments
that @ 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 set (see
[? ]| for details). Following the standard Hopf argument ([? 7 |), one first notice that fixed a
point & € V; on the support of 7, a history z € (TV )N, and a continuous observable ¢, from
the definition of 1z, almost every point on the local unstable manifold associated to the selected
history have a well defined forward asymptotic Birkhoff average (computed along ¥) and every
point on that stable manifold through x has the same asymptotic forward Birkhoff average.
The aforementioned 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,
implies that forward Birkhoff averages of ¢ are constant almost everywhere on the support of
& which implies ergodicity. O

5.6 Jacobian of the Holonomy Map along Stable Leaves of F.

In order to prove Proposition ?? we need to upper bound the Jacobian of the holonomy map
along stable leaves. It is known that for a C? hyperbolic diffeomorphism the holonomy map
along the stable leaves is absolutely continuous with respect to the induced Lebesgue measure
on the transversal to the leaves. This can be easily generalised to the non-invertible case. First
of all, let us recall the definition of holonomy map. We will consider this map between manifolds
tangent to the unstable cone.

Definition 5.3. Given D; and Dy embedded disks of dimension L+ M,,, tangent to the unstable
cone C", we define the holonomy map 7 : D1 — Do

m(x) = W?(x) N Ds.
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As before we define mp be the Lebesgue measure on D induced by the volume form on TY.

Remark 5.1. For the truncated dynamical system Fy, fixing D1, one can always find a sufficiently
large D5 such that the map is well defined everywhere in D1.

Proposition 5.6. Given D1 and D2 admissible embedded disks tangent to the unstable cone, the
holonomy map m : D1 — Dy associated to Fy is absolutely continuous with respect to mp, and
mp, which are the restrictions of Lebesque measure to the two embedded disks. Furthermore, if
Js is the Jacobian of w, then

Js(z) < exp {[(’)(AlL(S) + O(M)]%doo(z, F(Z))} , VzeDi. (50)

Proof. The absolute continuity follows from results in [? | (see Appendix ?7?), as well as the
estimate on the Jacobian. In fact it is proven in [? | that

lo—O[ Jac (D, F:|Vk)

Ju(z) =
(2) =  Jac (Dz, FL|Vy)

Vz € Dy,

where 2z, := F.X(2), Z1, := F.F(n(2)), V}, := T, F.X(D ) and V7, := Ty, F.*(Dy). Since Dy and
Dy are tangent to the unstable cone, one can wrlte F.*(Dy) and F.*(Dy) locally as graphs of
functions E , : B (2) — Bj§(2k) and Eqy, : By (Z)) — Bj(Z), with E;  given by application
of the graph transform on E;_1, and E;( such that (Id, D.E;o)(REFMu) = T, D,

For every k € NU {0}, (Id, Dy, () E1 k) o ]y, = Id |y,

Jac(Id, Dﬂu(zk)Eljk) Jac(Hu\Vk) =1

and analogously
Jac(Id, Dﬂu(gk)Ech) JaC(H“|Vk) =1

Since
|y © D2, Fe(Id, Dy, () E1i)| = Jac(Ily 0 Dy Fe(Id, Dy, () E1 k)
= Jac(Ily|v;,) Jac(Id, Dy, (z,) E1 k) Jac (D, Fe|Vy)
and, analogously,
1L, 0 Dz, F.(Id, Dy, (z,)E2.1)| = Jac(Il, o Dz, F.(1d, Dy () B2 k)
= Jac(Ilyly;, ) Jac(Id, Dy, (z,) E2x) Jac (Dz, F:[Vig) .
So
7(2) = ﬁ T DR e (o)
1y M0 Dey Fe(1d, Dy 5 B1p)| [ © D Fe(1d, Dr ) B )|
k=0 ‘Hu o Dz, F.(1d, ‘Dﬂ'u(zk)Elvk)’ 1L, o D, F.(Id, Dm(zk)Ezk:)‘ .

The first ratio can be deduced with minor changes from the estimate (?7) in the proof of
Proposition 77. So

wo Do Fe(1d, Dy ) Evk) \ ) s
H L 11,5 D,, (1. D, (zk)Elkz ‘ {(’)(A Lé) + O(M kzzodp 2k Zk) }

< exp {[O(A‘lLé) +O(M )]11)\ p(20, Zo)}
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where we used the fact that zg and Zy lay on the same stable manifold and, by Proposition 77:
_ ~k _
dp(Zk,Zk> S A dp(ZO,Z()).
To estimate the other ratio we proceed making similar computations leading to the estimate
in (?7?7). Once more we factor out o from the first N columns of Dz, F. and, for all j € [M],
Dg(y;) from the (L + j)—th column and thus

[T, 0 Dz, Fe(1d, Dy, o E1i)|  oF 1‘[ ' Dgj |1, o D(z,)(Id, Dy, (2 E1 k)|
1, © Dz, F-(1d, Dy, oy E2i)| 08 [1}" Dg; [ 0 D(25)(1d, Dy, (z,) B2 |
|y o D) (Ad, D, () 1) |
‘H OD(Zk)(Ida Dﬂ'u (Z) E2 k)‘

where D(zy) is defined as in (?7). Defining for every k € N
Bk = Hup(fk)(ld, Dwu(zk)El,k) —1d
= HU(D(Ek) — Id)(Id, Dﬁu(zk)ELk)
and analogously

By, :=11,D(z,)(1d, Dy, () B2 ) — 1d
= Hu(’D(fw — Id) (Id, Dﬂ.u(gk)EZk).

we have proved in (??) that ||By|,||Bxll < A < 1. It remains to estimate the norm of the
columns of By — By,. For all £ € [L]

| Col’[By = By]|| = || Col’[Iu(D(Zk) — 1d)(0, Dr, () B1 ke — Dy () B2l

< M (D(Zk) — 1d) |ogrms || du(Vi, Vi)
< O(AT')du(Vi, Vi)

where we used that, as can be easily deduced from the definition of d,, in (??) of Appendix
77, that [[(0, Dr, () E1k — VB2 )|l = du(Vi, Vi). By Proposition ?? in Appendix ??, we
obtain

7"u(»’«'k

1L, o Dz, F.(Id, D,Tu(zk Ei)|
1L, o Dz, F.(Id, Dy, z,) Eor)|

< exp {O(LAfl(S)du(Vk, Vk)} .

By Proposition 7?7 we know that, if B, is sufficiently small, then d,(V, Vi) < Ady(Vo, Wo)
for some A\, < 1, and this implies that

© D5, Fe(1d, D) )| _ {

m, e
H wo D F.(1d, D,ru Zk)EQk' ‘ O(LA 5)Zdu(Vk,Vk)

k=0
< exp {O(LA_15)du(V0a Wo)}
< exp {O(LAT'38,)} .

