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Abstract. We study the synchronization of a generalized Kuramoto system in which the coupling
weights are determined by the phase differences between oscillators. We employ the fast-learning
regime in a Hebbian-like plasticity rule so that the interaction between oscillators is enhanced by
the approach of phases. First, we study the well-posedness problem for the singular weighted Kur-
amoto systems in which the Lipschitz continuity fails to hold. We present the dynamics of the
system equipped with singular weights in all the subcritical, critical and supercritical regimes of
the singularity. A key fact is that solutions in the most singular cases must be considered in Filip-
pov’s sense. We characterize sticking of phases in the subcritical and critical case and we exhibit
a continuation criterion for classical solutions after any collision state in the supercritical regime.
Second, we prove that strong solutions to these systems of differential inclusions can be recovered
as singular limits of regular weights. We also study the emergence of synchronous dynamics for the
singular and regular weighted Kuramoto models.

Keywords. Kuramoto models, adaptive coupling, singular interactions, Hebbian learning,
Filippov-type solutions, clustering, finite-time synchronization, sticking, Cucker—Smale

1. Introduction

Synchronization is the natural collective behavior arising from agent-based interactions
given by periodic rules. These rhythmical motions can be easily observed in various biolo-
gical complex systems such as flashing of fireflies, beating of cardiac cells, etc. One of the
most significant examples of synchronization appears in neurons. Associative or Hebbian
learning [24] proposes an explanation for the adaptation of neurons in the brain during the
learning process. That mechanism is founded on the assumption that synchronous activ-
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ation of cells (firing of neurons) leads to selectively pronounced increases in synaptic
strength between those cells. A consequence is that the pattern of activity will become
self-organized. In Hebb’s words: Any two cells or systems of cells that are repeatedly
active at the same time will tend to become associated, so that activity in one facilit-
ates activity in the other. In neuroscience, these processes provide the neuronal basis of
unsupervised learning of cognitive functions in neural networks and can explain the phe-
nomena that arise in the development of the nervous system.

Since Kuramoto proposed a mathematical model for coupled oscillators in [28,29], the
synchronization has received a lot of attention and has been extensively studied in various
disciplines from this point of view [1]. In the classical Kuramoto model, the system of
oscillators has an all-to-all coupling with uniform weights given by a constant coupling
strength K:

KN
QiZQi—i-NZSin(@j—@i), i=1...N. (1.1)

J=1
where €2;’s are the natural frequencies of the oscillators. However, the uniform and con-
stant couplings are a bit restrictive to explain the complicatedness of phenomena. Thus,

it is more interesting to consider a generalization of the Kuramoto model endowed with
plastic couplings, introduced in [3, 18,21,34,38,41,42]:

N
. 1 . .
0; ZQi+N -ZEIK,']' sm(Qj—Hi), i=1,...,N, (1.2)

where K;; is the coupling between the i-th and j -th oscillators which has its own dynam-
ics depending on the phase configuration. The coupling K;; is assumed to be

Kij = Kaj;,

where a;; € [0, 1] measures the degree of connectedness between the i-th and j -th oscil-
lators. They will be allowed to vary adaptively relying on the associated phases 8; and 6;,
via the dynamic learning law

aij = n(I'(0; — 0;) — aij) (1.3)

for some plasticity function I". Here, 7 is regarded as the learning rate parameter such that
a small 7 delays the adaptation of weight a;;. According to the choice of the function I',
the dynamics of the system (1.2) follows various scenarios. In neural network systems,
the Hebbian-type dynamics is considered for the learning algorithm of couplings between
oscillators. That learning law amounts to saying that the weight of coupling increases if
the phases of oscillators are close to each other. For example, in [21,34,42], " is assumed
to be I'(6) = cos  so that attraction between near oscillators is reinforced whereas repuls-
ive interaction arises between phases that are apart. On the other hand, anti-Hebbian type
is also considered, such as I'(f) = [sinf]| in [21,41]. In this case, synchronization emerges
slowly due to the reduction of weight for nearby oscillators. Other types of adaptive rules
are considered in [18, 38].



Filippov trajectories and clustering in the singular Kuramoto model 3195

We will consider a Hebbian-like I" for the dynamics of adaptive coupling so that
the coupling is enhanced by approach of phases. Assume that the Hebbian-like plasticity
function T is given by

O.Z(x

re):=-———m—-—m—s5—. 14

®) (02 + cq,t|0]2)* 14

where o € (0, ), ¢ € (0, 1] and ||, is the orthodromic distance (to zero) over the unit
circle, which can be defined by

6], := 10| forf = 6 mod 2x, O € (—x, 7).

Here, the parameter cq ¢ :=1—¢ ~1/ has been chosen so that whenever two phases 6;
and 6; stay at orthodromic distance o or larger, then the adaptive function I" predicts a
maximum degree of connectedness no larger than ¢ between such oscillators.

Since the plasticity function I' in (1.4) is Lipschitz-continuous, we can apply the Ti-
khonov’s theorem [27] to (1.2)—(1.3) in order to rigorously derive the fast learning regime
n — oo. Then, we arrive at the following Kuramoto model with weighted coupling struc-
ture:

N
0 = Qi + %Zr(e,- — 6;)sin(6; — 6;), (1.5)

Jj=1
which will play a central role in our work. If either « = 0 or ¢ = 1, then our plasticity
function (1.4) becomes 1 everywhere. In that case, our system (1.5) reduces to the classical
Kuramoto model (1.1). Hence, we will assume that « > 0 and ¢ € (0, 1) from now on.
Our main interest is to analyze the system (1.4)—(1.5) and compare it with the associated

singular counterpart with singular plasticity function

r'@):= (1.6)

¢ J0)2=

In the next section we will derive this new singular model from the regular one through
a singular limit of the parameters. In the regular case (1.4), I' is a Lipschitz-continuous
function and the system (1.5) becomes the Kuramoto model with regular weights depend-
ing on the phase configuration. Then the well-posedness of global-in-time classical solu-
tions is standard. However, in the singular case (1.6), the system (1.5) has a singular
weight and we must deal with non-Lipschitz right hand side, where the Cauchy-Lipschitz
theorem cannot guarantee the existence and uniqueness of global-in-time solutions. We
will deal with three different regimes of the singularity: o € (0, 1/2), &« = 1/2 and
a € (1/2,1), which we respectively call the subcritical, critical and supercritical cases.
The main results of this paper are as follows. First we study the well-posedness of the
singular weighted system. Depending on the value of «, the properties of the right hand
side of (1.5) vary. Specifically, in the subcritical regime, we deal with systems of ODEs
with Holder-continuous right hand side, while we face discontinuous right hand sides of
both bounded and unbounded type in the critical and supercritical cases. In addition, the
type of uniqueness that we can expect in these systems is one-sided. Namely, a cluster
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of phases may eventually arise after a finite-time collision and oscillators belonging to
the cluster might stay stuck together. This is a phenomenon that was recently found in
other types of agent-based systems like the Cucker—-Smale model with singular weights
[36,37].

