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LONG TIME DYNAMICS FOR INTERACTING OSCILLATORS
ON GRAPHS

FABIO COPPINI

ABSTRACT. The stochastic Kuramoto model defined on a sequence of graphs is analyzed:
the emphasis is posed on the relationship between the mean field limit, the connectivity
of the underlying graph and the long time behavior. We give an explicit deterministic
condition on the sequence of graphs such that, for any finite time and any initial condi-
tion, even dependent on the network, the empirical measure of the system stays close to
the solution of the McKean-Vlasov equation associated to the classical mean field limit.
Under this condition, we study the long time behavior in the subcritical and in the su-
percritical regime: in both regimes, the empirical measure stays close to the (possibly
degenerate) manifold of stable stationary solutions, up to times which can diverge as
fast as the exponential of the size of the system, before Large Deviation phenomena take
over. The condition on the sequence of graphs is derived by means of Grothendieck’s
Inequality and expressed through a concentration in foc — ¢1 norm. It is shown to be
satisfied by a large class of graphs, random and deterministic, provided that the average
number of neighbors per site diverges, as the size of the system tends to infinity.

2010 Mathematics Subject Classification: 60K35, 82C20, 82C31, 82C44.

Keywords and phrases: Interacting oscillators, Long time dynamics, Kuramoto model,
Random Graphs, Stochastic partial differential equations, Cut-norm, Grothendieck’s In-
equality, Self-normalized processes

1. INTRODUCTION

1.1. Synchronization of mean field systems on graphs. In recent years, synchro-
nization of complex networks has become a very important topic for explaining real world
phenomena. While in the physics literature the analysis has been pushed quite far and
several extended reviews are available (e.g. [15, 33]), from a mathematical point of view
these studies and the associated numerical simulations, can be regarded more as heuristic
arguments than conclusive proofs.

The mathematical community has started working on particle systems on (random)
graphs from the statistical mechanics point of view in the equilibrium regime and, with
respect to the graph setting, assuming a locally tree-like structure (e.g [14]). Only in the
last few years the attention has been focused on the dynamics of weakly interacting parti-
cles, tackling mean field systems on graphs, and their relationship with the corresponding
thermodynamical limit (e.g. [5, 13]). These results, and the one presented here, are ob-
tained for graphs in an intermediate regime between the sparse and the dense case, i.e. if
G, has n vertices and np, represents the average number of edges, then 1 < np, < n. In
the case of sparse graphs, i.e. np, = O(1), the limiting system seems to show a different
phenomenology ([23, 29]).

Today, many results on the behavior of the empirical measure of such systems are
available ([5, 10, 13, 25, 32]), but there is no agreement on the weakest hypothesis the
class of graphs should satisfy in order to obtain the classical mean field limit. It turns
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out that, depending on the setting one is considering, i.e. the normalization chosen in the
interaction and/or the hypothesis on the initial data, different requirements on the graph
may be asked.

To the author’s knowledge, there exists no result on the longtime dynamics of a system
defined on a sequence of graphs and the question whether the network is influencing
the dynamics on long time scales, is still open and very much awaited with regards to
applications.

In this work, we attack these issues by considering a well known model of synchronization
defined on a sequence of graphs: we consider the Kuramoto model (e.g. [1]) for which an
extensive literature is available and many tools have now been developed ([3, 4, 17]). For
the sake of clarity, we study the model without the natural frequencies but our techniques
apply as well in the quenched setting. We look for a result of mean field type with the
minimal hypothesis on the initial conditions, i.e. the weak convergence of the empirical
measure only, and by proposing a (deterministic) condition on the sequence of graphs
which is shown to be satisfied by a large class of homogeneous graphs, including FErddos-
Rényi random graphs with diverging average degree.

Finally, we show that the condition on the graph is not only sufficient for the system
to converge to the mean field limit on bounded time intervals, but also that it is enough
to study it on longer time scales. Namely, we push our analysis to the Large Deviation
barrier of exponential time scales showing that, if the system synchronizes, then it keeps
synchronized for long times.

1.2. The model. For each n € N, let £™ be the adjacency matrix of a graph (V (), E(™)
with n vertices:

We consider both directed and undirected graphs as well as multigraphs so that 51(;1) can

take values in {1,...,n} and not need to be equal to fj(-?). We denote the corresponding
(multi)graph by £ itself. Together with £, we consider a dilution parameter p, € (0, 1]
representing the average density of neighbors per site. The two quantities will be coupled
so that it is useful to think of them as one single object, we refer to Subsection 1.4 for the
precise condition we required on it.

Given (E(”),pn), let {0?’"}1-:17”.7” be the family of oscillators on T" := (R/27Z)", which
satisfy:
. ’ J
6" = 60y, forie{l,...,n},
where J(-) = —K sin(-) with K > 0. Denote by P the law induced by {B?}ieN which are
independent and identically distributed (IID) Brownian motions on T and by {96}1‘ oy the

initial conditions. We consider both deterministic and random initial data and, whenever
they are random, they have to be independent of the Brownian motions.

{ do;" = S e (0" — 00" dt + dB;,  for t > 0, 12)

If {51-(;)}@3' are symmetric, i.e. fl(]n) = fj(?) for 1 < i < j < n, then the model is reversible
(e.g. [3]) with respect to the probability measure on T™ given by

1 K & o
™) (dg) = — = 3" € cos(6" — ¢
7" (d6) ) OXP "2 &j cos(0' —67) | An(d6), (1.3)
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where Z(™ is the normalizing constant and A, the uniform probability measure on T".

The main quantity of interest in system (1.2) is the empirical measure ' associated to
07" }i—1..n and it is defined for all ¢t > 0 by
t b b

1 n
Hy = > Spim € P(T), (1.4)
j=1
the space of probability measure on the torus being denoted by P(T).

1.3. The reversible Kuramoto model and its mean field limit. When fgl) =1 for

1<i,j<nandp,=1foralln € N, ie. 5(”) is the complete graph, system (1.2) becomes:

{ A0 = (T % )@ dt + dBi, fort >0,

. ) 1.5
6" = 0y, forie{l,...,n}, (15)

where jf 1= % Z?Zl 59,7-,n is the associated empirical measure and * stands for the convo-
lution. We refer to (1.5) as the reversible Kuramoto model (e.g. [3]).

It is well known (e.g. [3, Proposition 3.1]) that for all fixed time T, [igepo, ) Seen as

0,T]
a continuous function over P(T), weakly converges in C°([0,7],P(T)) to a deterministic
limit . € C°([0,T],P(T)) that is solution to the following partial differential equation
(PDE):

{atm(e) — 10214(0) — Dplus(0)(J * pe)(B)), for €T, 0<t<T, L6)

Htlt=0 = MO,

provided that pf weakly converges to g in P(T). If pp does not have a density, than (1.6)
has to be intended in the weak sense; however the regularity properties of the Laplacian
operator make p; smooth for all ¢ > 0 (see again [3, Proposition 3.1]). Equation (1.6) is
often called McKean-Vlasov or Fokker-Planck equation and we refer to its solution u. as
to the mean field limit of the diffusions solving (1.5).

We recall here the most important results on (1.6), without giving any proof but refer-
ring to [17] (and references therein) where a complete analysis of the global dynamics is
presented.

As for the mean field limit of the classical Kuramoto model, (1.6) is known to admit
a phase transition depending on the coupling strength K: in the subcritical regime, for
0 < K < K. := 1, the particles behave as they were independently distributed on the
circle; in the supercritical regime, for K > 1, they tend to synchronize around the same
phase. We do not consider the critical case K = 1, since it does not add anything to the
purpose of this work.

More precisely, in the subcritical regime there is a unique stationary solution which
corresponds to the incoherent state %, the uniform measure on the torus (see [17, Propo-
sition 4.1]). It is globally attractive and the linear operator around it has negative spectrum
bounded away from zero: we will make use of this property showing that the fluctuations
given by the graph structure are controlled for all times, whereas the random fluctuations
given by the Brownian motions are not and will make the system escape from 1/27 after
some (very long) time, i.e. a Large Deviation phenomenon.

In the supercritical regime, when K > 1, there is a manifold of stable stationary so-
lutions corresponding to the synchronous states of the oscillators {6""};i=1.. ., (see [17,
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Subsection 4.3] and [3]). Up to a rotation, all stable stationary solutions of (1.6) are given
by

4(0) = exp{2Kgcos(9)}7 (1.7)
where Z is the normalizing constant and r» = r(K) is the unique solution in (0,1) of a
fixed point equation r = W(2Kr), see [3] for a explicit formula of ¥. The parameter r
is often referred to as the degree of synchronization of the system: r close to 0 indicates
that the particles are scattered around the circle, r close to 1 that they are almost fully
synchronized. We just recall that whenever K < 1, the fixed point equation has a unique
solution r = 0, which in (1.7) boils down to the uniform measure 1/27, and whenever
K > 1 the value r = 0 is still a solution but the corresponding measures solving (1.6) are
unstable so that we will not consider them.