5.7 Proof of Proposition 77

The following result shows that the set Bés’j ) % TMu R, which is the set where fluctuations
of the dynamics of a given hub exceed a given threshold, is contained in a set, Bés’] ), that is
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the union of global stable manifolds. This is important to notice because, even if the product

R(s:7)

structure of the former set is not preserved taking preimages under Fy, the preimage of B:
will be again the union of global stable manifolds. Furthermore, if 3 is sufficiently small, and

this is provided by the heterogenity conditions, the set gés’j ) will be “close” (topologically and

with respect to the right measures) to Bés’j ),

Lemma 5.3. Consider B as in (??). Then there exist a constant C' > 0 such that

BEDx T xR < Bi= ) vz o BEYxTHexR, (51)

2€B89)  TMu xR
with e1 = & + Cy M'/P ;.

Proof. The first inclusion is trivial. Take z € Bf;s’j ) % TMu % R such that

ZAhlesl x;) — /ﬁ]@s > glsy].

Since W*(z) is tangent to the stable cone C®, by (??) for any 2z’ € W¥(z), dp(mu(2'), 2) < Bsp-
This implies that

E:AM&I% }:AM& E:A O () — 0s(a})

1 hl
< A ; AjiD981dp(7TU(Z/)7 z)

< [s1]O(M'7 )
proving the lemma. O

Proof of Proposition 77. As in the proof of Theorem 77, take an embedded L + M, torus
Wo € Wy K, such that m,|lw, : Wo — TE+Mu s a diffeomorphism, a density p € Cop(Wo)
with a > a. so that puy is a probability measure and the limit 7 of the sequence of measures
{1t }1en, defined as
t
t—|—11 : FSi/‘LO’
=0

fi ==

is an SRB measure. From Lemma ?? we know that F.' (W) = Ugkex; Wik modulo a negligible
set w.r.t. F..(uo), and that

Flpo) = > Febpuo(Wik) ik,
kek;

where f1; 1, is a probability measure supported on W;j, for all < and k € ;. It is a consequence
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of Proposition 77 that i, = pix - mw, , with p;x € Cqp(Wig). For every t € Ny,
pe(BED) 5 TMe 5 R) < py (BED x T x R)

F.po(W; .
=y 3 el s T )

=0 kekC; t+1
; .
. ng,Lto(Wi7k)
- Z Z T \/Z‘S(SJ.)XTAJH PikdmL s,
i=0 kek; “1
t i : ,
< Z Feipo(Wik) exp [@(A—1L1+2/p51/‘J) + (')(M)} mpyar, (BE) x TMw)
t+1 o
=0 kek
(52)
= exp [O(A—lLH?/Pal/Q) + O(M)] mpaz, (B9 x TMw) (53)

To prove the bound (?7?) we used the fact that p; i, € Cqp(W; ) for a > a. and thus its supremum
is upper bounded by exp [O(ATILIF2/P§1/a) + O(MLY/P)]. (??) follows from the fact that

t ; ; t
Lo o Feipo (B (Wh)) I
ZZ Et—i—l _Z% ) tJ:l _Zt—i—l_l' (54)

1=0 kek;

Since the bound is true for every ¢ € Ny, then it is also true for the weak limit
A(BED) < exp [O(AT L/06Y8) 4+ OMLY?)| i sar, (BGS) x TH)
and since [ is invariant Vt € N
7 (F —t(BLs »J>)) < exp [O(A*Ll”/pal/q) + O(MLl/P)} mpar, (BED) x T,
From (??) there exists i € N and k € K; such that
i (BB < i (R(BE))
and thus
miv, (F-7{(BU)) < exp |O(ATILIT051) 4 O(MLYP) | o, (B x T,

Now, pick ys € R and consider the the holonomy map along the stable leaves 7w : W; , — D,
between transversals W; ; and D, = TEHMe x {y .} C C*. We know from Proposition ?7 that
the Jacobian of 7 is bounded by (??) and thus

mDys

(F(BE)) < exp |O(AT LY2/61/%) 1+ O(MLYP)| iy, (BT x T,
The above holds for every ys € R, and so by Fubini

m (F7(BE9))) < exp [O(AT LH2/061/9) 4 OMLY?)| i yar, (B9 x T),
and from the first inclusion in (??) we obtain

m (F7(BED)) < exp [O(AT LH2/r61/9) 1 O(MLY)| g, (BT x TV,
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5.8 Proof of Theorem 77

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

f(xla < TLy Y1, 7yM) = (f(.%'l), "'7f($L)7gl(y1)7 >gM(yM))
The next lemma evaluates the ratios of the Jacobians of F.! and f! for any fixed ¢t € N.

Lemma 5.4. .
|D. f*|
|D.F.'|

Proof. For all i € [t] define z; := fi(2), Z; := F.(2), and 2y = Zo := 2.

< exp [O(MLAT'8) + O(M?)]

Dyi,mgmiDyi,mgm )

¢ M t oLTTM™ . D.. (
|‘szt‘ _ HZ:O |D21f’ _ H GL Hm:l Dyi,mgm — H g Hm:l Dyi’mgm 1 T Dyi,mgm

ID.F.| I, |D=F.| | Dz, F| | Dz Fe|

k=0 k=0

< e 0N ] 55
k=0 !

where D(z;) is defined as in (?7?). 1/|D(z;)| can be estimated in the usual way defining B(z;) :=
D(z;) — Id and noticing that 1 = |Id+0|. One can obtain, from the computations leading to
(?7), that

N
D(lz)| <exp [Z Colk[B(zi)} < exp [O(LA_I(S) + O(M)] .
! k=1
and thus
‘szf f < exp [O(M)] exp [O(LA_15) + O(M)] < exp [O(LA_I(S) +O(M)].