Our second result characterizes the explicit conditions for sticking in the subcritical
and critical regimes. In the former case, we show that only clusters of oscillators with
the same natural frequencies can stick together. Nevertheless, in the latter case, a cluster
of oscillators with different natural frequencies may stick together as long as the fre-
quencies fulfill an appropriate condition. Regarding the supercritical case, the analogous
sticking condition becomes trivial and we can show a procedure of continuation of clas-
sical solutions after finite-time collisions. Namely, after a cluster is formed in finite time,
the cluster keeps stuck together no matter what are the natural frequencies of the oscillat-
ors involved.

The third result consists in showing that these singular weights are physically relev-
ant. Specifically, we will show that the system (1.5)—(1.6) with singular weights can be
obtained as a rigorous singular limit of the regular model (1.4)—(1.5). Again, the strategy
will differ in each of the regimes. For the subcritical case, similar tools to those in [36,37]
for the singular Cucker—Smale model can be adapted. What is more, we can even obtain
an analogous gain of extra W'! piecewise regularity of the frequencies of oscillators.
For the critical and supercritical cases we cannot resort to the same ideas. Hence, we use
the underlying gradient-flow structure to gain compactness of frequencies. Identifying the
limit will be the heart of the matter in this part.

Our last result concerns the emergence of synchronization in each regime of the para-
meter «. For identical oscillators, we show the emergence of complete phase synchron-
ization in finite time under appropriate assumptions on the initial diameters of phases.
At least in the subcritical regime, where frequencies become more regular, we study the
asymptotic emergence of complete frequency synchronization of non-identical oscillat-
ors. Also, we study the stability properties of collisionless phase-locked states in all the
three regimes.

The techniques are initially inspired by a combination of results for the classical Kur-
amoto model, but they require a new perspective allowing for singular interactions. For
this purpose, we introduce a well-posedness result “a la Filippov” that is valid for systems
of ODEs with discontinuous right hand sides. Specifically, we will rely on the study of
absolutely continuous solutions of the differential inclusions associated with the Filip-
pov set-valued map. The values of that map are convex polytopes that are bounded and
unbounded in the critical and supercritical case respectively. Hence, the classical theory
can be used in the former case whereas new ideas are developed for the latter case. Also,
we prove some one-sided uniqueness results for non-Lipschitzian interactions that rely
on the structure of the interaction kernel near the points of loss of Lipschitz-continuity.
For the stability of equilibria, Lyapunov’s first method entails a similar scenario to that of
the classical Kuramoto model in the critical and supercritical regimes. On the other hand,
the subcritical regime requires a center manifold approach that yields the stability of the
corresponding equilibria. What is more interesting is that we can still get some accurate
control of the diameter of the system of singularly weighted coupled oscillators. That
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control amounts to the corresponding finite-time and asymptotic synchronization for the
identical and non-identical cases. Unfortunately, the emergence of phased-locked states
independently of the initial configurations cannot be derived as in previous results for
the classical Kuramoto model (see [19]) because it is not clear whether the Lojasiewicz
gradient inequality [32] holds for non-analytic systems with gradient structure like this.
Regarding the singular limit of the regular coupling weights, the main goal is to prove that
solutions of the regularized system converge towards absolutely continuous trajectories
that fulfill the differential inclusion. For that, an appropriate H-representation (half-space
representation) of such convex polytopes is obtained through convex analysis techniques.
Then, the gain of compactness of frequencies along with the geometric representation of
the Filippov map will provide the necessary tools for the singular limit to work in the
critical and supercritical regimes.

The rest of the paper is organized as follows. In Section 2, we present definitions,
basic properties of the weighted Kuramoto model, the underlying gradient-flow structure,
the passage from regular to singular plasticity function and the expected macroscopic
equations. In Section 3, we study the system with singular weights and we prove the
well-posedness in each regime. In Section 4, we prove the rigorous singular limit in every
regime and compare the model with previous results derived in other agent-based sys-
tems, in particular we make a comparison with Cucker—Smale models. In Section 5, we
show the synchronization for the singular weighted system. In Appendix A, we will recall
some classical tools of the Kuramoto models that we apply to show the emergence of
synchronization in the regular weighted system for the sake of clarity. Appendix B shows
the proofs of the H-representation of the Filippov set-valued map in the critical and super-
critical cases. Finally, Appendix C introduces an explicit characterization of the sticking
conditions.

2. Preliminaries

2.1. Basic properties and definitions

In this section, we study the basic properties of the weighted Kuramoto system and intro-
duce some related results that will be useful in the following sections. For simplicity, let
us denote the interaction kernel by /4(0) := I'(0) sin 0 (here I" can be any even function,
e.g., (1.4) or (1.6)). Then the system (1.5) can be expressed as

) Kk
6 = Q; + N;h(ej —6). 2.1)

For simplicity, we shall sometimes use vector notation in (2.1). We define the vector field
H = H(®) = (H1(®), ..., Hy(0®)) whose components read

K N
H;(©) = Q; + N;h(ej —6;). (2.2)
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Then (2.1) can be restated as )
® = H(O). (2.3)

Since 4 is an odd function, by taking sums on both sides of (2.1), we have

N N
> 0i=> .
i=1 i=1

i.e., the average of frequencies is conserved. Thus, without loss of generality, we may
assume that the average of the natural frequencies is zero, N ! ZZN=1 Q; = 0, in order to
focus on the fluctuation from the constant average motion.