Let K > 1and 0 < r < 1. Observe that system (1.5) (and also (1.2)) is invariant under
rotations, this property is maintained in the limit (1.6) and the manifold of stationary
solutions M can be described as

M ={qy : qu(-) = q(- =), ¥ € T}. (1.8)

It is possible to show that, unless one starts from the unstable manifold

U= {N e P(T) : /Texp(zﬂ)u(d@) - o} , (1.9)

the measure y; solution to (1.6) converges to some gy € M as t tends to infinity, the phase
1 € T depending only on . Since each g € M is a stationary solution, the dynamics of
ue is fully characterized for all times t.

1.4. The graph’s perspective. The aim of this work is to investigate the weakest as-
sumptions on the sequences & = {{ (n) }n N and {pp }nen, such that the long time behavior
of (1.2) is well understood: in other words, whenever system (1.2) is comparable to (1.5)
or to the mean field limit (1.6), under a proper scale between size of the system n and
some horizon time 77,.

The normalization sequence p,, has to be chosen such that the interaction term in (1.2)
makes sense. At least, this requires the assumption that the quantity

1 &)
= V 1.10
-~ ; & (1.10)

is of order one, for almost each vertex 7 in the graph.

Remark 1.1. Observe that whenever (1.10) converges to zero or diverges, one should
look for a different normalization in order to obtain a proper limit. A control on (1.10)
is thus required to exclude degenerate cases, yet it cannot be sufficient for our purpose:
whenever one considers a graph composed of two (or more) highly connected components,
the degree of each vertex can be correctly defined, but one cannot expect the convergence
of the empirical measure since the behavior on each component may differ, depending on
the initial conditions! We refer to [10, Remark 1.2] and [13, Remark 1.4] for concrete
examples and a precise analysis from this perspective, see also Remark 2.2 in the next
section.
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For n € N, define the normalized adjacency matrix P = {Pi(]n)}m:l,m’n by

- ¢
n) . Sij .
P = P fori,5=1,...,n. (1.11)

Recall that we do not assume any symmetry on £ and that it can also represent a
multigraph. Define 1(™ as the adjacency matrix associated to the classical mean field

(n)

model, i.e. 1, = 1 fori,57=1,...,n. One would like to compare P™) o 1),

It turns out that a sufficient condition for what we aim at, is given by a control on the
difference between P and 1(™ through the /oo — ¢; norm. This norm is defined for a
matrix G = {Gij}i,jzl,...,n as

n

|Gl := sup |[Gs|l,= sup Gst' = sup Z Gijsit;. (1.12)

IIslloo <1 s,te{—1,1}» si,tje{—1,1} ij=1
It has received a lot of attention in the last years: it appears in many applications in
computer science (e.g. [20]) and it has been shown to be very useful in graphs concentration
(e.g. [19, 24, 28]). Part of this success is because of the equivalence to the cut-norm (e.g.
[2]) and, as already remarked in [19, 32], of Grothendieck’s Inequality, which is recalled
hereafter.

Theorem 1.2 (Grothendieck’s inequality, [31, Theorem 2.4]). Let {a;;}
real matriz such that for all s;,t; € {—1,1}

ij=1,..n D€ ATXT

n
Z aijsitj < 1. (113)
ij=1
Then, there exists a constant Kr > 0, such that for every Hilbert space (H,(-,-)u) and
for all S; and T in the unit ball of H

n
Z aij<5’i,Tj)H §KR. (1.14)
i,j=1
It is indeed thanks to this inequality that ¢, — ¢; norm turns out to be the natural
choice for our setting: an important part of the proof (Lemmas 3.2 and 4.3) consists in

showing that the fluctuations due to the graph structure can be described by expressions
like (1.14), and thus controlled by |||

co—1"
From now on, the only condition we require on (f () p")neN is to satisfy:

HP(”) - 1(”>H = o(n?), (1.15)

co—1

or, in other words,

n_ (¢l
lim  sup iQ > <§” - 1) sit; = 0. (1.16)

N0 g tie{-1,1}y T =1 Pn

In Proposition A.3 it is shown that Erdés-Rényi random graphs with parameter p,
satisfy condition (1.16) almost surely, provided that np,, 1 co. We also provide a class of
deterministic graphs, Ramanujan graphs, that satisfies (1.16) (see Proposition A.6) and
give some link with the theory of graphons.
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Appendix A presents such results and includes remarks on the relationship between
condition (1.16), the degree condition (1.10) and the connectivity of {£(™},cn.

1.5. Set-up and notations. The closeness between pj' and p is studied through a norm
which controls the bounded Lipschitz (or 1-Wasserstein) distance between probability
measures, in an appropriate class of weighted Hilbert spaces H_1,,. This class is defined
as follows.

Denote by C}(T) the space of C! functions on the torus with zero mean and consider

ﬁ%:{feﬁ /f—O} (1.17)

with canonical scalar product (u,v) := [puv, for u,v € £3. Let w € Cl(T (0,00)) and V

be the closure of C§(T) with respect to the norm o]l Y. fT * for © € CH(T). Ttis

easy to see that V is continuously and densely injected in Ez (thanks to the compactness
of T and Poincaré inequality). Moreover, one can define an inner product on V' which

makes it an Hilbert space Hy 1., == (V. (), ,,,) where (0, ¥)m,,,, = Jr ‘P;fb/ for all

©,9 € C}(T). The dual space of Hy 1y is denoted by H_ .. Observe that if u,v € L2
and v € Hy 1/, then uw € H_; 4, and

U(U) = <U,U>,1’1 = (’LL, U)> (118)
where (-,-)_1,1 denotes the action of H_1,, on Hj ;,, we omit the weight w.

The action of a probability measure y on a test function h is denoted by (u, h) = [ hdp:
of course whenever u and v are regular enough, one has u(v) = (u,v)_11 = (u, v) (u,v),
where we have abused of notation, denoting the density of a probability measure by the
probability measure itself.

Finally, observe that different weights w give equivalent norms so that whenever the
geometry of the space is not important, we consider the case w = 1 and simply note ||| _;.
More information about the construction of H_;,, are given in Appendix B.

Hereafter we drop the dependency on T, i.e. we write Cé instead of Cé (T) and so on for
the other spaces and integrals.

2. MAIN RESULTS

We present the results in three consecutive subsections: we start by the finite time
behavior, then pass to the supercritical regime and, finally, the subcritical case.

In all results, the convergence of empirical measures is stated in the norm |-||_;. It is
not difficult to see that the difference of two probability measures belongs to H_; and that
the distance induced on P(T) controls the bounded Lipschitz distance (or, equivalently,
the 1-Wasserstein distance). These details are covered in Appendix B.

Recall that throughout the paper, we only require (E(”),pn)n oy to satisfy condition
(1.16) and po € P(T), no independence between pf and ¢™ is demanded.
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2.1. The finite time behavior. We give the result and then comment it.

Theorem 2.1. Let K > 0. Suppose that for all eg > 0

i no_ <o) = .
nll)l&P (kg = poll_y < e0) =1. (2.1)
Then, for every fixed time T > 0 and for every € > 0
lim P sup [l — ol <e) =1. (2:2)
n—oo tE[O,T]

The finite time behavior of weakly interacting particle systems on graphs is already
known under suitable hypothesis on the initial conditions and on the graph sequence,
we refer to Subsection 2.5 for a comprehensive literature on the subject. We decide to
present Theorem 2.1 because, contrary to all the previous results, it does not require any
independence between initial conditions and (the realization of) the sequence of graphs. In
particular, even if one accurately assigns the initial conditions for each vertex, the mixing
properties of the graph will shuffle all the information and make the empirical measure
converge, loosing any memory of the initial coupling. This property is crucial for studying
the longtime behavior as pointed out in the next subsections.

Observe that Theorem 2.1 implies the existence of a unique giant component in {£ (n) }nen,
as pointed out in the next remark.

Remark 2.2. The result is independent of K. First observe that this implies the unique-
ness of a giant component: if there are two, then one can accurately prepare the initial
conditions so to obtain different behaviors on the twos and loose the proximity to (1.6).
Secondly, with the same argument one deduces that the size of the giant component is
asymptotically n, i.e. all but o(n) vertices are connected. Finally, the existence comes
from the fact that the system cannot synchronize on components of size o(n), no matter
the value of K. Lemma A.2 shows that condition (1.10) indeed implies the existence of a
giant component of size asymptotically n.