O]

Lemma 5.5. Consider the set A%(T,T) of C? Aziom A endomorphisms on T endowed with the
C* topology. Take a continuous curve v : [o, ag] — A?(T,T). Then, denoting by A® and T
respectively the attractor and repellor of vo for all a € [y, ag],

(1) there exist uniform ex >0 and X € (0,1) such that

<\ and > A (55)

Yalag, Yalre,

(ii) there are uniform r > 0 and 7 € N such that for all a € [, ], all sequences {e;}]_,
with ; € (—r,7) and all points x € T\YZ, , the orbit {z;}]_, defined
ro:=z and z;:="Ya(wi_1) + &, (56)
satisfies xr € AZ, .
Proof. The above lemma is quite standard [? ] and can be easily proved by considering the sets
U {a} x Ay C a1, 2] x T and U {a} x Ty C a1, 9] x T

a€la,az] a€lag, o]

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
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Proof of Theorem ??. Step 1 Restricting F; to S, we can use Proposition 7?7 to get an estimate
of the Lebesgue measure of B, 7 x TMu x R. Define

Bor, = UF (Bor x T x R) N S.
To determine the Lebesgue measure of this set we compare it with the Lebesgue measure of
T
T = U F (Ber x T x R) N S.
t=0

For all y € TM, the map Flresgyy TE x {y} = TE x {(91(y1), ..., 9as(yar))} is an expanding
map with constant Jacobian and thus measure preserving if we endow T? x {y} and T x
{(g1(y1), -, gr (yar))} with the induced Lebesgue measure. Fubini’s theorem implies that for
all ¢t € [7]
mN(BsyT X TM“ X R)

my(S)

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

mn(f (Ber x TM x R)NS) < C(7)

mN(_f_t(B&T x TMu x R) N S) < C#mN(BgvT x TMu % R)

Now

D, ft
my (F- "' (Bep x TM x R) N S) < my (71 (Bepr x T x R) N S) SGLTII‘I])V \|D s ||

By Lemma 7?7 we get

my(Bers) <Y exp [O(LSA™Y) + O(M)] Cymn (B x TM* x R) NS
=0

exp [—O(A’l)EQ + O(ATILIFPs) O(MLl/p)] .

IN
}ﬂ ~+

Step 2 Define the set & C TV as

. L+M. My+1 M
U:=T""" x T D S

Consider the system G : TV — TV obtained redefining F. on U so that if (2/,9') = G(z,y),
7y 0 G(x,y) = my 0 Fe(x,y) (the evolution of the “expanding” coordinates is unvaried) and

M
@
fj Yj +Oézg (A ZAM ’{36 ) 0s(y;) + A Z Djmh(ys, ym) mod 1

m=1

where the reduced dynamics is (smoothly) modified to be globally expanding by putting fj lpi =
EA

gjlys and fj|T\Tj redefined so that |f]| > A1 > 1 everywhere on T. Evidently G|y = F.|y.
€A €A
We can then invoke the results of Section 7?7 to impose conditions on 1 and € to deduce global

expansion of the map G (under suitable heterogeneity hypotheses) and the bounds on the in-
variant density obtained in that section. In particular one has that for al T' € N

T
my (U GH(B. x TM)> < Texp {—A52 JK? 4+ O(ATINF2/pstay 4 O(MNW)}
t=0
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and this implies

T
mN <U G (B x T) U BE,T,T) < 2T exp {—A52/K2 + O(AT LYy 4 O(MLl/p)} .
t=0

And this concludes the proof of the theorem. O

5.9 Mather’s Trick and proof of Theorem ??7 when n # 1

Until now we have assumed that the reduced maps g; satisfied Definition ?? with n = 1. We
now show that any n € N will work.

Lemma 5.6. It is enough to prove Theorem 7?7 forn = 1.

Proof. Assume that g;, j = 1,..., M satisfies the assumptions in Definition ?? for some (n, A, r).
Condition (2) and (3) imply that one can smoothly conjugate each of the maps g; so that
|Dg;j(x)| < A for all z € N,(A;), and |Dg;(z)| > A~! for all x € N,(T;). These conjugations
are obtained by changing the metric using the well-known “Mather trick”. In other words,
there exists a smooth coordinate change ¢;: T — T so that for g; := ¢;0g;0 goj_l and the
properties from Definition ?7 hold for n = 1. Moreover, there exists some uniform constant Cy
only depending on (n, A, r), so that the C? norms of ¢; and cpj_l are bounded by Cx. Writing

vj = ¢(y;) and Z = (Z1,...,2p) = (21,..., %L, Y1,-..,YMm), in these new coordinates (77)-(?7)
become
a & a < ~
wj = fz) + X > Alh(xi, xe) + X > AL h(2i,§m) mod 1 i=1,.,L  (57)
/=1 m=1
7 =9;(5) +&(2)  mod 1 j= Ll Mo (58)
where
_ 5 )46 _ »
§@i= [ Dyt ad R, ) = ha; @) (59)
95 (¥5)
In fact
. s 95 (U5)+&5
y; = ilys) = »; (95(v5) + &) = 9;(y;) + /~ - Dypjdt.
95 (@;

Then we can define §; . as
~ 95 (U5)+&5,¢
§j7€ ::/ DtQOjdt
95 (¥;)
and define the truncated system as

L M

o= fla)+ 3 Y Az + 5 Y ARG Ga) mod 1 i=l..L (60
/=1 m=1

7= 3;(5) +&e(?)  mod1 j=1.,M.  (6])

Since the ¢; are C? with uniformly bounded C? norm, it immediately follows that g}e satisfies
all the properties satisfied by ;. listed in Lemma ??. Assuming that |£;.(z(t))| < & for all
0 <t <T, we immediately obtain that

1 — g5 Wil = |5 G (0 () + & (3)] — g;(y;)| < O@F;(2)) < O().
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5.10 Persistence of the Result Under Perturbations

The picture presented in Theorem 77 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;}ien on some probability space (§2,P) with transition kernel

P(Frt1 € A|Fn = 2) := /Ago(y — F(z))dy

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

P(Fops1 € AlFep = 2) = /A oy — Fu(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

(Pop)() = / p(y)oly — )dy.

Let C,, be a cone of densities invariant under P; as prescribed in Proposition ?77. It is easy
to see that this is also invariant under Pg,[] and thus under P.. This means that there exists a
stationary measure for the chain with density belonging to C,;, and that the same estimates
we have in Section ?? for the measure of the set B hold. This allows to conclude that the
hitting times to the set B; satisfy the same type of bound in the proof of Theorem ??. Notice
the independence of the above on the choice of density ¢ for the noise. This implies that all the
arguments continue to hold independently on the size of the noise which, however, contribute
to spoil the low-dimensional approximation for the hubs in that it randomly perturbs it.

6 Conclusions and Further Developments

Heterogeneously Coupled Maps (HCM) are ubiquitous in applications. Because of the hetero-
geneous structure and lack of symmetries in the graph, most previously available results and
techniques cannot be directly applied to this situation. Even if the behaviour 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 system size. We
exploited the heterogeneity to obtain rigorous results for HCM. Using an ergodic description,
the dynamics of hubs can be predicted from knowledge of the local dynamics and coupling
function. This makes it possible to obtain quantitative theoretical predictions of the behaviour
of complex systems. Thereby, we establish that existence of a range of dynamical phenomena
quite different from the ones encountered in homogenous networks. This highlights the need

Take p € Ca,p. Then

(Pep)(2) _ JrW)ely —2)dy _ | p(z = y)e(y)dy _ [ p(Z = y) exp{ady(2,2)}o(y)dy

Po)2) ~ [ow)ely — 2y~ 9z —y)oly)dy = T 9 — o)y = explady(z2)}.
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of new paradigms when dealing with high-dimensional dynamical systems with a heterogenous
coupling.