For the discussion in Section 4, we briefly introduce the second order augmentation
of the Kuramoto model [16]. By taking one more derivative of the system (2.1), we get
the second order model

0 = w;,

. K, 24)
w; = N Z/’l (9] — Qi)(a)j —a),-).
=1

For both systems (2.1) and (2.4) we have the following equivalence.

Theorem 2.1. The Kuramoto model (2.1) is equivalent to an augmented Kuramoto model

(2.4) in the following sense.

(1) If ® = (04,...,0N) is a solution to (2.1) with initial data ©y, then (0, w := @) isa
solution to (2.4) with well-prepared initial data (®g, wg):

N
K
Wi = Qi+ > " h(Bj.0 — 0:.0)-
J=1

(2) If (®,w) is a solution to (2.4) with initial data (®g, wy), then ® is a solution to (2.1)
with natural frequencies

N
K
Q,’ = w0 — ﬁ;h(ej,o - ei,O)-

For the regular cases (1.4), the proof can be found in [16]. However, one has to take
special care with the time regularity of solutions in the singular cases (1.6) before we take
derivatives in (2.1). In the case of o € (0, 1/2), the type of solutions to be considered
for (2.1) are absolutely continuous solutions, while for (2.4) solutions have to be taken
in a weak sense with C! and piecewise W?2'! regularity (see [36] for this concept of
solution for the discrete Cucker—Smale model with singular influence function). The well-
posedness of both singular systems (2.1) and (2.4) will be established in Sections 3 and 4
(see Theorems 3.1, 3.3, 4.1, 4.2 and Remark 4.1), and comparisons with Cucker—Smale
models with singular influence function will be made in Subsection 4.4.

For completeness, we recall the different definitions of synchronization [15].
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Definition 2.1. Let ®(¢) = (61(¢), ..., 0x(t)) be the phase configuration of oscillators
with dynamics governed by the system (1.5).

(1) The system shows complete phase synchronization asymptotically if
tlglgowi(t) —6;(t)) =0 foralli # j.

(2) The system shows complete frequency synchronization asymptotically if
lim 6;(t) —6;(1) =0 foralli # j.
—00

(3) A phase-locked state emerges asymptotically in the system if there exist constants
077 such that
tlim 60: (1) — 0; ()] = 67 foralli # j.
—>00

Analogous definitions of synchronization will be considered if, instead of asymptotically,
the relevant dynamics takes place in some finite time 7" (which then replaces co in the
above conditions).

We note that complete phase synchronization is a special case of a phase-locked state.
It is obvious that emergence of a phase-locked state implies complete frequency synchron-
ization. However, the converse is valid when frequency synchronization occurs fast, i.e.,
we have integrable decay of frequency differences.

2.2. Singular weighted model

In this part, we formally derive the Kuramoto model with singular weights as a singular
limit of the regular weighted model. We note that the regular weighted model is (2.1) with
interaction kernel given by

02%gin @
ho) = 2 Sm0
O = T e bR

Recall that the degree of connectedness is smaller than ¢ for interparticle distances larger
than o and o imposes the fall-off of the interactions. Consequently, o measures the effect-
ive range of interactions. Similarly, the parameter K measures the maximum strength of
interactions. Hence, one can propose the following scaling:

o=0(), Ko**=0(), ase—0.
Or more specifically, using the change of variables
c—¢ and K — K& 2¢,
where ¢ is a dimensionless parameter, we arrive at the scaled system

) k&
b = Qi + N;hs(@- —6h), (2.5)
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where the scaled interaction kernel now reads
sin 6
he(0) = ——————. 2.6
8( ) (82+Ca’§|9|%)a ( )

If we formally take limits as & — 0, we arrive at the desired singular weighted Kuramoto
model, whose singular interaction kernel is

h(o) =

Co O3

All these arguments are heuristic. However they might become rigorous depending on the
value of «. For a rigorous derivation of the singular limit in all the subcritical, critical and
supercritical regimes, see Section 4.

2.3. Emergence of clusters: collision and sticking of oscillators

In this part we introduce some notation that will be used all along the paper. We will
denote the set of pairwise collisions of the i-th and j -th oscillators by

€ ={®@eRY: 6 =0},
where 6 denotes again the representative of 6 in (—, r]. Then the set of collisions is
€= U‘C’,-j ={® e R" : 3i # j such that §; = éj}.
i#j
Consider any phase configuration of N oscillators, i.e.,
O =(6,....08) cRV.

We will say that the i-th oscillator collides with the j-th oscillator when ® € €;;, and
we will say that © is a collision state when ® € €. To deal with collisions, we define the
binary relation

l’(:)'] = 0O €.

This is an equivalence relation, and we denote the equivalence classes by

€GO :={je{l.... . N}:ilj}={je{l...N}:0ec€c;}. @7

As is apparent from the definition, €; (®) is the set of indices of collision with the i-th
oscillator. Thus, ® is a collision state when some of its equivalence classes is non-trivial.
Consequently, each equivalence class can be regarded as a cluster of oscillators. Let us
denote by & (0®) the family of all the different equivalence classes, that is, clusters. It is
apparent that & (®) establishes a partition of {1, ..., N}, which we will call the collisional
type of ®. For simplicity of notation, we will enumerate the equivalence classes

€(©) ={E1(0)..... Exe)(0)}
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in such a way that the minimal representatives in each of them, i.e., (¢ (®) := min E; (®),
are increasingly ordered. x (®) := #&(®) will denote the total number of clusters in the
phase configuration ® and we will denote the size of the k-th cluster, that is, the number
of particles which form the k-th cluster, by ng (®) := #E;(®), foreachk = 1,...,k(®).

Assume now that not only do we know some phase configuration at a particu-
lar time, but we also know the whole absolutely continuous trajectory ¢ — O(¢) =
01(t),...,0xn(t)) € RN governing the dynamics of the N oscillators. Then, as long
as it is clear from the context, we will simplify the notation and write

Ci(t) :=Ci(O(), €@):=EO0). «@):=«kOF)), nk@):=nr(©Q)).