2.2. Long time behavior in the supercritical regime. In the supercritical regime,
we suppose to be already close to the manifold M at time 0. However, since we do
not assume any independence between graph and initial data, this hypothesis can be
weakened by requiring the initial condition g to be in the domain of attraction of M, i.e.
o € P(T)\ U, and using Theorem 2.1. One can then start after some time 7" with initial
condition given now by /. (and dependent on the graph!): if T is big enough, than uf
will be close to M. Observe that the choice of T" depends only on how close to M p; has
to be, it thus depends only on uyg.

Before stating the theorem, we define the distance of a probability measure from M.
For € P(T), let
dist(p, M) := inf — . 2.
ist(u, M) == inf |lp—v|_, (2.3)

We are ready for the main result of this section.

Theorem 2.3. Let K > 1. Suppose there exists 1) € T such that for every g > 0

i n— < =1. .
Tim P (Jlaf — ayll, <o) =1 (2.4)
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Then, for every positive sequence {Tp}nen such that T,, = exp(o(n)), and for all e > 0
small enough

lim P ( sup dist(pug, M) < E) =1. (2.5)
n—o0 t€[0,Tx]

Theorem 2.3 implies the proximity of the empirical measure to the manifold of solutions
of the McKean-Vlasov equation (1.6) for almost exponential times. On this time scale,
Large Deviation phenomena take control of the finite system (e.g. [11, 16, 30]) making it
escape from the stationary solutions.

Observe that we do not prove the closeness to the mean field limit p.. Indeed, it is by
now well known that, on longtime scales, the mean field limit is not a faithful description
of the finite system of n diffusions. In other words, the behavior of p7. highly depends on
the scale of time 7T,, under consideration, whereas the dynamics of y; is deterministic and
completely known for large ¢, i.e. it sticks to gy.

In [4], a deep analysis of the longtime dynamics for the classical mean field system
(1.5) is presented. Namely, it is shown that p; solution to the PDE (1.6) is a reasonable
approximation of fij' for times scales of order o(logn). On times proportional to n, the
dynamics of the empirical measure can be coupled to a Brownian motion on M with a
non trivial diffusion coefficient that can be explicitly computed (see [4, Theorem 1.1}).
Whereas the PDE prescribes the system to stay synchronized on a fixed phase, the noise
induced by the Brownian motions makes this phase oscillate and it turns out that the
oscillations become significant on times proportional to the size of the system n.

We do not show this property, yet extend the closeness to M for exponential times,
whereas in [4] this is shown up to polynomial times.

Theorem 2.3, as Theorem 2.1, does not depend on the speed of convergence of the
condition on the graph (1.16). The escaping time is indeed only due to the stochastic
nature of the system, given by the Brownian motions, and it cannot be improved as
explained above. The reason why one can control the perturbation induced by the graph
structure for long times is somehow hidden in the martingale properties of u” and in the
fact that we do not really analyze the dynamics near M (which can, a priori, depend
on the graph). We refer to the proof of the subcritical regime for a clear control on
the perturbations given by the graph, through the exponential stability of the stationary
solution.

2.3. Longtime behavior in the subcritical regime. The subcritical regime is some-
how easier than the supercritical regime since there is an unique stable stationary solution.
We decide to include this case firstly because, to the author’s knowledge, it is missing in
the literature and, secondly, because the proof enlightens some aspects hidden in the su-
percritical regime. As a byproduct, we obtain the equivalent of maximal inequalities for
Ornstein-Uhlenbeck processes in infinite dimensional Hilbert spaces, see Corollary 2.5.

Theorem 2.4. Let 0 < K < 1. Suppose that condition (2.1) holds, i.e. for all £g > 0
i o — < =1. .
Jim P (|lpg — polly <o) =1 (2.6)

Then, for every positive sequence {T),}nen such that T, = exp(o(n)), and for all e > 0
small enough

lim P( sup [laf — ill_, < ) -1 (2.7)

n—o0 t€[0,T]
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Observe that, since p. converges as ¢ tends to infinity to 1/27 for all initial conditions
110, then Theorem 2.4 implies the proximity of i} to the stable solution up to exponential
times.

Of independent interest, we present a corollary of Theorem 2.4 in the limit case K = 0.
This result seems to be well known, yet the author was unable to find it elsewhere.

Corollary 2.5. Let p! be the empirical measure of n independent Brownian motions
{B”"},=1...n on T with initial conditions {04}1 < i < n satisfying (2.1). Then, there exist
C > 0 and Ty > 0 such that for all T > Ty, the following maximal inequality holds:

n

1 log(14+T — T
He — 5~ ] <Cog( ha o)
1

E | sup

te|To,T)

. (2.8)

2 || n

Corollary 2.5 shows a maximal inequality for the empirical measure of n independent
Brownian motions on the torus, establishing the SPDE version of the result for Ornstein-
Uhlenbeck processes presented in [18] for stochastic ordinary differential equations.

Observe that if the initial conditions and the graph are exchangeable (not necessarily
independent), then Corollary 2.5 and a classical result by Sznitman ([34, Proposition 2.2])
implies the creation of chaos for all times T, = o(exp(n)).

2.4. Organization of the paper. This section ends presenting the existing literature
and giving an outline of the proof for the three theorems.

Sections 3, 4 and 5 concern the proofs of the three results. In particular, Section 3
is devoted to the long time dynamics close to M, it starts from the derivation of a mild
formulation for the empirical measure, then proceeds with the control on the graph and
the noise, and it ends with the proof of Theorem 2.3. Section 4 concerns the subcritical
regime where a different control on the perturbations is given. Finally, Section 5 proves
Theorem 2.1 by using slight variations of the previous techniques.

Appendix A gives a few examples of graph sequences that satisfy condition (1.16),
together with remarks on the degrees and connectivity of such sequences. Appendix B
contains information about the Hilbert spaces H_;,, and the linear operator L.

2.5. A glance at the existing literature. The results presented here are at a crossroads
of two different research areas: the long time dynamics of stochastic differential equations
and the role of a network in a mean field model.

Concerning the long time behavior of weakly interacting particle systems, Theorems 2.3
and 2.4 can be seen as a complement to the previous results presented in [4], filling the
gap of the exponential time scale which has not been addressed so far. To the author’s
knowledge, they also represent the first equivalent, in infinite dimensional Hilbert spaces,
to the famous result for stochastic ordinary differential equations in R? by Friedlin and
Wentzell ([16]).

Looking at variations on the same model, the behavior of the classical Kuramoto model
with intrinsic frequencies has been studied in [26], showing that the longtime dynamics
is indeed dependent on the quenched setting given by the frequencies. A macroscopic
constant speed in the phase appears on time scales of order O(y/n), making the effects of
the noise vanish. The results and the techniques presented here should be easily adaptable
to this case showing the proximity to the manifold of solutions for long times, yet loosing
the precise characterization of the motion on M for which a deeper analysis is needed.
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The Kuramoto model is an example of system which admits more than one stable
stationary solution, a continuous manifold as already precised, and that’s one of the reasons
why it shows a rich phenomenology depending on the time scale under consideration. For
similar results on different models, one has to dip in the context of stochastic partial
differential equations (SPDEs) with vanishing noise. Since the aim of this work is more
oriented on the effects of the network rather than the longtime dynamics of SPDEs, the
author refers to the bibliography in [4, 26] for a more comprehensive discussion.

Turning to interacting particle systems on graphs, the subject has become an interesting
topic in the mathematical community given the several applications to complex systems,
in particular regarding the Kuramoto model and synchronization phenomena (e.g. [1, 33]),
yet it has always been addressed on a finite time scale or up to times slowly diverging on
n, i.e. T, = O(logn).

The first articles [5, 13] attack the problem under a propagation of chaos viewpoint,
requiring independent and identically distributed initial conditions and also independent
of the realization of the graph. In this setting, the condition on the graph boils down to
a condition on the degrees only so that very general graphs are allowed (see again [13,
Remark 1.4] and [10, Remark 1.2]). Regarding more inhomogeneous settings, [25] extends
[13] to graphons and [32] presents a Large Deviation result again in the graphon setting.
Observe that [32] already makes use of Grothendieck’s inequality and the norm ||| _,; to
control the graphs fluctuations. Up to now, the only result not assuming independence in
the initial data is given by [10], where general systems of interacting particles are defined
on Erdésh-Rényi random graphs and the empirical measure is shown to satisfy a Law of
Large Number and a Large Deviation principle, implying the convergence to the respective
mean field limit.

In the deterministic setting, the Kuramoto model has been studied on different networks
with various hypothesis on the initial conditions, we refer to [9, 27] and references therein.

In all the cited works, the condition on the normalization p,, is slightly stronger, or
equivalent, to the one required in (1.16), see in particular Propositions A.4 and A.6 in
Appendix A. If np, is not diverging as n tends to infinity, i.e. the case of sparse graphs,
the limiting behavior of the empirical measure seems to be rather different from the mean
field limit, see [23, 29].