Synchronization occurs through a heat bath mechanism. For certain coupling functions,
hubs can synchronize, unlike poorly connected nodes which remain out of synchrony. The
underlying synchronization process is not related to direct coupling between hubs, but comes
via the coupling with a poorly connected nodes. So the hub synchronization 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 ?7). We highlighted this feature in the networks three
types of hubs having distinct degrees.

Synchronization in random networks - HCM versus Homogeneous. Theorem 77
shows that synchronization occurs in random homogeneous networks, but is rare in HCM (see
Subsection ??). Recent work (for example [? ]) showed that structure influences dynamics.
What Theorem B shows that it is not strict symmetry, but (probablisitic) homogeneity that
makes synchronization possible. In contrast, in presence of heterogeneity the dynamics changes
according to connectivity layers.

Importance of Long Transients in High Dimensional Systems. Section 77 shows how
certain behaviour can be sustained by a system only for finite time 7T 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 — o This means that in practice, pushing forward
with the dynamics an absolutely continuous 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 relevant 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 7?7 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 expanding
case, see Section 77, becomes highly irregular as the dimension increases.

Problem: obtain the results in Theorem 77 when f is a general uniformly expanding
circle map in C'T with v € (0,1).

2. In Theorem ?? 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.

Take f an expanding map and define
f=fx---xf
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®Y) = (fim)®" will converge exponentially fast in some suitable product
norm to v®Y because this is true for each factor separately. However, choosing a large N, the rate can be made
arbitrarily slow and in the limit of infinite N, f%(m") and " are singular for all ¢ € N.
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Problem: describe what happens after an orbit enters the set B.. In particular, find how
much time orbits need to escape B. and how long it takes for them to return to this set.

3. In the proof of Theorems ?? and ?? we assume that the reduced dynamics g;, in Eq. (77),
of each hub node j € {1, ..., M} is uniformly hyperbolic.

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

In fact, hyperbolicity is a generic condition in dimension one, see [? ? | 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 proved in [? | 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
depend on the dimension.

2. Chimera states refer to “heterogeneous” behaviour observed (in simulations and exper-
iments) on homogeneous networks, see [? |. 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;)ien is a sequence of bounded independent random
variables on a probability space (2, 3,P), and suppose that there exists a; < b; such that X;(w) €
[ai, bi] for all w € Q, then

1 n
}P’(E X, —Ep
n
i=1

for allt >0 and n € N.

2n2t?

- t) <200 [t o
i=1\"1 (

1 n

Proof of Proposition 77. Hoeffding’s inequality can be directly applied to the random variables
defined on (T%,B,mp) by X; := s, o w(x) where 7' : T — T is the projection on the i-th
coordinate (1 < i < L). These are in fact independent by construction and bounded since
{05, }s, ez are trigonometric functions on [—1,1].

Consider the set o
B.=J | B

j=1s1€Z
BE) defined as in (??). Notice that for s; =0, B — TL. Since kjA = dj, we can rewrite

Béslyj)
£
> |51’} .
Kj

as

Bésl’j) = {;U e T .

1 & _
a4, D Ajifs (1) — O,
=1
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Since d; is 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
of more than ¢|s;|/k;. Being under the hypotheses of the above Hoeffding Inequality, we can
estimate the measure of the set as

, d2e?|s|? Ae?|s1 |2
BG1)Y < 9 —J | =9 == E 62
my(BE) < 2exp [ | =2 | (62)
and this gives
M _ A
Ae exp |45
Z Z By <2M > exp [—\sl|] < AM 2A -
=1 s1ea0 s1€2\{0} L=exp [ > }
since x; < 1, which concludes the proof of the corollary. ]

Here follows an expression for DF;. Using (??) and (??) and writing as before z = (z,y),
noting that for k > L, zi = yr_1 we get

Dy f+ SN Aphi(zg,20)  k=(<L,

%AkﬁhQ(:Eka Zﬁ) k 7£ Lk<L,

Doy Feloe = § 0n,&h—Le k>L (<L (63)
A Areh2(Yr—r,ye-1) k+0>1L,
Dyk—Lgk*L + 8yk_L§/€fL,s k=4¢> L.

Here h; and ho stand for the partial derivatives of the function h with respect to the first and
second coordinate respectively, and where we suppressed, not to additionally cloud the notation
some of the functional dependences.

The following lemma summarises the properties ;. satisfies and that will yield good hyper-
bolic properties for Fy.

Lemma A.1. The functions ;. : TV — R defined in Eq. (77) satisfy
() 1
|€jel < Cule + A M)
where Cu is a constant depending only on o, h, «, and 3.
(ii)
O(A_I)Ajg n<L
10.,8.e| << Cue+O(ATIM) n=j+L
O(A YA, n>L, n#j+L.
(iii) for all z,Z € TN

O(A N Ajpdoo(2, %) n<L
10:,8j.6(2) = 02,€5.(Z)| < § O(1) + O(A™ M) doo (2, %) n=j+L
O(A ™A jnd(2,7) n>L, n#j+L.

Proof. Proof of (i) follows from the following estimates

Gel < Cp | D cselsa| + ATIM
sE€Z2

< Cyule + AT'M)
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where we used that the sum is absolutely convergent. To prove (m) notice that for n < L

aznfj,e( )= 837”53 € = Z csD Ca|81\ A Dy, 05, (64)

s€Z2

and | Dy, 0s,| < 27|s1], so the bound follows from the fast decay rate of the Fourier coefficients.
Forn=35+1L

M
o
|aZ]'+L§j,E(Z)| = |8yj§j,€(z)| = |& Z CS<6|51\ () Dyj082 + Z EA?nayjh(yjayn)

s€Z? n=1
<eCy Y les||Dy B |s1] + O(ATIM).
sEZ?

Again the decay of the Fourier coefficients yields the desired bound. For n > L and different
from j + L it is trivial. Point (iii) for n # L 4 j follows immediately from expression (??) and
by the decay of the Fourier coefficients. For n = j + L

0,650(2) — 0,&52()| < a3 el [Dy, 0, — Dy 4+ZA [0y, 105 90) = 0y, h(5 )]

s€Z?
<O(1+ A M)doo(2,2).

Appendix B Estimate on Ratios of Determinants

In the following proposition Col” [M], with M € M,,«, a square matrix of dimension n, is the
k—th column of the matrix M.

Proposition B.1. Suppose that || - ||, : R™ — RT is the p norm (1 <p < 00) on the euclidean
space R™. Take two square matrices by and by of dimension n. Suppose there is constant
A€ (0,1) and such that

[bivllp

verr  [[vllp
lollp<1

billp == <A Vie{l1,2}, (65)

Then

| Id +b1| < exp Yo COlk[bl — bo]|lp .
| Id +b,| 14+ A

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

[M] = exp[Trlog(M)].