Similarly, time may be omitted in our notation for simplicity. Apart from collisions and
the subsequent formation of clusters, it is important to characterize when those clusters
remain stuck together. If the i-th and j-th oscillators have collided at time ¢, we will say
that they stick together when

0; (s) = éj (s) foralls>rt.
Then we can define the set of indices of sticking with the i-th oscillator by
Si(t) :={j € €(t): i (s) = 0;(s) forall s > t}. (2.8)

In Section 3 we will introduce some results about the clustering and sticking behavior of
solutions to our singular weighted Kuramoto model (2.5) with ¢ = 0.

2.4. Gradient flow structure

Note that (2.1) can be equivalently turned into a gradient flow system:
O = -VV(O), (2.9)

governed by a potential V' = V(®) defined by

N N
K
V(O) == Qi + Viu(©) := =) Qi6; + N ) W (b — 6i). (2.10)
i=1 i=1 i#j

Here, W is the primitive function of / such that W(0) = 0, i.e.,

0
W(0) := f ho')do'. @2.11)
0

The function W can be regarded as the interaction potential of binary interactions, while
Vine stands for the total interaction potential due to binary interactions. This approach is
obviously formal and relies on specifying the regularity of the plasticity function I". For
instance, if we choose I' to be analytic, then (2.1) can be regarded as a gradient flow
system with analytic potential V. In that particular case, one can simplify the proof of
synchronization as in the classical Kuramoto model [17]. Specifically, some boundedness
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property of the trajectory is all we need to ensure exponential convergence towards a
phase-locked state by the Lojasiewicz inequality for analytic functions. For the choices of
plasticity function of interest in this paper, i.e., (1.4) and (1.6), analyticity is lacking and
this approach does not necessarily work. Nevertheless, we will focus on values « € (0, 1),
and consequently V' will be a globally continuous function that is smooth outside the set
of collisions. Since in general we lack either analyticity or convexity of V', the gradient
flow structure will not be used in this paper, except in Subsections 4.2 and 4.3.

2.5. Kinetic formulation of the problem

We now formally introduce the expected kinetic models associated with (2.5). The clas-
sical arguments rigorously proving the mean field limit as N — oo are based on the
analysis of propagation of chaos in the system as the number N of particles becomes
large [26,31]. On the one hand, for every ¢ > 0 the mean field limit f, = f.(¢, 0, 2) for
the distribution function of the oscillators is governed by the following Vlasov equation
with regular kernels:

afe d "

o + @[(Q —K(he xpe) ] =0, teRy,0€l0,2x], 2 eR, (2.12)
where periodic boundary conditions in the variable 6 are assumed. Here the macroscopic
phase density p; is just

pelt.0) = /Rfadsz.

Similarly, when & = 0 the corresponding mean field limit f = f(z, 8, Q) for the distribu-
tion function of the oscillators is subject to a Vlasov equation with singular kernel

af 0 T

E-I—@[(Q—K(h*p)f]zo, teRy, 0€0,2x], Q eR, (2.13)
with analogous periodic conditions in 6. The derivation of the mean field limit is much
more involved in the latter case and requires a sharper analysis; see [8,23,33] for a related
singular model like the Cucker—Smale model with weakly singular influence function.
Let us briefly recall the main formal idea supporting the above mean field limit through
the empirical measures approach. Fix the following empirical measure as initial condition
in (2.13):

N
1
N
Ho' (0.9) = ;5%(9)5@ (@),
=
associated to some discrete initial configuration ®6V = (911\,,07 e 91{\," o)- By the results

in this paper, the Filippov solution ®" (r) = (0N (1), ..., 911\,\' (1)) to the singular discrete
model allows considering the following measure-valued solution to (2.13):

N
1
' (0.9) = =3 8 () ().

i=1
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The ultimate effort to make is to show that the weak limit f of u”V as N — oo is another
measure-valued solution in some generalized sense to the singular macroscopic system.
For a comprehensive analysis of the singular macroscopic model (2.13) see [40]. Also,
see [33] for a close approach in the Cucker—Smale model with weakly singular influence
kernel corresponding to the smaller range of parameters @ € (0, 1/4) of the subcritical
regime. Analogous results in aggregation models and the classical Kuramoto model have
been studied in [8, 11, 12] and [7,31] respectively.

3. Well-posedness of singular interaction

We now consider the Kuramoto model with singular coupling I', which we introduced in
Section 2 as a singular limit of regular weighted coupling

. sin(6; — 6;) )
0 = Qi+ — ZIG —gpe (=L 3.1)

Recall that in the limit as ¢ — 0 of the regular kernel s, we recover the singular interaction
kernel of the model, i.e.,

For simplicity, we will forget about the constant ¢ = cq¢ =1 —¢ ~1/® Then we can
rewrite the system (3.1) as

) Kk
9i29i+NZh(ej—9i), i=1,....N. (3.2)

Regarding the parameter ¢, it belongs to the interval (0, 1) to allow for mild singularities.
Note that the kernel is continuous for « € (0, 1/2), it exhibits a jump discontinuity at
0 € 2nZ for @ = 1/2, and it shows essential discontinuities for & € (1/2, 1) (see Figure 1).

In this section, we will focus on developing the well-posedness theory of the system
(3.1) of coupled ODEs. Note that uniqueness is not trivial even in the subcritical case.
Indeed, due to the choice of singular plasticity function, the right hand side of the sys-
tem (3.2) is not Lipschitz-continuous in any of the subcritical, critical and supercritical
regimes. Thus, we need to explore existence and uniqueness of solution to the system
(3.1) before we proceed to study synchronization. For the following discussion, we recall
the definition of the vector field H = H(®) in (2.2) that allows dealing with the system
(3.2) in the vector form (2.2).

3.1. Well-posedness in the subcritical regime

In the subcritical case, namely « € (0, 1/2), the vector field H = H(®) in (2.2) is continu-
ous. Therefore, it is a clear consequence of Peano’s theorem that (3.1) has a local-in-time
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0.5
1 2 3
(@ o =0.25 b)a = 0.5
20 |
10 +
| ! 9‘
-3 -2 -1 1 2 3
~10 |
_20 1
© o =0.75

Fig. 1. Plot of the interaction kernel & = h(0) in (3.1) for the values « = 0.25, = 0.5 and ¢ = 0.75.

solution for every initial configuration ©(0) = ®, € R¥. Unfortunately, note that /()
exhibits an infinite slope at the phase values 6 € 27 Z and so the classical Cauchy—Picard—
Lindelof theorem does not apply since H = H(®) is no longer a Lipschitz-continuous
vector field. Nevertheless, one can still use an easy trick: it is enough to show that near
the points of loss of Lipschitz-continuity our vector field can be locally split into the
sum of a decreasing vector field and a Lipschitz-continuous vector field, thus ensuring
the local one-sided Lipschitz condition that is enough to obtain a one-sided uniqueness
result.