2.6. Outline of the proofs. The three theorems are proven in a similar way and the
main ingredients are given by

(1) A mild formulation satisfied by u’ for each n € N;

(2) The control on the perturbations given by the graph structure through Grothendieck’s
Inequality;

(3) The control on the random perturbations given by the Brownian motions through
maximal inequalities for self-normalized processes.

The mild formulation will be different in all the three cases and will depend on the linear
dynamics around M or 1/27 or on the properties of y;. In Section 3, we give a full deriva-
tion of the stochastic partial differential equation satisfied by u* — gy in a neighborhood
of M.

The control on the graph will also depend whether there is a strong contraction given
by the dynamics, or not. Whenever the evolution is contracting in all direction, as in the
subcritical case around 1/27, these perturbations can be controlled uniformly in time, we
refer to Lemma 4.3 for a precise statement.
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A fine control on the random perturbations turns out to be rather delicate and one
has to exploit all the properties associated to the Hilbert structure as well as the ones
associated to the linear dynamics around the stationary solutions to get the job done. We
give two independent explicit proofs:

e Around M, we study the noise using of a strong result on self-normalized martin-
gales ([12]);

e Around 1/27, we extend a result on maximal inequalities for Ornstein-Uhlenbeck
processes ([18]), to an infinite dimensional setting.

Once the perturbations are controlled, a Gronwall-like lemma is used to bound the
difference between u” and the relative target. In the supercritical case, we need to set
up an (easy) iterative scheme in order to estimate the distance between u' and M on
bounded time intervals, and then make use of the martingale property of system (1.2)
to extend the result up to almost exponential times; in the subcritical case, the result is
directly obtained by the bound on the noise, the graph perturbations are indeed controlled
for all times.

3. LONGTIME DYNAMICS CLOSE TO M

In a neighborhood of M, one can exploit the properties of the linear dynamics around
qy- For u € L3, let

Lyu == 107u— 0y [u(J * qp) + qu(J *u)], (3.1)

be the linear operator at gy, its domain is given by D(Ly) = {u € C*(T), [;u(f)df = 0}.
The operator Ly is self-adjoint in H_;/,, and its adjoint LZ in £3 has the following
expression

Lyu = S05u+ (J * qy)Opu — (J * qy Opu) — /(J * gy Oput), (3.2)
T

and domain D(Ly,) = D(Ly).

We recall here the most important properties of L, referring to Appendix B for more
informations. The linear operator —L, has compact resolvent and its spectrum lies in
[0,00): the smallest eigenvalue g := 0, associated to the eigenfunction O9yqy, is isolated
from the rest of the spectrum. In particular, this implies that H_; can be decomposed
into a direct sum Ty & Ny, where Ty, = Span(09pqy); we denote by Pg the projection on T,

along Ny and P =1 — qu. Observe that both Pg and P commute with Ly (e.g. [21]).

Let {A\ < A1 < ...} C[0,00) denote the set of eigenvalues and let {e}p}l:(),lw be the
correspondent set of eigenfunctions, normalized in H_y 1/, o 1€

—Ld)ezp = )\le;p, forl=0,1,.... (3.3)

Observe that e}b € C®(T). Moreover, the eigenvalues do not depend on the phase v,
whereas the eigenfunctions do in a rather simple way given by the rotation symmetry of
the system, i.e.

ef()=el(-+v—9), forl=0,1,.... (3.4)
As a matter of fact, we will study the system only around some g,,. The dual eigenfunctions

flw associated to Lfb will play an important role for studying the noise perturbation, their
properties are studied in Proposition B.3.
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From the previous properties one deduces that Ly, (respectively Lfb) generates a strong

continuous semigroup on H_; (resp. Hp) that we denote by e!** (resp. eth) These
semigroups have many properties that we will recall and use throughout this section, see
Proposition B.2 for a general statement.

A final remark: we use the letter C' for all the constants even if they are possibly
different, the value of C' can change from one line to another if the constant is replaced
by another constant and the context is clear.

3.1. The mild formulation around ¢, € M. As shown in [4], a" satisfies a SPDE
written in mild form once it is close to M in this subsection we extend this formulation
to pg'. Let v!* := pu"* — qy, then

Proposition 3.1. The process v{* € H_; satisfies the following stochastic partial differ-
ential equation in C° ([0,T), H_1):

t
= ety = [ 1 ) ds - g 437, (35)
0

where

o=t Z / <€w B 1) o9)Lu g, [59§,R(J*597n)] ds, (3.6)

i,j=1
and z; € H_1 is defined for h € Hy by

1 <& [t . . A
n _ = (t—s)L VEO J
(=P h) 11 ”;:1: /0 [age wh} (097 d B (3.7)

Proof. Let F = Fy(0) € C1?([0,00) x T), with [ F; =0 for all ¢ > 0. For some ¢ > 0, an
application of Ito formula, together with the definition of Lw gives

t
<u?—q¢,Ft>=<u3—qw,Fo>+/o<u 4 OuFs + L Fy) dst

(3.8)
t
[0 = 00)(T = 2 = 00)). 00F) ds + GY(P) + Z1(F),
where
aw=53 [ (f” 1) I 05700 E 0 s

b=t (3.9)

Z / dpFs(09™) dBY.
The properties of e’ ¢, see Proposition B.2, assure that the function

F = F,(0) =" 9Lin(6), for some h € C*(T), /h =0, (3.10)

is C12([0,t] x T). But then 9sFs = —L;, Fs and one obtains

t
W F)) = (e ™on) + / W (J "), eI nY ds + g (h) + 2 (h), (3.11)
0
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where we have used the definition of »{* and the notations

Z / <£”—1) (0" — 03 [Buel = o] (02 s, (3.12)

7,7=1
== Z / [3960*5%11} (637 dBY. (3.13)
n = 0

We aim at proving that (3.11) is the weak formulation of the mild equation (3.5) in H_;.
Let {vj};1>1 C [,3 such that y; IT;”) vy in H_q. Then, for h € C?
<1/l,etLT/)h>,171 = (Vl,et%h) = (ethyl,h) = (etL%"Z/l,h),Ll. (3.14)

By continuity of the operators, e!fvy; converges in H_1 to e!fvuf as | + co. Taking the
limit for [ 1 oo in both sides of (3.14), we deduce

W e oy 1y = (e h) 1. (3.15)
We now focus on
wy = vy (J *vy). (3.16)
Consider {vs;}1>1 C E% which converges to v in H_; as [ 1 oo, and define
ws, = Vs (J xv). (3.17)

For any [ > 1, it holds
<w8,lﬂ89e(t_S)L:Lh>—1,1 - <w8,l7896(t_8)L:bh> -

(3.18)
- _ <e(t—s)Lwag s, h) (eI gy s B) 1.
Using the properties of the semigroup one obtains
\<e<t—s>Lwae<wsz — W), h)-1a| < Al He“—swae(wsl —ul)|_, <
- (3.19)
< Al 106(wsp — wi)ll_g = [IA] lwsg —wll_y,
1 \/7 2 1 \/7 1
which implies
C
(t=9)Lv 9y (wgy — W ‘ < fwss — | - 3.20
O el e (3.20)

Since h is regular and wg; ZT;.O> w? in H_y, this implies
(WP, 0pe Uy )y = (v gy W by . (3.21)
We now observe from (3.20) that

C
(t—s)Ly n <
He ot < = (3.22)
thus the integral in (3.5)
t
/ U= gy (W1 (J % 1)) ds (3.23)
0

is almost surely finite. Using [35, Theorem 1, p.133], we deduce that (3.23) makes sense

as a Bochner integral in H_;. The continuity is a direct consequence of the continuity of
tL
e,
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Assume that g*(h) = (g7, h)—1,1 and 2" (h) = (2}, h)_1,1 are well defined and continuous
with respect to t for all h € Hy; we have shown that

(vt h)—1 = (g, h) i+

Lo (3.24)
([ Iy ()] dsi )y = (g B+ ()
0

Since (3.24) holds for all h € Hj, the identity (3.5) follows. All elements in (3.5) take values
in C°([0, 7], H-1) and the proof is then concluded modulo regularity and wellposedness
of g™ and z". We refer to Lemma 3.2 and Lemma 3.3 which are presented in the next
subsection. 0

3.2. Control on the perturbations. Two kinds of perturbations are present in the
SPDE (3.5): 2" given by the stochastic nature of the system and g” given by the presence of
a network structure. In this subsection, we exhibit the control over the two perturbations.
Observe that all the estimates are independent of 1.

We start with the control on the graph structure, which uses Grothendieck’s Inequality
presented in Theorem 1.2.