[ 1d +01 | o~ DT
Td+ba] = exp Z 7 Tr[b] — b3 p .

(=1

Substituting the expression
—1

by — 05 = b (by — bo)by 7!

J=0
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we obtain

-1
Te(b§ — b5) = > Te(b](by — ba2)by ")

=0
-1

=3 T (b TR (b — b))
7=0
/—1 n

< || Col* [y 701 (b1 — bo) (66)
7=0 k=

where we used that the trace of a matrix is upper bounded by the sum of the p—norms of its
columns (for any p € [1,00]). Using conditions (??) we obtain

Tr(bf — b5) < LAY || Col*[by — b, (67)
k=1
To conclude

|Id b1| l4+140—1 . k
— < E -1 A E 1°[by — b
|Id b2| > exp ( ) H CO [ 1 Q]HP}

/=1 k=1

ki, —
- {zk L Col b2H|p}

Appendix C Transfer Operator

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

Fou(A) := p(F~1(A)), VAeB.

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 nonsingular if Fim
is absolutely continuous with respect to m and we write it Fum < m. If F' is nonsingular, given
a measure g < m then also Fyu < 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 with d(p-m)/dm = p.
In particular, if p € L! is a mass density (p > 0 and | 1y pdm=1) then P maps p into the mass
density obtained after application of F. One can prove that an equivalent characterization of
P is as the only operator that satisfies

/ o o Fdm = / Popdm, Vi € L°(M,m) and ¢ € 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

being
p(x)
P - _ )
#() Z Jac F(x)
{z: F(z)=y}
where Jac F(z) = ﬁ—*mm(x). It follows from the definition of P that p € L' is an invariant
density for F' if and only if Pp = p.
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Appendix D Graph Transform: Some Explicit Estimates

We go through once again 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 compute explicitly
bounds on Lipschitz constants for the invariant set of admissible manifolds, and contraction
rate of the graph transform.

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, with an abuse of notation, ||x; — z2|| is the
distance between x1, o € T™ induced by the norm. Take n,,ns € N such that n = ng+n,, and
II; : R® —» R" II, : R™ — R™ projections for the decomposition R” = R™ ¢ R". Identifying
T" with T™ x T"s, we call g : T" — T™s and m, the projection on the respective coordinates.
Take F : T" — T" a C? local diffeomorphism. We will also define F), := m, 0 F and Fy := ms0 F.
Suppose that it satisfies the following assumptions. There are constants (3,,, 3s > 1 and constant
cone-fields

Ci={veR": Mol 2 Glo|} and €= {veR": [Tl > G0l
such that:
e Vo € T", D, F(C*) C C*(F(x)) and D, F~(C*(F(x))) C C*(x);
e there are real numbers \i, Ao, i1, o € R such that

0 <A <|[DaFles|| <M <1<y <|[DpFlee|| < po;

D, F—D,F
|\D., F' — D, F|, := sup (D=, = )]l
veCH vl

< Kullzr — 22|

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

Cu(By(z), Bi(y)) := {0 : B}(x) = Bi(y) s:t. | Dol < 5,'}.

The condition above ensures that the graph of any ¢ is tangent to the unstable cone. It is easy
to prove invertibility of 7, o F' o (id, )|pu(y) for sufficiently small 7, and it is thus well defined
the graph transform

[ Cy(By(2), Bi(y) = Cu(B(Ful,y)), B (Fu(x,y)))
that takes o and maps it to I'c with the only requirement that the graph of I'o, (id, 'o) (B} (Fy(x,y))),

is contained in F o (id,o)(B}(x)). An expression for I' is given by

I'o:=[ns0Fol(id,o)]o[m,oF o (id, 0)]_1|B;L(Fu(x,y)).

The fact that ||D(T'o)|| < 3, 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’i’K(B}f(x), B:i(y)) C CL(B%(x), Bi(y)) characterized as

Do — D,
Lip(Do) =  sup M < K.
oy 2" =3/
=’ .y'€By (2)
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Then the graph transform I' maps C&,K(Bﬁ(‘r)a Bi(y)) into CIIL’K(B;‘(Fu(m,y)), B (Fs(x,y))) if

Ko 1 <u2 KA(”W)H@ (1+ﬁu1)2>

A1 Y _ p—1 _ p—1
L= s Lk (1-58a7) p1(l—Bu)

Proof. Take z1,29 € BY(2), with z = m, o F o (id,o)(z) and suppose that z1,z9 € BY(x) are
such that m, o F' o (id,o)(x;) = z. Take w € R™, and suppose that vy,vy € R™ satisfy
11 D(xi,a(xi))F(vla Dxla(’uz)) = w. Then

| Dz, (To)(w) =D, (Lo)(w)|| <
< ND(ay 0@ F (V15 Dy (v1)) = D(gy 0 (0)) F (V2 Dayo(v2)) ||
< D@y o) F (v1 = v, Dy, o (v1 — v2)) ||+
+ 1D (@1 ,0(21)) F(0, Dzy o — Dyyo)va||+
+ D1 0@ = Diwao(as)) Fllull(ve, Dayov2)||
< pzfvr = U2H + M| Dzyo = Dyyol[loa]l + Ku(1 + 8, ) |21 — 22|]| (v2, Dayova) |-
Now
21—zl < M1+ B, )|z — 22|

and

o1 = w2 = lv1 = Hu(Day 0o F) ™ Dy (1)) F(Id, Doy o) (01)]
= |ITLu(D 2y 0(2) F) ™ (Dior 021N F = Dia,or(wa)) F) (Id, Doy o) (01)
<Ay Ky [l — aal[[|v |
<A KA (L B Y[z — zallflv -

Taking into account that ||v1|[, [lve]l < py (1 — B~ w||

A 1 -1 1 —1)2
Lip(D.(T'g)) < 71711‘11)(110)4-&)\2_1[(“)\1( +Bzil) t K, (1+ 8, }1
=B n (1=80 w1 =B

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

Proposition D.2. For all 01,09 € CL(B%(x), B:(y))

sup  ||(Toy)(2) — (To2)(2)| < A+ Mg By + papy ' MBy "] sup lou(t) — o2(t)||
2EBY(Fy(z,y)) teBY(x)

Then if

A1+ )\1M1 1/8 + p2iy 1/\15 <1
I': CY(BY(z),B:(y)) — CLBY(F.(z,v)), BS(Fs(z,y))) is a contraction in the C° topology.
Proof. Take 01,09 € CL(B%(x), B(y)), and z € B*(F,(z,y)), and suppose that x1,z9 € BY(x)

are such that Fi,(z1,01(z1)) = z and Fy, (22, 02(x2)) = 2.