Lemma 3.1. Let F : RY — RY be a bounded and continuous vector field and assume
that for every x* € RY there exists some open neighborhood 'V € RN and a positive
constant M such that F satisfies the one-sided Lipschitz condition in 'V,

(F(x)—F(y)-(x—y) < M|x —y|?

for every couple x,y € V. Then the following initial value problem associated with any
initial configuration xo € RN enjoys a global-in-time solution, which is unique forward



Filippov trajectories and clustering in the singular Kuramoto model 3205

in time:

x=F(x), t=>0,
x(0) = xo.

Since the proof is classical, we omit it here. Let us now apply that result to our case of
interest. To do so, it is enough to introduce a decomposition of the vector field H = H(®)
in the Kuramoto model (3.2). We first set the following split of the interaction function
h = h(0). First, consider & and 6 € (0, r/2) such that

h:= max h(r) and 2w sinf = 6 cos 6.
o<r<m

Note that § is uniquely defined as the value in (0, 7) where 4 attains its maximum. Second,
define a couple of functions f = f(6) and g = g(0) in (-, 1) as follows:

h for 6 € (—m, —é),

—h(9) for 6 € [-0,0),

—h for 6 € [éﬂ)

—h—h(§) for6 € (—m,—0),

g0 =10 for 0 € [0, 0),

h—h(©) forf el ).

f0):

Notice that
—h(@) = f(0)+g@) forallf e (—m, ), (3.3)

as depicted in Figure 2.

— /O
L H — £
0. 0
: 9:
3 -2 -l 12
~0.5
11
(@) —h(0) (b) f(#) and g(0)

Fig. 2. Graph of the function —/(8) and the functions f(0) and g(6) in the decomposition for the
value o = 0.25.
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Remark 3.1. Note that although —/(6) is not a Lipschitz-continuous function because of
the infinite slope at 8 € 27 Z, one can locally decompose it around those values in terms
of a decreasing function f(6) and a Lipschitz-continuous function g(0).

Finally, for any ©* = (65, ..., 0%) € RY we will locally decompose H around ©*.
For ® = (04, ..., 0x) in a small enough neighborhood V of ®* in RY, we set

K R
F@O):=5 > f6-6). (3.4)
J€€; (©%)
K — K
Gi(©) = Qi + > g —0) -+ > h(6: —6)). (3.5)
JEE; (0%) JEE€; (0%)

where we recall that €; (®*) stands for the set of indices of collision with the i-th oscil-
lator in the phase configuration ®* (see Subsection 2.3).

Proposition 3.1. Let ©* = (6,...,0}) € RN, and define the vector fields
F,G:V—RV

via the formulas (3.4)—(3.5), for a small enough neighborhood 'V of ®* in RN . Then:
(1) H=F+GinV.

(2) F isdecreasingin'V.

(3) G is Lipschitz-continuous in V.

(4) H is one-sided Lipschitz-continuous in V.

Proof. The decomposition of H is clear by the decomposition (3.3) and the definitions
(3.4)=(3.5). Let us therefore focus on the last three properties.

First, consider ® = (6y,...,0y), 0= (91, ...,0y) € RY in a small  enough neigh-
borhood of ®*. Without loss of generality, we will assume that 6; — 6; and 9 — 9 belong
to (—, ]. In the other case, we just need to work with representatives. On the one hand,

N
~ ~ K ~ ~ ~
(FO)=F©) (0-0)=—13%" > (/(6:=0)— [0 —0))(6: —0)).
i=1je€; (0%)
Interchanging the indices i and j we obtain

N
(F(@)—F@))-(@—@):%Z Z (£(0; = 6:) — f(B; —0:))(6; — ;)

J=1i€€; (®*)

N
z_gz > (f6 - 6)— f@i —07)) ).

JE€C; (%)
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where the properties of the sets €; (®*) along with the antisymmetry of f have been used
in the last line. Taking the mean value of both expressions and using the fact that f is
decreasing, we arrive at

(F(®) — F(©))- (0 —0)
N
- % ST (f—6)— £B: —0)) (6 —6) — (8 — 6,)) <0.
i=1j€€;(0%)

and, as a consequence, we get the monotonicity of F'. On the other hand,

Gi(©) - Gi(®)]
K ~ o~ K ~ o~
=N X 1gG=0)—g@ =0+ > 1h6:—0)—h—6))
J€E; (07) J#€i (©%)

Since g is Lipschitz-continuous in (—, ) and A is locally Lipschitz-continuous in
(—m, ) \ {0}, there exists some constant M = M('V) such that

N+ 1 _
kMo -8

KM ~ ~

1Gi(©) = Gi(®)] = == > 16 = 6) = (0 = 0))| <
j=1

forevery i € {1,..., N}, thus yielding the Lipschitz-continuity of G in V. The last item

is a simple consequence: consider x, y € 'V and note that

(Hx)=H() - (x=y) = (F(x) = F(y) - (x =y) + (G(x) = G(y)) - (x = y)

N +1
<Mk Mx -y

where the preceding two properties have been used along with the Cauchy—Schwarz
inequality. ]

Finally, putting together Lemma 3.1 and Proposition 3.1, one concludes the following
well-posedness property.

Theorem 3.1. For any initial configuration, there is a global-in-time strong solution to
the system (3.2) with o € (0, 1/2); the solution is unique forwards in time.

The next result is a simple consequence of the above well-posedness theorem and
characterizes the eventual emergence of sticking in a cluster after a potential collision.

Theorem 3.2. Let © = (01, ..., 0y) be the global-in-time solution in Theorem 3.1.
Assume that two oscillators collide at t*, ie., 0;(t*) = 0;(t*) = 0* for some i # j.
Then the following two statements are equivalent:

(1) 6; and 9; stick together at t*.