Lemma 3.2 (Wellposedness and bounds on g¢;'). Forn € N and t > 0, let g be given by
Z / <§” — 1) e(tfs)Lwag |:69i,n(J* 593 n)] d . (325)
i,j=1

Then
(1) g™ € C°([0,00), H_1). In particular, for every h € Hy andt >0

S / <fw_1> (05" — 657) [0 on] @57 ds. (3:26)
i,7=1

(2) There exists D > 0 such that

P — 1)
lgtll—y <D WH = H“’Hl, forallt > 0. (3.27)

Proof. Fix n large. Consider {¢;};>1 C C*> such that ¢; > 0, ¢;(0) =0 for 0 € [1/1,2m —
1/1], [ ¢ =1 for every I > 1 and limy_,o [ F¢y = F(0) for every F € C°. Fori=1,...,n,
define

5 7= LK Sgin. (3.28)
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We start by establishing (3.26). For each h € C?

1 & ” . o

ig=1 \Pn

B % > (511 B ) L0(T * 8ggn), Bge! R

i1 Pn
(3.29)
1 = (& s i
i,7=1
1 & (& t—s)L i

But > =1 (% - ) i,l(‘]* Jgsm) converges to 5 > =1 (%Z - ) Ggin (J % 0gin) since

1 ¢ §ij i 1 i
ﬁ = (pn — 1) ( sl 592,n) (J * (59§,n) § ]Tn izslu"Iin (bs,l - (50;,71 _1, (330)
which tends to zero as [ tends to infinity.
Thanks to the properties of the semigroup, the same holds true for
izn: Sii _ 1) elt-9Lug [( — 5 )(J*é- )}- (3.31)
n? Pn AN o) '
i,j=1
indeed, by Proposition B.2,
LS (8 n) eleitegy (6, - 0ye) (T x0)] | <
n? 2 \p, oL\ Pst = O on)]| <
7’».7:1 —1 (332)
C .
—— s = Opin .
PVt — s izsll,l-l.).,n ¢87l CN |
A similar argument shows that
1 = (& (t—s)L c
ﬁ 'jzl (pn — 1) e 1//’89 |:(59;,n(J * 50£,n):| < m, (333)
hI= -1
which, in turn, implies that
izn: (G ) eateg [5- (J %0, )} ds (3.34)
n? 0 \Pn oL o '

3,7=1

is almost surely finite and continuous with respect to t. We deduce (3.26).
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For the second part (3.27), observe that
n

1 %] —8
<7 (fj — ]_> e(t )Lwag |:6egm(<] * 59§7"):| 7h>—171 =

2
=\ (3.35)
1 n 5@ —s * .
i,7=1

We claim that this last term can be controlled by HP(”) —1™ Hoo—)l through Grothendieck’s
inequality. By choosing H = H_; and

aij:<£_1>a

Si = dgin; (3.36)
t—s (t—s)L* h
T-:7V<J 5,n)a oLy >
I A [T
Theorem 1.2 allows us to bound the expression in (3.35) by
¢y 1P 1)

K h 2ol 3.37
R /715 —s ’ ”1 n2 ( )

This shows that

p) _ 1) toq p) _ 1)
Hgllel <KRCH — Hoo—)l/o _Sds :D\/EH — Hoo—>1 , (3.38)

where D := KrC/2 > 0. The proof is concluded. O

We now turn to the stochastic term 2! in (3.5). Recall that Ly is diagonal in the

basis {flw}l >0 of Hyg,, with eigenvalues denoted by {A;} > o, see Proposition B.3. We
precisely analyze z" through its coefficients in the orthonormal basis given by L*w.

Lemma 3.3 (Wellposedness and bounds on z{*). For n € N and t > 0, let z}* be defined
by

o= E<z;l,e}”>H_wqw ef. (3.39)

1>1
Then
(1) 2" € C°([0,00), H_1) almost surely. In particular, for every h € Hy

I~ (1 )L o
SOEEDY /0 (et 551] (03) By, (3.40)
7j=1

(2) For every T > 0, there exists a constant Z = Z(T) > 0, such that for n large
enough it holds that

Vn >0, P sup [|z']_;>n] < exp{—me}. (3.41)
t€[0,T]
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Proof. We start by observing that the definition of z;* in the basis of H_y /4, , coincides
with the one give in the mild formulation. For h =}, - ((h, f;p)Hl’qw f;p, one obtains

<2Fa h>*1,1 = Z('Z?’ e?)>H 1,1/qy, <h’ flw>H1,qw =

(3.42)
){(h, fl Hiq, = *t £(h),

\\/M \\/

where we have used the properties of e}p and f;ﬂ , see Proposition B.3.

Before proving (1), we prove (2) and this will imply the existence of a continuous version
of 2" almost surely.

Concerning (2), we start by observing that

el (3.43)

||Zth—1,1/q¢ =
1>0

Let I > 1 and consider z}*( fld’ ), by the definition of f;z’ and the properties of the semigroup,
one gets

zt fl — Z/ 8 e(t s) wfd) (Hjn)dBj Z/t —(t—s)N\; [89]0[#}} (eg,n) ng

j=1"0
(3.44)

Set ¢ =sup; > ‘89 flw‘ < 00, see Proposition B.3. We rewrite the last expression as

ce—t)\l

V2\n

where A; is a continuous martingale given by

_ 2Al - ! SA p VRO i
At_,/c%;/o e |01y (07m) B (3.46)

and quadratic variation bounded by

2 - '
)\l Z/ 2% aefl (9?”) ds < 2)\1/ M ds < e — 1. (3.47)
0

F(f) = Ay, (3.45)

From (3.45) and (3.47), one deduces that z}( flw ) is a self normalized process. For esti-

2
mating P <supt€[07T] ‘zf( f;b )‘ > 7]>, we can this use the following result

Theorem 3.4 ([12, Theorem 4.1 and the following remark]). Let T > 0, a € (0,3) and
(At)te[o,T] be a martingale with Ag = 0. There exists C' > 0, depending only on «, such
that

E

< C. (3.48)

{ st )
Ssu ex
wepor] P\ (A loglog ((A), V €2)
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By standard computations, we obtain

2 2\
P | sup z?(flw)‘ >n| =P sup e ?NA? > —énn =
t€[0,T) c

=P su A% > A <
7 o 4P log(2 + 2T) © 2 log(2 +2TN) ) S

(3.49)

<E

o _ n
AT 2 0g2 + 2T0)

A? }
su ex
e T {462t’\l log(2 + 2T\)

We now use the fact that

()¢ loglog((A); V) _ 1
= <2, foralll>1, 50
T on 4eNlog(2+2TN) 4 0 (3.50)

and, by Theorem 3.4, we obtain that there exists C' > 0, independent of T',n and [, such

that
P| su z”(fw)‘2> < Cex {— Ain } (3.51)
o IO TS EOP T Z gl 12 |
The case [ = 0 is somehow easier since
1 < [t ‘ ‘
205 =3 [ [oosy] i a; (35
j=1

is a standard martingale with bounded quadratic variation: one can use Theorem 3.4
or, more simply, exponential estimates and Doob’s inequality to obtain that there exists
¢p > 0 (depending on T') such that for all n > 0

P | sup
t€[0,T]

The last part of the proof consists in exploiting the exponential inequalities (3.51) and
(3.53), and to transfer them to sup;cjo 1y |22/ ,. For this purpose, let S > 0 be defined
by

zf(féﬂ)r > 77) < ¢g exp{—conn}. (3.53)

-1
1
Se=1Y arnE| (3.54)

For some 1 > 0, it holds that

2
20| >t <

P sup |2 _ >n| <P sup
(o0 121 3

1> o t€[0,7]
<> P ( sup ‘Zf(fw)f > Sn2> < (3.55)
) te[0,7) ! (1 + l)4/3
< coexp{—coSnn*} + C Z exp {—‘S; al 1 m]Q} .
c? log(2 + 2T\;) (1 + 1)4/3

21
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Now we use the fact that \; = O(I?) as [ tends to infinity, see Proposition B.3. In
particular, there exists L > 0, depending on 7', such that

p ( sup ||2¢'(|_y 1/q, > 77) < co exp{—coS n*}+

te[0,7)
+CLexpq — 5 nn? b + CZexp —E\ﬁmf
c?log(2 +2T\r) — c? '

(3.56)

Observing that floo e Vaindy = %e*”, taking n large enough and Z an suitable con-
stant depending on ¢g, S, L and C, the proof of (2) is concluded.

Back to (1), observe that for s,¢ € [0,7] and for some k > 1

k
e =20y < D[ -G 12X sw || @)

1=0 1> t€[0.T]

The first term can be make small by using the continuity of z}’(e;); for the second one,
observe that we have just proven that E [Zl > 15UPsepo17 |21 (€1) |2] < o0o. This implies that
there exists a subsequence {ky, }men such that >, sup,cio 71127 (e;)|? tends to 0 almost

surely as m tends to infinity. The almost sure continuity in (3.57) is then established by

choosing s and ¢ close enough and k large enough.
O

3.3. Proof of Theorem 2.3. Recall that ;g converges in H_; to gy € M. Next lemma
assures that the projection of pj on M is well defined for n big enough.