[(To1)(2) — (Po2)(2)|| = | Fs(x1, 01(21)) — Fs(w2, 02(22))||
< ||Fs(x1,01(21)) — Fs(@1, 02(z1))[| + ([ Fs(21, 02(21)) — Fs(22, 02(2))]|
< Mllor(z1) — oa(x1)|| + A1 Lip(o)[Jz1 — 22| + Lip(F) 8, a1 — 22|
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The following estimates hold

|21 = a|| = |1 — (Fy o (id, 02)) " o (Fy o (id, 01))(21) |
= ||lz1 — (Fy o (id,02)) Y [Fy o (id, 09)(z1) + Fy o (id,01)(x1) — Fy o (id, 09)(z1)]]|
< @1 — 21| + || De(Fy 0 (id, 02)) || Fu o (id, 01) (1) — Fy o (id, 02) (21)
< | DzFu] Ao (@) — oo (@) |
< py " Alon (1) — oa(a)| (68)

and hence

I(Ta1)(2) = (Co2)(2)|| < [+ ATpy ' By + pzpg 2By o (21) — oa(an)].
O

Consider V' C C* any linear subspace of dimension n, contained in C*. This is uniquely
associated to L : R™ — R"™s, such that (Id, L)(R") = V.

Definition D.1. Given any two Vq, Vo C C* linear spaces of dimension n,, we can define the
distance
du(V1,V2) := sup ||L1(u) — La(u)|, (69)

ueR™u
[lull=1

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

Proposition D.3. If

then D,F is a contraction with respect to d,, 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.
Vi and V; are transformed by D, F into subspaces V] and VJ. This subspaces are the graph of
linear transformations L), L5 : R™ — R™ (||L|| < B,). Analogously to the graph transform
one can find explicit expression for L, in terms of L;:

L{L - Hs o DzF o (Id7 Lz) % [Hu © DZF % (Id?Lz)]_l

To prove the proposition we then proceed analogously to the proof of Proposition ??7. Pick
u € R™ and suppose that ui,us € R™ are such that

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

1L (uw) — Ly(u)|| = [[TIs 0 D, F(1d, L) (u1) — Is 0 D, F(Id, L) (uz) |
S ||Hs o DZF(Id, Ll)(ul) — Hs o} DZF(Id, Lg)(ul)H
+ ||H5 o DZF(Id, Lg)(ul — UQ)”
< MLy — La|l[Jua || 4 Bupa (1 + Bu)[lur — uzl|-
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w1 — ug|| = ||ur — [Ty 0 D.F o (Id, Ly)] ', 0 D, F o (Id, L1) (u1)|
= ||[lly 0o D.F o (Id, Ly)] ', 0 D,F o (0, L1 — Lo)(uy)|
< |y 0 DoF o (1d, La) ™| BuAt|[ L1 — Lo||Jus |

Bu)\l
< ———|[L1 — Laf|[|ua
P Bu)” el
The two estimates together imply that
_ A1
Ly — Ly < 1{X+ﬁh}L-—L.
1LY — Loll < py - |\ P [[L1 — Lol

Appendix E Proof of Theorem 77

Let g: T — T and for w € R define g, = g+w. Let w = (..., wn,wn—1,...,wo) withw; € (—¢’,&’)
with ¢’ > 0 small. Define gi = Guy, © O Gur © Gug-

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

There exists a set Q C T of measure 1 — e'™X so that for any k > Ty, and any w =
(cryWnyWn—1,...,wo) with |w;| < Ce, and for each k > Ty,

o g* maps each component J of Q into components of the immediate basin of the periodic

attractor of g;
e the distance of gZ(J) to a periodic attractor of g is at most €.
The proof of this proposition follows from the next two lemmas:

Lemma E.1. Let g: T — T be C? and hyperbolic (in the sense of Definition ??), and assume
that g has an attracting set A (consisting of periodic orbits). Then the repelling hyperbolic set
T =T\ W95(A) of g is a Cantor set with Hausdorff dimension X' < 1. Moreover, for each
x € (X, 1), the Lebesque measure of the e-neighborhood N-(Y) of Y is at most =X provided
e > 0 is sufficiently small.

Proof. 1t is well known that the set T is a Cantor set, see [? ]. Notice that by definition
g 1(T) = Y. Tt is 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, see
[? ]. Now take a covering of T with intervals of lenghth €, and let N(g) be the smallest number

of such intervals that are needed. By the definition of Box dimension lim._.¢ lﬁié\g)& ) X It
follows that N(e) < %x for € > 0 small. It follows that the Lebesgue measure of IV, is at most
N(g)e < el™X for ¢ > 0 small. O

For simplicity assume that n = 1 in Definition ??7. As in Subsection ?? the general proof
can be reduced to this case.

Lemma E.2. Let g and g@ as above. Then there exists C' > 0 so that for each € > 0 sufficiently
small, and taking N = N.(T) and |w;| < &’ = Ce we have the following:

1. gZ(T\N)CT\NfOTallkZL
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2. T\ N consists of at most 1/¢ intervals.

3. Take Ty = 2/e. Then for each k > Ty, gﬁ maps each component J of T \ N into a
component of the immediate basin of a periodic attractor of g. Moreover, gZ(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, because Y is
backward invariant, and by continuity. To prove the second statement let J; be the components
of T\ N,/4(T). If J; has length < € then J; is contained in T\ Nc(T). So the remaining intervals
J; all have length > ¢ and cover T \ N.(T). The second statement follows. To see the third
statement, notice that the only components of T \ T containing periodic points are those that
contain periodic attractors. Since T is fully invariant, T\ T is forward invariant. In particular,
if J' is component of T\ YT then there exists k so that ¢g¥(J’) is contained in the immediate
basin of a periodic attractor of g and .J’, ..., g¥(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/e steps into the immediate basin of g. Since the periodic attractor is hyperbolic, it
follows that under 1/e further iterates this interval has length < € and has distance at most &
to a periodic attractor (here we use that € > 0 is sufficiently small so that also 2/e >m). O

Proof of Theorem ??. a) Fix an integer o > 2, o € R, s € (0,1]. The map F: C*¥(T x T,R) —
C*(T,R) defined by F(h)(z) = [ h(z,y)dy is continuous. Since the set of hyperbolic C* maps
g: T — T is open and dense in the C* topology, see [? ], it follows that the set of C* functions
h € C*(T x T, R) for which 2 — oz + ax [ h(x,y) dmi(y) mod 1 is hyperbolic is also open and
dense in the C* topology, which proves the first statement of the theorem. (The above is true
for ke N, k = 00, or k = 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 z belongs to its basin. If h € C*(T x T, R), supposing
that F(h)(z) is not constant, then

dF (h)(x)

3 T s.t.
T € S .

<0 (70)
Condition (??) holds for an open and dense set IV C C*(T x T,R). Pick h € T, then from
(?7) follows that there exist an open neighbourhood V of h, and an interval Z C R such that
9gn(x) = ox + BF(h)(x) mod 1 has a critical point for all h € V and 8 € Z. Since the map
T xV — C¥(T,T) is continuous, there is an open and dense subset of Z x V' for which the map
gs.,n is hyperbolic, and thus has a finite periodic attractor. Furthermore, if ggj has a periodic
attractor, by structural stability there is an open interval Zg such that also gg ; has a periodic
attractor for all 3 € Zz. Once the existence of a hyperbolic periodic attractor is established,
the rest of the proof follows from Theorem 7?7 and Proposition ?7.