(2) Their natural frequencies agree, i.e.,

Q= Q. (3.6)
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Proof. Without loss of generality, assume that i = 1, j = 2 and 6;(t*) = 6,(t*) €
(—m, m]. Assume that the two particles keep stuck together after time ¢*. Then, look-
ing at the first two equations in (3.2), it is clear that 2; = ,. Conversely, assume that
Q1 = Q, =: Q and consider the following system of N — 1 ODE:s:

) kX
z?:Q—i—ﬁj;h(ﬂj—ﬂ),

N
. 2K K ,
191'=Qi+7h(l9—l9i)+ﬁjg=3h(l9j—l9,‘), i=3,...,N,

with initial data given by
@), 03(™), ..., 0n@™)) = (0%, 05(t™),..., 0N (t7)).

A similar technique to that in Theorem 3.1 clearly yields a global-in-time solution to this
initial value problem. Hence, the two trajectories in RV,

t = (01(2),02(1),03(2),...,0n (), t+ (O@),0@),3(),...,0n(1)),

are both solutions to (3.2) that at = ¢™* take the value
(0%,0%,03(7),....On (7).

By uniqueness they agree, and in particular 6, (1) = 9(¢) = 6,(¢) forall ¢ > ¢*. |

3.2. Well-posedness in the critical regime

In the critical case, i.e. « = 1/2, the vector field H = H(®) is no longer continuous
and the Peano existence theorem does not work. Nevertheless, in that case H is still a
measurable and essentially bounded vector field. Consequently, one can apply Filippov’s
existence criterion [4, 14].

We introduce the necessary notation that will be used from now on: 2R stands for the
power set of RY, |V| is the Lebesgue measure of any measurable set &' € RY, co(A4)
is the convex hull of 4 and co(A) = co(A) is its closure. For every convex set C we
denote by m(C) the element of minimal norm of C, i.e. m(C) = 7 (0), where ¢ is
the orthogonal projection operator over the convex set C. The main ingredient will be the
Filippov set-valued map of a given single-valued measurable map.

Definition 3.1. Let F : RY — R”¥ be any measurable map. The Filippov set-valued map
¥ : RN — 2RV of F is defined for any x € R as follows:

Fx) =) () SFBs(x)\ N)).
§>0|N|=0

The main interest in considering this map can be summarized in the next couple of
results (see [4, Theorem 2.1.3, Theorem 2.1.4, Proposition 2.1.1]).
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Lemma 3.2. Let F : RY — RY be any measurable map and consider its Filippov set-

valued map ¥ . Then:

(1) F (x) is a closed and convex set for every x € RN

(2) F(x) € F(x) for almost every x € RV,

(3) If F is continuous at x € R", then ¥ (x) = {F(x)}.

4) If ¥ takes non-empty values, then ¥ has closed graph.

(5) If F has closed graph and m(¥ )(Uy) lies in a compact set for some neighborhood
Uy of each x € RN, then ¥ is upper semicontinuous.

(6) If F is locally essentially bounded, then ¥ is upper semicontinuous, it takes non-
empty values and m(F ) (Uy) lies in a compact set for some neighborhood U, of each
x e RV,

(7) If F is essentially bounded, then ¥ is upper semicontinuous, it takes non-empty val-
ues and m(F)(RN) lies in a compact set.

Here m(F) stands for the map m(F)(x) := m(F (x)) for every x € RV,

Lemma 3.3. Let ¥ : RV — 2R pp any set valued-map with non-empty closed and
convex values. Assume that ¥ is upper semicontinuous and consider the following initial
value problem associated with any given initial datum xo € RV :
x € F(x),
(x) (IVP)
x(0) = xo.

(1) If m(F)(Uy) lies in a compact set for some neighborhood Uy of any x € RY | then
(IVP) has an absolutely continuous local-in-time solution.

() If m(F)(RN) lies in a compact set, then (INP) has an absolutely continuous global-
in-time solution.
Putting together Lemmas 3.2 and 3.4 we arrive at the next result.

Lemma 3.4. Let F : RN — RY be any measurable map and ¥ its Filippov set-valued

map.

(1) If F is locally essentially bounded, then (IVP) has an absolutely continuous local-in-
time solution.

(2) If, in addition, F is globally essentially bounded, then such a solution is indeed
global.

The solutions to the above differential inclusion are called solutions in Filippov’s
sense to the original discontinuous dynamical system. To deal with uniqueness we first
introduce the next technical result.

Lemma 3.5. Let F : RY — RY be a measurable and locally essentially bounded map
and ¥ RN — 2RY jis Filippov set-valued map. If F satisfies the one-sided Lipschitz
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condition a.e., then & also satisfies it in the set-valued sense: there exists a positive con-
stant M such that
(X =Y)-(x—y) < Mlx—y|?
forallx,y e RN andall X € F(x), Y € F(y).
Proof. Fix x,y € RN and X € F(x),Y € F(y). Also fix any § > 0 (assume § < 1

without loss of generality) and any negligible set V. Using the definition of ¥, we see
that

X €CO(F(Bs(x) \ N)) and Y €Cco(F(Bs(y)\ N)).
Thus, one can find sequences { X, }nen C RY and {Y,}nen € R¥ such that X,, — X,
Y, — Y and

Xn € co(F(Bs(x) \ N)) and Y, €co(F(Bs(y)\ N)),
for every n € N. Therefore, the Carathéodory theorem from convex analysis allows rep-
resenting X, and Y;, as convex combinations,

N+1 N+1

Xo= ) ofF() and Yy =) BIF()),

i=1 j=1
where x!' € Bs(x) \ N, yj’? € Bs(y) \ N and the coefficients o, ,3]"‘ € [0, 1] satisfy

N+1 N+1

Sar=1= 34

i=1 j=1

Note that
N+1N+1 N+1N+1
Y= 3 S @BFGD wd Y=Y Y alBFOD,
i=1 j=1 i=1 j=1

By defining the constants

M, :=esssup |F(z)] and M, := esssup|F(z)],
z€B (x) z€B1(y)

we have

N+1

(X arBpFO = FOp) - (=)

ij=1

Xn—Yn) - (x—y)

N+1

>l BH((F() — FOM) - (x = )
i,j=1

N+1

= Y @' BI((F() = FOYM) - (] — )

ij=1

+(F) = FOD) - ((x =) = (v = »))
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N+1
< Y o B (MIx] =y} + 2(My + M,)S5)
i,j=1
N+1
> ol BHM(Ix — y| +26)% + 2(My + M,)9)
i,j=1

= M(|x — y| +28)* + 2(My + M,)8.