Lemma 3.5. [26, Lemma 2.8] There exists o > 0 such that for all p € H_y such that
dist(u, M) < o, there exists a unique phase v := projy; () € T such that qu(,u —qy) =0
and the mapping p — proja, (u) is C*.

Let v, = projy(ug). Fix € > 0, we place ourselves in

AV = A{llug — aqpall_; <e/2}. (3.58)
Denote by d} the distance between pj* and M, i.e.
dy = dist(u', M). (3.59)
We want to prove that pj' stays close to M for long times. Let 7" > 0, N € N and define
T, =4I, fori=0,...,N. (3.60)
If, for N = N,, = o(exp(n)), we show that
lim P ( sup dy < E) =1, (3.61)
n—oo t€[0,Tny,]

then we are done. For sake of notation, we just employ V.

For 0 < a < b < oo, define the events

E"(a,b) = {max {Zdz, 2dy, sup d?} < 5} , (3.62)

te(a,b)
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clearly
P| sup d <e| >P(E"(0,Tn)). (3.63)
te[0,TnN]
The Markov property of system (1.2) implies that
P (E™(0,Ty)) = P (E™(0,Tn)|E™(0,Tn-1)) P (E™(0,Tn-1)) = (364
=P (E"(0,T)) P (E"(0,Ty1)) > P (E"(0,T))". '

Let’s then focus on the bounded interval of time [0,7] and consider v* = u” — qy,,,
which satisfies the stochastic partial differential equation (3.5). Taking the norm in H_;
on both sides of (3.5) and using the properties of the semigroup together with the fact
that (e.g. [4, Lemma 7.3])

106 (T * V)I|_y < Cllull_y Ivll_y,  for all v € Hoy, (3.65)

one is left with (with a new constant C)
C

¢
vl =y < HetLWVSH_l—i-/O Vi—s

By taking e small enough, one can apply a Gronwall-type inequality (similar to Lemma
B.4) that leads to (recall (3.58) and the fact that the semigroup is continuous)

[ e A A (3.66)

2

sup [y < ge+ sup flglly + sup =]y (3.67)

te[0,7) te[0,7T te[0,T]
For n > 0, define A5(n) = {supcpm I2¢_; < n}. If n is large enough, Lemma 3.2
assures that sup,cpo 7y [lg7' || _; is arbitrarily small a.s., and, placing ourselves in A%(e/10),
one obtains

2 1

sup [[)']|_; < e+ -e<e. (3.68)
t€[0,T) 3 5

n

Plugging this estimate in (3.66) for ¢ = T, observing that P%,v% = 0 by construction so
that Heth” 1/6‘“_1 < CeMt/2 lvgll_y (e.g. [26, Proposition B.6]), one obtains

T
C €
v < (3_/\1T/2E +e <6/ ds> + =, 3.69
i srele | m=as) 4 (3.69)
choosing T" and ¢ such that
2
' (3.70)
€< ,
20CVT
one finally gets
€
Iy << (371)

Since di < ||| for all t > 0, we have then proven that A3(e/10) C E™(0,7T). In
particular,

P ( sup d” < g> > P (E"(0,T) > (1 -P (Ag(e/m)ﬂ))N. (3.72)
te[0,Tn]
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We can than use the estimate (3.41) in Lemma 3.3 to get

€ A
P (Ag(e/lo)ﬂ) =P < Sup} 27—y > 10) < exp {—1007152}. (3.73)

tel0,T

Putting all together, one is left with
n n C N Z 2 N
P| sup di <e| > (1—P(A2(e/10) )) > (1—expq———ne
tG[O,TN] 100
Z 3 Z
= exp {Nlog [1 — exp <_100n52>} } > exp {—2Nexp (—100n62> } ,

where we have used that log(l — z) > — 3/2z for 0 < = < 1/2. But the right hand side
of (3.74) tends to 1 for all N = N,, = o(exp(n)) and the proof is concluded.

(3.74)

4. LONGTIME BEHAVIOR AROUND 1/27

In this section we will suppose that the finite time behavior is already known, so that
for n large enough, pj' is very close to p; thus, for a large Tp, pur, will be very close to
1/27 and so will be for - At the end of the day, we may suppose that we are starting
close to 1/27. Since we are not assuming any independence between initial conditions and
graph, instead of proving Theorem 2.4, we rather prove the following Proposition.

Proposition 4.1. If for every gg > 0

tim P ([l — [, <20) =1. (4.1)

n—oo

Then, there exists A > 0 such that for every positive increasing sequence {Ty}nen such
that T,, = exp(o(n)) and for all 0 < e < A, it holds

lim P ( sup H,u? - %Hq < 5) =1 (4.2)

n—o0 t€[0,T]

The end of the section is thus devoted to prove Proposition 4.1.

4.1. A mild formulation around 1/27. We place ourselves aroud the stationary so-

lution % The system evolution is captured by the linear dynamics around % and the
corresponding linear operator Lo, is given by
Lozu == 107u— > (9gJ) xu, foruce C*(T), / u(f)do = 0. (4.3)
T

The adjoint L5_ of Lo, in E% has the following expression
Ly u = %Ogu — 5=J * (Opu), (4.4)

and domain D(L3_) = D(La.). These operators are diagonal in the Fourier basis {e;}; > 1,
with eigenvalues denoted by {\?"}; > 1. The spectrum is negative and bounded away from
0, let vx = )\%” = % > 0 denote the spectral gap. The operator Lo, (resp. L) defines
an analytic semigroup e‘’2~ (resp. e*l2x) with the following property:

e~ Vt/2

N

HetL%“H—l <O HUH727 for some C' > 0, (4.5)
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for all v € [0,7K), all t > 0 and v € H_;. We will not prove (4.5) but refer to Appendix
B for similar estimates.

Define 1" := pp — 5-. As done in Section 3, we derive a mild formulation for »"*. We
omit the proof.

Proposition 4.2. The process v]* € H_; satisfies the following stochastic partial differ-
ential equation in C ([0, T], H_1):

vt = etbemyp — /t et 2m gy P (J % )] ds — gi + 27, (4.6)
where ’

-t Z / <£zg - 1) o=9)Lan gy [592,W(J ¥ Sp0n)]| ds, (4.7)
and z;' € H_1 is deﬁnedzjorlh € Hy by

1 [? o ,
n _* (t—s)L3 n
<Zt ,h>_171 = j:E 1 A Oge 2 h(@g )ng (4.8)

4.2. Control on the perturbations. Contrary to the supercritical case, the operator
Lo, is contracting along all direction or, in other words, all its eigenvalues are negative.
This property gives a stronger control on g” and 2", as shown in the next Lemmas.

Lemma 4.3 (Wellposedness and bounds on g}"). Forn € N andt > 0, let g' be given by

gr n2 Z/ <§z] o 1> (t— S)L2w8¢9 [592,71((]*502,71) ds. (4.9)

1,j=1
Then
(1) g" € C°([0,00), H_ ) In particular, for every h € Hy andt >0

-T2 Z / (5” - 1) J(0F™ — 07 dgel = ax b (92™) ds. (4.10)

4,7=1
(2) There exists D > 0, independent of t, such that
P 1)
g, <D s—2=2L forallt > 0. (4.11)
n

Proof. We only prove ( ). Observe that, as in (3.35),

<n2 Z (fzg _ 1) e(t—s)Lzﬂae [592’71({] * 50?") ’h>_1,1 =

=t M (4.12)
<5J — ) (Sgim (T % 630 ) gl 3xh)

n? Pn

i,j=1
Applying Theorem 1.2, this time with

aij:<%_1>a

Si = Ogins (4.13)

F) (J * 0y ) Dpet=9)2x

Tj_C’e Y(t—s

1Al



LONG TIME DYNAMICS FOR INTERACTING OSCILLATORS ON GRAPHS 23

allows us to bound the expression in (4.12) by

i AN et ] N
K=l el (4.14)
This shows that
pi) _ 1) t (=) pn) _ 1)
lge' (1 - <KRCH — “00*1/0 ‘i/t_is ds <DH — ooy ., (4.15)

where D := KrC f > e L — ds > 0 since the integral converges. The proof is concluded. [

We now turn to the stochastic term z* in (4.6). Recall that Lo, is diagonal in the
Fourier basis {e;}; > 1 of H_1, with eigenvalues denoted by A?". Then

Lemma 4.4 (Wellposedness and bounds on z"). Forn € N and t > 0, let 2] be defined
by

2 = Z(Z?,GDH,I €1, (4.16)