O

The following two propositions contain rigorous statement regarding the example presented
in the introduction of the paper.

Proposition E.2. For any 8 € R, the map Tg(x) = 2z — Bsin(2rx) mod 1 has at most two
periodic attractors O1, 0o with O1 = —0s.

Proof. The map T extends to an entire map on C and therefore each periodic attractor has
a critical point in its basin [? |. This implies that there are at most two periodic attracting
orbits. Note that T3(—x) = —Ts(x) and therefore if O is a finite set in R corresponding to a
periodic orbit of T, then so is —O, and it follows that if T3 has two periodic attractors O; and
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Oy then O; = —0,. (If T has only one periodic attractor O, then one has O = —0.) Notice
that indeed there exist parameters 3 for which T3 has two attracting orbits. For example, when

B = 1.25 then T has two distinct attracting fixed points. O
Proposition E.3. Given ro,K1,...,km, consider the families Tg j(x) = 2x — [k;sin(27rx)
mod 1. Then

1. there ewists an open and dense subset ' of R so that for each 3 € I' each of the maps
T, 7 =1,...,m is hyperbolic.

2. there exists By > 0 and an open and dense subset I of (—oo,—0p) U (B, o0) so that for
each 8 € I, each of the maps Tp ;, j = 1,...,m is hyperbolic and has a periodic attractor.

Proof. Let H be the set of parameters f € R so that Tg(x) = 2z — Bsin(27z) mod 1 is
hyperbolic. By [? |, the set H is open and dense. It follows that (1/k;)H is also open and
dense. Hence (1/k1)H N --- N (1/km)H is open and dense. It follows in particular that this
intersection is open and dense in R.

For each |3| > 27 the map Tg(x) = 22— [sin(27rz) mod 1 has a critical point, and so if such
a map T3 is hyperbolic then, by definition, T has one or more periodic attractors (and each
critical point is in the basin of a periodic attractor). So if we take By = max(27/k1,...,27/Km)
the second assertion follows. O

Appendix F Proof of Theorem 77

Proof of the Theorem ??. First we recall that the manifold S is invariant F'(S) C S. Indeed, if
the system is in S at a time to, hence z1(t9) = - - - = xn(to), then because h(z(to), x(to)) = 0 the
whole coupling term vanishes and the evolution of the network will be given by N copies of the
evolution of z(¢p). Hence, we notice that the dynamics on S is the dynamics of the uncoupled
chaotic map, z;(t + 1) = f(x;(t)) for all ¢ > tg and i = 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 [? |.

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

bilt+1) = f(s(®)vi(t) + % D Ayloth(s(t), s(0)wi(t) + 0eh(s(t), s(0)w; () + R(¥i(t), 5 (1))
i

where 0; stands for the derivative in the ith entry and R(1);,1;) is a nonlinear remainder,
by Lagrange Theorem we have R(v;,1;) < C(|1;|> + [14]?), for some positive constant C' =
C(A, h, f). Moreover, because h is diffusive

Ouh(s(t), s(t)) = —Dsh(s(t), s(t)).

Defining w(s(t)) := 01h(s(t), s(t)) and entries of the Laplacian matrix L;; = A;; — d;0;;, we can

write the first variational equation in compact form by introducing ¥ = (¢, -+ ,9,) € R™
Indeed,
@
YE+1)= [f’(S(t))IN = RW(s@O)L] T (). (71)
Because the laplacian is symmetric, it admits a spectral decomposition L = UAU*, where
U is the matrix of eigenvectors and A =diag(A1,...,Ay) the matrix of eigenvalues. Also its

eigenvalues can organized in increasing order

0=XA <A< < Ap,
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as the operator is positive semi-definite. The eigenvalue A\; = 0 is always in the spectral as
every row of L sums to zero. Indeed, consider 1 = (1,---,1) € R™ then L1 = 0. Notice
that this direction 1 is associated with the synchronization manifold §. All the remaining
eigenvectors correspond to transversal directions to S. The Laplacian L has a spectral gap
Ao > 0 because the network is connected, as is shown in Theorem ??7. So, we introduce new
coordinates © = UV to diagonalize L. Notice that by construction ¥ is not in the subspace
generated by {1}, and thereby ¥ is associated to the dynamics in the transversal eigenmodes.
Writing © = (61, ...,0n), we obtain the dynamics for the i-th component

O;(t+ 1) = [f'(s(t)) + aliw(s(t))]0;.

Thus, we decoupled all transversal modes. Since we are interested in the transverse directions
we only care about \; > 0. This is equivalent to the linear evolution of consider Eq. (?77)
restricted to the subspace orthogonal 1.

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

2(t+1) = [f'(s(t)) — Bw(s(t)]=(t). (72)
This equation will have a uniformly exponentially attracting trivial solution if
v i= sup | (s(6) = A(s(t)) | < 1 (73)
>

Now pick any ¢ € C1(T;R) with %(0) # 0, and suppose that h/(z,y) is a diffusive coupling
function with [|A/(z,y) — ¢(y — x)||c1 < e.
Because f'(s(t)) = 2 and

wl5(t)) = ~2(0) + 01 [ (,9) — ol — )] ((0), (1),

the condition in Eq. (77?) is always satisfied as long as
dep
2-pB=—(0)| +[Ble <1 (74)
dx
Suppose that 2—5(0) > 0 (the negative case can be dealt with analogously). Choosing § inside
the closed interval . ,
1 /dy 3 (dy B
3 (Fo) 3 (Fo) ]

one has ‘2 = ﬂ‘;—i(O)’ < 1/2 and then picking € > 0 so that |5|e < 1/4 inequality (??) holds.
From the parametric equation we can obtain the i-th equation for the transverse mode by setting
B = XA and 0;’s will decay to zero exponentially fast if

T —

L2 e <Yy % o) - (75)
2 \dz A?=""=A"N >3 \dr ’
Hence, if the eigenvalues satisfy
AN
— <3 76
N (76)



then one can find an interval I C R for the coupling strength, such that Eq. (77?) is satisfied
for every a € I. Furthermore, since A = dyq,, by point 3. of Theorem 77?7
AN