IA

Since the above property holds for arbitrary n € N and 0 < § < 1, we obtain
(X =Y)-(x—y) < Mlx—y|. .

Lemma 3.6. Let F : RY — RY be a measurable and essentially bounded vector field,
and F RN — 2RY jyg Filippov set-valued map. In addition, assume that F satisfies the
local one-sided Lipschitz condition. Then the following initial value problem associated
with any initial configuration xo € RN enjoys a global-in-time absolutely continuous
solution, which is unique forwards in time:

xXefF(x), t=0,
x(0) = xp.

Proof. The existence of global-in-time Filippov solutions follows from Lemma 3.4. Let
us just discuss the uniqueness of solution. We consider two Filippov solutions x; = x1(¢)
and x, = x,(¢) with the same initial datum x¢ and define

T :=inf{t > 0: x1(t) # x2(t)}.

Our main goal is to prove that T = oo. Assume 7' < co. Let x* := x1(T") = x2(T) and
take a small enough neighborhood ‘V of x* such that F satisfies the one-sided Lipschitz
condition in it. By continuity there is & > 0 such that x;(¢), x5(¢) € V for every t €
[T, T + ¢]. Consequently,

d 1
7 §|x1 —x2? € (F(x1(1)) — F (x2(1))) - (x1(2) — x2(2)).
By the one-sided Lipschitz condition, there is a constant M depending on x* such that
d 2
—|x1 — x2]? < M|x; — x2|?
g7 1%~ x2l” = Mx; — xa
for every t € [T, T + ¢]. By Gronwall’s inequality, one then obtains x1(¢) = x,(¢) for
every t € [T, T + €], and this contradicts the assumption 7" < oo. |

Let us now explicitly compute the Filippov set-valued map # = H#(®) of our par-
ticular vector field H = H(®) for the critical case @ = 1/2. See Subsection 2.3 for
the collision equivalence relation and the necessary notation to deal with clusters of
oscillators.
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Proposition 3.2. In the critical regime o = 1/2, the value J#(©) of the Filippov set-
valued map associated with H is the convex and compact polytope consisting of the points
(w1,...,0N) € RY such that

K K .
0 =R+ | > ho; = 0) + | > i foralli =1,...,N,
J¢€i (©) JEC (O)\{i}
for some Y = (yij)1<i,j<n € Skewy ([—1,1]).
Since the proof is clear by definition of the Filippov map, we omit it.

Remark 3.2. Notice that for every (wy,...,wn) € H(0),

N N
Za)i = ZQ,‘.
i=1

i=1

In particular, every Filippov solution (61, ..., 6x) to (3.2), in the case &« = 1/2, satisfies

N N
Z@i(t) = ZQ,- forae.t > 0.
i=1

i=1

Hence, the Filippov solutions in the critical case still preserve the average frequency like
classical solutions do for the subcritical case or in the original Kuramoto model.

Example 3.1. To gain some intuition about those sets, let us exhibit some examples:

(1) Forevery N € N, if ® ¢ €, then #(0) = {H(0)}.

(2) For N =2,if ® = (01, 65) € €13, then #(0) is the polytope consisting of the points
(w1, w7) € R? such that

K
w; = 21 + ?yn,

K
Wy = S — 5 12,
for some yq, € [-1,1].

(3) For N = 3,if ® = (01, 05, 603) € €12 \ €13, then #(O) is the polytope consisting of
the points (w1, ,, w3) € R3 such that

K K
o = Q1 + ?h(93 —01) + 3 V12
K K
wy = Q2 + ?h(93 —02) — 3 V12
K K
w3 = Q3 + ?h(el —03) + ?h(Qz — 03),

for some yq, € [-1,1].
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(4) For N =3,if ® = (61, 05, 03) € €12 N €y3, then H (O) is the polytope consisting of
the points (w1, ,, w3) € R3 such that

K K
w1 = Q1+ —yi2 + =13,

3 3
Q K +K
wy = - — — ,
2 2 3y12 3)’23
K K
= Qs — — — s
w3 3 3)’13 3J’23

for some y12, y13, y23 € [-1,1].

The second and third cases yield line segments and the last one is a regular hexagon as
depicted in Figure 3.

N =

Wl -

@N =2 bN =3

Fig. 3. Pictures of the Filippov set-valued map in the critical case at a total collision phase con-
figuration. In (a), N = 2 and the polytope is a line segment joining (21 &+ K/2, Q2 F K/2). In
(b), N = 3 and the polytope is a regular hexagon with vertices (21 £ 2K/3, Q2 F 2K /3, 23),
(21 £2K/3,Q2,Q23 F2K/3) and (21, Q2 + 2K /3, 23 F 2K/3). For simplicity, the natural
frequencies are set to zero and K = 1 in the figures.

Finally, let us apply Lemma 3.6 to construct the unique Filippov solutions of our
particular system (3.2) in the critical case « = 1/2. The way to go is similar to that in
Subsection 3.1 and relies on a good decomposition of —/. Define a couple of functions
f = f(0)and g = g(0) in (—m, ) as follows:

0) = 1 for 8 € (—mn,0), 9) — —1—h(0) for6 € (—mn,0),
TO=3 0 twocpn. D TVione  torocp.n)
Notice that
—h(@) = f(0)+ g forallf € (—m, ), 3.7

as depicted in Figure 4.
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— f(0)

1 —g(0)
0.5
L 6 - t 0
1 2 3 1 2 3
14
(a) —h(6) (b) f(0) and g(0)

Fig. 4. Graph of the function —/(6) and the functions f(6) and g(6) in the decomposition for the
value ¢ = 0.5.

Remark 3.3. Note that although —/4(6) is a discontinuous function because of the jump
discontinuities at # € 277, one can locally decompose it around such values in terms of
a decreasing function f(#) and a Lipschitz-continuous function g(6).