=21

where
ell Z n ¢ 2w s1pdsm -
(2 e)m, =2 (z) = EZ /0 =N O 4B (4.17)
j=1

Then
(1) 2" € C°([0,00), H_1) almost surely.
(2) There ezists C' > 0 independent of n, such that for all T >0

log(1 4 2vxT)
—

E | sup |2]%,] <C (4.18)

te[0,7)

(3) For every positive increasing sequence {T), }nen such that T,, = exp(o(n)) and for
all n > 0, it holds

n—o0 t€[0,Ty]

lim P( sup ||z'|l_; < 77) =1 (4.19)

Proof. We only prove (2). For [ > 1, let 2} := \/2X"n AT |zf(eil')’. In particular

NI |
21 1pdim . .
zl = / N el qBI| = ‘ai +ibl],

(4.20)

where a! and b’ are two continuous real valued martingales. Let (z!); = (a'); + (b'); where
(a'); and (b'); are the quadratic variations of a! and bl respectively, then

)\27r n

Z/ 2507 (cos® +sin?)(162™) ds = 2N, (4.21)

l

We now use
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Lemma 4.5. Let Y; = A;+1i By, where Ay and By are continuous real valued martingales.
Define X; = |Yi| and (X); = (A);+ (B)¢, where (A); and (B); are the quadratic variations
of A and B respectively. Then, there exists C' > 0 such that, for all T > 0,

2

Xt
sup ————
tejo,r) 1+ (XDt

The proof of Lemma 4.5 is presented at the end of the section. By choosing X; = xé,
Ay = aé and B; = bé, one obtains that, for 7' > 0,
(z7)?
sup
tejo,r) 1+ (@)

E < Clog(1 + log(1+ (X)4)). (4.22)

E log(1+2\7T).  (4.23)

1
sup |2 (er)]*| = E
t€[0,7) ! 2)‘1%”

= 2)\127%

It remains to observe that

E | sup |z,

<E|) sup |2(e)) 02%% log(1 4 2X\2"T).  (4.24)
t€[0,T]

1> 1t€[0.T] 1>1

The conclusion holds by factorizing the first term of the sum and modifying the constant

log(1+2X\?™T)
C aCCOI‘dlngly observe that Zl >1 supp >1 W

The proof is concluded modulo Lemma, 4.5, proven hereafter. ]

< 00.

Proof of Lemma 4.5. Recall that A; is a martingale, in particular a slight variation of [18
Corollary 2.8] implies that there exists D > 0 such that

E | sup Aif < Dlog(1 +log(1 + (A)1)). (4.25)
tefo,r) 1+ (A)e
Thus, one can develop
X} A? B?
Bl T 00 < L T ] P L T e .
< Dlog(1 +log(1 + (A)¢)) + Dlog(1 +log(1 + (B)y)) < '
< 2Dlog(1 +log(1 + (X)¢)),
and the proof is done by taking C' = 2D. O

4.3. Proof of Proposition 4.1. Fix € > 0. From Proposition 4.2 we know that v} :=
py — 5- satisfies

t
v = etlemyp [ et em gy [ (J x )] ds — g + 21 4.27
t 0 ; s t t t

Taking the norm and using the properties of e!“27, together with the estimate (3.65), for
all 0 < v < yx one obtains

2y < Bl 1+c/

Thanks to the contractive properties of Lo, there exists D > 0 (Lemma 4.3) such that

[P =1
n2

HV"H 1 ds - [lgg g+ M2y (4.28)

sup [|g¢'l|_; < D (4.29)
t>0
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Define now By (g0) = {llvg|l < eo} and By(n) = {supsepor, lI27'-1 <n}. On Bf(e/3)N
B3 (e/4) and for n large enough, we can apply Lemma B.4 with

6=2, T=T,
OR DA (4.30)
9@) = llgi'll -1 + 128"l -1 »
and obtain
sup ||, <e. (4.31)
te[0,17)

The proof is concluded since by hypothesis P(B}') — 1 and Lemma 4.4 implies that
P(B%) — 1 as n tends to infinity.
5. FINITE TIME BEHAVIOR

The aim of this section is to study the closeness of u™ to p. on bounded time interval.

Proof of Theorem 2.1. Fix € > 0 and T > 0. It is not difficult to see that u' — u. satisfies
again a mild equation in C°([0,T], H_1), which is given by

A n ! —S A n n n n
py — e = €2 (g — po) _/0 2 9 [ (J  plf) — pa(J * ps)] ds — g + 2, (5.1)
where
1w [t[&;
g=13 / (5] ~ 1) (=959, [%gmu * Spm)] ds, (5.2)
n ij=170 Pn
and z{' is denoted for h € H; by
1 <&t . .
Fh) == / Bpe =) h(99m) d B (5.3)
njil 0

Observe that we are using the Laplacian operator which is very similar to Lo, except for
the first eigenvalue that is now given by —(1— K)/2. We will thus use all the results about
Lo, and its semigroup to control 2™ and g™.

Taking the H_; norm in (5.1) and applying (3.65), one is left with

t
C
e = pell oy < g = poll 4 +/0 T s = sl oy ds gl + =01y (5:4)

The term involving the graph ¢ can be controlled again by HP(”) — 1(”)“00%1: minor
modifications to Lemma 4.3 show that there exists D > 0 such that

P o)
i ey

sup [lgi']_; < (5.5)

te[0,T) n

For the initial conditions and the stochastic part z}', define the two sets:

Cy = CP(e0) = {|luf — poll 1 <o}

n o m " (5.6)
Cy =C3(T,n) =4 sup |z')|_; <7ny.

t€[0,T]
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On CT' N C%, one obtains

‘¢ [P -1
n n (e8]
It =gl <20+ [ gt =l ds+ DIy (5)
Gronwall-Henry’s inequality ([21, Lemma 7.1.1 and Exercice 1]) leads to
[P — 1] T
sup |pi' — el <2(eo+D 2 4 | et (5.8)
t€[0,7) n

where «a is independent of n, g and 7. Considering 9 and 7 small enough and n large
enough, the proof is concluded modulo showing that

lim P (C{'NCY) = 1. (5.9)

From the hypothesis on the intial condition (2.1), it is clear that for all £y one has
P (Cl(g0)) — 1 as n tends to infinity. The same conclusion holds for C§ by slightly
modifying the proof of Lemma 4.4. The proof is concluded. O

APPENDIX A. GRAPHS

A.1. General properties of the graphs under consideration. We observe that con-
dition (1.16) implies a weak form of degree homogeneity (recall (1.10)):

Lemma A.1. Suppose that (1.16) holds. Let 6 > 0, define

1 &
0= 1,... 2 i —g 21 =6, Al
n ie{l, ,n} nlm njl N ( )

Then |I| = o(n).

Proof. Suppose that lim,,_, Il;:l

= ¢ for some ¢ > 0. Then

n (n)
sup % Z (6” - 1) sit; = sup lz %Z <§” - 1) S; =

sit;€{£1} =1 Pn sie{x1} T = Pn
(n) (n) (4.2)
1 1 & \ I 1 & e
55 z(f) > ol e z(§ -
n e ne \ P noih |n A=\ Pn
This last term does not go to zero as n tends to infinity, against (1.16). O

It also implies the existence of an unique giant component.

Lemma A.2. Suppose that (1.16) holds. Then, there exists a unique sequence of connected
components {C™} in {€™} and lim, s }C(")‘ /n=1.

Proof. We prove the uniqueness first. Suppose that for every n there exist an) and Cén)

distinct connected components of (™ such that CZ-(n) =n; = O(n) for i = 1,2. Without

loss of generality, one can suppose CYL) consisting in the first n; vertices of £ and Cén)

in the following no.
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Using the equivalence of /o, — ¢1 norm with the cut-norm (e.g. [2]), one obtains

n
L NN ) Ol ) D DR SR ()

i,y €401} |5 51 Dn <i<m
Jj<mng—

N

ni ni

(A.3)

For the existence, suppose the connected components of £ are ordered from the biggest
one in size (the first n; vertices) to the smallest one (the last vertices). Take the first m
components such that [C; U---UCy,| = n/4. One easily sees that [Cy U---UCp| < n/2.
Applying the same reasoning of before with 1 < i < n/4 and n/2 < j < n, the proof is
concluded. O

A.2. Examples of graph sequences. We exhibit two classes of graphs, a random and
a deterministic one, that satisfy assumption (1.16). The only hypothesis required on p,
is equivalent to asking that the mean degree per site diverges as n tends to infinity, i.e.
npp T 0.

Erdds-Rényi random graphs. As mentioned in the introduction, |||, _,; has been found
very useful for random graph concentration and this is indeed the case of ER graphs (e.g.
[19]). We recall the definition and give the result.

For every n € N, let {fi(;l)}l < i#j < n be IID Bernoulli random variables with parameter
pn, P denoting the associated probability. For every i, fl(ln ) is set equal to 0, i.e. self loop

are not admitted.