1< —<2
SN S

one can choose I C R independently on N.
Step 3. Bounds for Laplacian Eigenvalues. Theorem 77 below shows that almost every
graph G € G,

AN(G)

A2 (G)
Hence, condition Eq. (?77?) is met and we guarantee that the transversal instabilities are damped
uniformly and exponentially fast, and as a consequence the manifold § is normally attracting.
We illustrate such a network in Figure ?7?. Indeed, since the coordinates 6; of the linear ap-
proximation decay to zero exponentially 6;(t) < Ce " for all i = 2,--- , N with > 0, then the
full nonlinear equations synchronize. Indeed, ||¥(¢)|| < Ce™", which means that the the first
variational equation Eq. 77 is uniformly stable. To tackle the nonlinearities in the remainder,
we notice that for any € > 0 there is o > 0 and C. > 0 such that for all |z;(to) — z;(to)| < o,
the nonlinearity is small and by a Groenwall type estimate we have

[74(t) = 5(0)] < Coe(t-10)1-),

=1+0(1)

this will precisely happen when the condition Eq. (?7?) is satisfied. The open set for coupling
function follows as uniform exponential attractivity is an open property. The proof of item a)
is therefore complete.

For the proof of b) we use Steps 1 and 2, and only change the spectral bounds. From

Theorem ??7 we obtain
AN _ dnN

A2 ~ dq,N
hence as heterogeneity increases as the ratio tends to infinity for N — oo and condition Eq.
(??7) 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 are related to many important graph invariant. In particular
the diameter D of the graph, which is the maximum distance between any two nodes. Therefore,
if the graph is connected the D is finite.

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

4
1? >
1 ]>\2_ND
2 7] d < oy

3. [? ] %dmax < )\N < 2dmax

The proof of the theorem can be found in references we provide in the theorem.

Theorem F.2 ([? ]). Consider the ensemble of random graphs G, with p > 10§\,N a.a.s.

Ao > Np— f(N) and Ay <pN+ f(N)

where

F(N) = V(B +¢)(1-p)pNlogN
for e > 0 arbitrary.
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Regular Networks. Consider a network of IV nodes, in which each node is coupled to its 2K
nearest neighbors. See an Illustration in Figure ?? when K = 2. In such regular network every
node has the same degree 2K.

Figure 7: On the left panel we present a regular network where every nodes connects to its 2 left and 2 right
nearest neighbors. Such networks shows poor synchronization properties in the large N limit if K < N as
shown in Eq. (??). On the right panel, we depict a random (Erdés-Rényi) network where every connection is
a Bernouilli 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.

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 [? ]

sin ((2K+1])V7r(j71)

sinm(j —1)/N

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

AN (3m4+2)N?
N2 2m3K?
Hence, when K < N synchronization is never attained.
From a graph theoretic perspective, when K < N, e.g. K is fixed and N — oo then
A2 ~ 1/N2, implying that the bound in Theorem ?7? is tight, as the diameter of such networks
is roughly D ~ N.
This is in stark constrast to random graphs, the mean degree of each nodes is approximately
d; v = pN. However, even in the limit d; y < IV, randomness drastically reduces the diameter
of the graph, in fact, in the model we have D « log N (again p > log N/N). Although the
regular graphs exhibit a quite different synchronize scenario when compared to homogeneous
random graphs, if we include a layer of highly connected nodes can still exhibit distinct dynamics
across levels.

(77)

Appendix G Random Graphs

A random graph model of size N is a probability measure on the set G(N) of all graphs on
N vertices. Very often random graphs are defined by models that assign probabilities to the
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presence of given edges between two nodes. The random graphs we consider here are a slight

generalization of the model proposed in [? ], adding a layer of hubs to their model. Our
terminology is that of [? ? |. Let w(N) = (ws,...,wy) be an ordered vector of positive
real numbers, i.e. such that w; < we < .-+ < wy. We construct a random graph where

the expectation of the degrees is close to the one as listed in w(IV) (see Proposition ?7?). Let
p=1/(wi+---+wpy). 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(IN) 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 coefficients
0 and 1, taking the entries of A i.i.d. and so that

wiwypp when 1 <L or n<L
Po(Ain =1) = { T when i,n > L
We assigned constant probability 7 of having a connection among the hubs to simplify com-
putations later, but different probability could have been assigned without changing the final
outcome. Notice that the admissibility condition (?7) 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 € [1,00) such that the entries of the
vector satisfy

Jim w, T LMl = g (79)
J\}Lmoo wy " YPMYP =0 (80)
Jim w T2BLP = 0 (81)
Jim_ witMLYP =0 (82)

with B(N) := max{wr, N'/?log N}, then for any n > 0 the probability that a graph in Gy
satisfies (?7)- (??) tends to 1, for N — co.

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
Gw, the in-degree of the k—th node, d, =Y ;_, Ay, satisfies for every k € N and C' € R

NC?
P(|dk—E[dkH>C)§exp{— 5 },
where
Eld Wi 1<k<L
] = wk<1—pZéV:L+1wg>+M7r k>L
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Proof. Suppose 1 <k < L:
N
Eldy] = Z WEWP = W,
(=1

From Hoeffding inequality we know that

> ) < 2exp{-NC?/2}.
Suppose k > L.

L N
sl =Yg mat = (1 3 ) o
=1 (=L+1

Again by Hoeffding
P (|dr — E[dy]| > Ne) < 2exp{—Ne?/2}.

Proof of Proposition 7?7. For every N € N consider the graphs in G(N)
N
Qn = [ {ld — E[di]| < Cx(N)}

k=1

for given numbers {Cx(N)} yenren) C RT. Since dj, are independent random variables, one

obtains
o= 11 (1- o {-#EE02Y)

if we choose Cx(N) = (N log(N))/2g(N) with g(N) — oo at any speed then
lim P(Qn) = 1.
n—oo
Taken any graph G € Qn, the maximum degree satisfies
A>w (1-OM  wi'L)) — C(N)
and the maximum degree for a low degree node will be § < wr, + C(N). So, from conditions
(?7)-(?7), in the limit for N — oo
MYr  ppL/p 1
7y S 1) 1/
Al/p wlp |:1—C(N)i| p

1

— 0

g

La/Py Li/PC(N 1/q
N1/pgl/a _ NYP [wp, —i—O(N)]l/q _ [ o L+ wg( )} 0
A [ R (=
MLV - MILMP 1 o
A - w1 |:1 _ C(N)}
wi(n)
L1+2/py Lit2/ro(N
Li+2/pg _ I1+2/p [wy + C(N)] [ w2 L+ " ( )} o
AT T wl {1_w]2 [1_C(N>]2
w1 w1
which proves the proposition. ]
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