Lemma A.3. Assume that

lim np, = occ. (A.4)
n—oo
There exists ng € N such that
P suplicij— )8't'>i <e 2 forallm > ng (A.5)
7 = NS y Z . .
si;tj n2 i,j:]. Pn ! V npn

Proof. The proof is just an union bound and an application of Bernstein’s inequality.
Indeed,

1 (& 5 1 (& 5
P Sup22<J—1>Sit]’2 — gZIP nzz<3— >sitj>

sit; T ij=1 Pn Sirty ig=1 DPn Npn
(A.6)
Bernstein’s inequality ([6, Corollary 2.11]) says that if X, ..., X, are independent zero-
mean random variables such that |X;| < M a.s. for all j, then for all t > 0

n

t2
P X;>t] < exp {— - 3 } .
jz::l 23 E[XGF] 4+ s Mt
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Let Xp(ij) = % (& — pn) with k some bijection from {1,...,n}? to {1,...,n%}. Then
| Xk| < ﬁ and E [X?] < % For n large enough, we thus obtain
TL2 2
P ZX > d <exp{ nd } < exp {—nd*} (A.7)
k=1 VtPn Apn t+3 Nex

The proof is concluded observing that the sum in (A.6) consists in 4" elements and choosing
0=2. O

We thus have

Proposition A.4. Given (A.4), ER graphs satisfy condition (1.16) P-almost surely.

Proof. 1t suffices to apply Borel-Cantelli lemma to (A.5). O

Similarly one can prove that symmetric ER random graphs satisfy (1.16) a.s..

Ramanujan graphs. Let d = 2,3,..., consider a d-regular graph, i.e. graph where each
vertex has exactly d neighbors. We start recalling a well-known result

Lemma A.5 (Expander mixing lemma). Let G be a d-reqular random graph (G denoting
the adjacency matriz itself), it holds

Ad
G (A8)

co—1 d

1
n2

N

nG—1m H
where A(d) is the second biggest eigenvalue (in absolute value) associated to G.

Proof. The proof is classical but it is in general formulated in terms of the cut-norm (e.g.
[22]). One easily sees that the cut-norm is equivalent (paying a factor 4, e.g. [2]) to the
lso — £1 norm. O

Ramanujan graphs are d-regular graphs such that A(d) < 2v/d — 1, they are very well
known for their expander properties (e.g. [22]). Condition (1.16) holds whenever d,
diverges; indeed

Proposition A.6. Let d,, = np,. Suppose that (A.4) holds, i.e.

lim d,, = oc. (A.9)

n—oo

Then, every sequence of Ramanujan graphs satisfies condition (1.16).

Proof. Rewriting (A.8) in terms of p,, it becomes

L e
— |G 1)
n2

8
Pn <

co—1 npn

(A.10)

The proof is concluded taking the limit for n which tends to infinity. g
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A.3. Links with graphons. The norm ||| _, is strictly related to the canonical dis-
tance dyy on the space of (sparse) graphons W (e.g. [8]). In fact, whenever £ /p,, is (a
realization of) a graphon W, condition (1.16) is implied by the convergence of W™ to
the constant graphon W =1 in W. One can then consider system (1.2) on a sequence of
(sparse) graphons and require, instead of condition (1.16), the convergence in W to the
constant graphon.

We have decided not to add another level of complexity in order to keep the results as
clear as possible, but everything could be reformulated within this more general framework
and the proofs would basically not change.

APPENDIX B. H_; AND SEMIGROUPS

B.1. On the relationship between H_; and P(T). Consider H; := Hj, its dual
space, denoted by H_1, can be described through the Fourier orthonormal basis {e;}; 5 1,

where ¢;(f) = e/’ With this characterization one easily obtains that P(T) — 5= C H_;.
Indeed, for p € P(T),

o

“on

STl tetyy P = >0 %2 [, e < 1> llQ <. (B.1)

-1 I>1 I>1 I>1

In particular, the difference between two probability measures belongs to H_1.

Observe now that H_; induces a distance on P(T) which controls the bounded-Lipschitz
distance dp, i.e. for all u,v € P(T)

diliv) = swp [ F(du=d) < s (- dv) -

Ifllpr=1 recg, Il =1

= sup /h’ U—-V)= sup (p—wv,h)_11 = (B.2)
heCg, ||kl =1 2]l =1

=l =vi_.

Where we have used the density of C} in Hy, and denoted by I and V the primitives of p
and v respectively.

B.2. On the weighted Hilbert space H_;,. Recall that, one has this sequence of
continuous and dense inclusions:

Hyy CLY=L3 C Hf = H_y,, (B.3)

where we have chosen the canonical identification for £3. We can explicit the isometry
between H j/, to H_1,. Consider the operator

Ay : C®(T) = C(T)
f— —0y (wil 89f)

It is known [7, pag. 82] that A, (H 1,,) is dense in H_;, and the injection is continuous.
This allows considering Hy 1/, as a subset of H_1, by identifying v and A,u.
The inner product in H_; , dual to the one in Hy y,,, is given by

(B.4)

(w,v)g_,,, = /wUV, (B.5)
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where U and V are primitive of u and v respectively, such that [wlU =0 = [wV (e.g.
[3, Subsection 2.2]). Then, for f,g € C*°, it holds

<Awf7 AwQ)—l,w - /wlf/g/ = <f7 g>1,1/w~ (BG)

B.3. The linear operators L,, and L;Z and their semigroups. This subsection recalls

the known results on Ly, its dual L;Z and the associated semigroups e+ and etlv,

We start with the spectral properties of L.

Proposition B.1. The operator Ly (resp. L;Z) 1s essentially self-adjoint with compact
resolvent in H_y 1,4 (resp. Hig). Its spectrum is pure point and lies in (—oo, —A1] U {0},
where A1 > 0 and 0 is a simple eigenvalue of Ly, with eigenvector Opqy.

Moreover, both Lo, and L3 generate a C° semigroup t — ettv (resp. t etL:ﬂ) mn E(Q)
and e'Fv = (eth)*.
Proof. The result about Ly, is given in [3]. Observe that, due to the isometry (B.4) between
H—Ll/qw and Hyg,, L*w = Al_/I%LwAl/qw and it has thus the same spectral properties of
Ly.

From the spectral properties of L, and L:z, one deduces that the two operators are

sectorial (and with dense domain in H_1), standard techniques assure the existence of the
analytic semigroup (e.g. [21]). O

An accurate analysis of the semigroup has already been established in [4] by means
of interpolating norms and Fourier decomposition. We recall here the most important
properties. We will use the space H_o, defined in an analogous way of H_;.

Proposition B.2 ([4, Lemma 7.2]). For allt > 0, the operator e'** extends to a bounded
operator from H_o to H_1 and there exists C' > 0 such that for allu € H_o

1
ety <0 (14 22 ) . (8.7
Moreover, for all e € (0,1/2), 6 >0 and allu € H_4
. 1
He(m)% B ethuH_l <06 (1 + WH) )l s - (B.8)
By duality, observe that for all h € Hy

Het%h”z <C (1 + \2) 1A, - (B.9)

We end this subsection with an useful result on the eigenvalues and eigenfunctions
associated to Ly, recall (3.3).

Proposition B.3. There exists C' > 1 such that for alll € N

l2
G SA< CI?. (B.10)
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Let flw = A;/l(we;p, then flw is an eigenfunction of L;Z associated to —\; and

supHaafle < 00. (B.11)
leN o0

Proof. The first part is covered in [4, Remark 8.3] and the second one in [4, Corollary
8.6]. O

B.4. Analytical estimate. A variation on Gronwall Lemma.

Lemma B.4. Let T > 0, v > 0. Let f : [0,T] — [0,00) be a continuous function and
g:[0,T] = [0,00) be such that for all 0 <t < T

t o—(t—s)
1) < £(0) + /0 F2(s)ds + g(t). (B.12)

t—s

There exists A > 0, which depends on T only if v =0, such that for all 0 < § < A and if
f(0) <6, supsepo,ry 9(t) <9, then

sup f(t) < 36. (B.13)
te[0,T)
Proof. Consider the set O = {t : f(t) < 36} C [0,T]. Since f is continuous and f(0) < d,
O is a non-empty open set in [0,7]. Suppose that sup(O) = u < T'; we show that u € O,
which implies O = [0, T.
Consider

u e—'y(u—s)

VU —S
cossofos [T 00 <36
<o o0 ) <w

e L
where the last inequality holds for all § < A := (9 fooo ¢ \/; ds) whenever v > 0 or for

all § < ; si/T in case v = 0. Thus v € O and the proof is concluded. O

F(u) =F(0) + /0 2(s) ds + g(u) <

(B.14)
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