Finally, for every ©®* = (65 ....,6%) € R we locally decompose H around ©* into
K -
F©):=5 ) SO0 (3.8)
J€E; (%)
K — K
GiO):=Qi+5 >, g@-0)-5 > hG:-0). 39
J€€; (6%) JE€; (0%)

where the above functions are defined almost everywhere ( f* does not make sense at 0, so
F; just makes sense a.e.). Recall that for any 6 € R, 6 is its representative modulo 27 in
the interval (—m, 7].

Proposition 3.3. Let ©* = (0],...,03) € RY and define the vector fields
F.G:V—>RY

via the formulas (3.8)—(3.9), for a small enough neighborhood 'V of ®* in RN . Then:
(1) H=F+GinV.

(2) F isdecreasinginV.

(3) G is Lipschitz-continuous in V.

(4) H is one-sided Lipschitz continuous in V.

Proof. The proof is analogous to that of Proposition 3.1. ]
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Finally, putting Lemmas 3.4 and 3.6 and Proposition 3.3 together, one concludes the
following well-posedness result.

Theorem 3.3. For any initial configuration, there is a global-in-time Filippov solution to
the system (3.2) with o = 1/2; the solution is unique forwards in time.

Again, we can characterize the eventual emergence of sticking of a cluster after a
potential collision in a similar way as we did in Theorem 3.2. We require the following
notation. For any N € N, each 1 <m < N and every permutation o of {1,..., N} we
define the following couple of m x m matrices:

MrZ(Q) = (QO',' - de)lﬁi,j§m7

(3.10)
| PRES (1)1§i,j§m,

i.e., M (S2) stands for the matrix of relative natural frequencies of the m oscillators with
indices i = o071, ...,0, and J,, is the m x m matrix whose all components are 1.

Theorem 3.4. Let ©® = (04, ..., 0y) be the global-in-time Filippov solution of The-
orem 3.3. Assume that t* is some collision time and fix any cluster E;(t*) = Ej with
k=1,...,k(t*). Then the following two statements are equivalent:

(1) The ni(t*) = #E(t*) oscillators in the cluster all stick together at time t*.

(2) There exists a bijectiono : {1,...,nx} — Er and Y € Skewy, ([—1, 1]) such that

- K
M, () = N(Y Jng +Ing oY), (3.11)

Proof. Write n := ny, for simplicity and assume that the oscillators in the cluster are the
first n oscillators, i.e., By = {1, ..., n}. By continuity, take some small ¢ > 0 such that
0;(t) # 6;(t) forevery t € [t*,t* + ¢], any i € Ej and each j ¢ Ej. First, assume that
(1) holds true. Without loss of generality we may assume that 6;(¢) = --- = 6,(¢) for
allt > t* and we define 0(¢) := 0;(t) = --- = 0,(¢) for all ¢t > t*. Then, looking at the
explicit expression in Proposition 3.2 of the Filippov set-valued map # we get

: K I K<
b= Qi+ D B0 —00) + 5D i (0)
=1

j=n+1
forae.fr € [t*,t* +¢landeveryi = 1,...,n, where y;; € L®°(*,t* +¢)and Y(¢) =
(7ij (t))1<i,j<n € Skew,([—1,1]) for almost all # € [t*,1* + ¢]. Since 6; = 6; a.e., for all
i,j =1,...,n, we obtain the system of equations
K& K <
Qi-Q=—=> yul)+~= Y yi)
N =1 N I=1
1#i Iy

fora.e.t € [t*,t* + ¢]. In particular, (3.11) holds.
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Conversely, assume that (3.11) is satisfied for some Y € Skew,, ([—1, 1]). Then

K < K &
Qi+ﬁlzyi[=§2j+ﬁlzyj'l =: Q.

=1 =1
1#i 1]
Now consider the vector field
H" = (Hy Hiy ... HYy) RN7H o RN
given by
Kk X
H3@. Opr, ON) = Q4 5 D0 h(d; = D),
j=n+1
nk K <
HY @ Ot 0n) = Qi + —h(D =00 + > h;—%)
j=n+1
fori =n+1,..., N. Also, consider the associated Filippov set-valued map Je" and the

associated differential inclusion
D Dngrs.. ., On) € H(D, Ons1, ..., 0N,
with initial datum
@), Opgr (7). ON(ET)) = (0%, Opgr (1) ... ON (17)).

A well-posedness result similar to that in Theorem 3.3 shows that the resulting IVP enjoys
a global-in-time solution. In addition, by definition it is apparent that whenever we pick

(w,wp41,...,0N) € 3\6"(19, %u+1,...,0nN), we obtain
(w,...,a),w,,+1,...,a)N) (S Jf(l?,...,l?,l?n.H,l?N).
—— ———
n pairs n pairs

Consequently, the two trajectories in RY,

1> (011), ... 0 (1), On 1 (1), ..., ON (1)),
t=> (O(@),...,00), 0p4+10),...,0N(1)),
——

n pairs
are Filippov solutions to (3.2) with the same value at ¢ = ¢*, namely,

0%, ... 0% Ot (%), ... ON (7).
~———

7 pairs
By uniqueness they agree, and in particular

0;(t) =9() forallt >¢*andeveryi =1,...,n. [
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The sticking condition (3.11) can be characterized in a much more explicit manner
by convex analysis techniques supported by Farkas’ alternative: see Appendix C, and in
particular, the characterization of condition (3.11) in Lemma C.2. These ideas lead to the
next result.

Corollary 3.1. Under the assumptions of Theorem 3.4, the following two assertions are
equivalent:

(1) The ny oscillators in the cluster Ey stick together at time t*.

(2) We have
1 1
lya-lya
‘m iel "k [k,
forevery 1 <m < ny and every I C Ej such that #I = m.

< %(nk —m) (3.12)

Remark 3.4. Notice that in Theorem 3.4 and Corollary 3.1 we have characterized when
the whole cluster Ej remains stuck together, but not when a subcluster of a given size
instantaneously splits from the remaining oscillators of the cluster. The main problem in
extending the above proof is that it is hard to quantify the way in which an oscillator splits
from the subcluster. Specifically, it is possible that an oscillator departs from the cluster
exhibiting a left accumulation of switches of state where it instantaneously splits and
collides with the subcluster. Although this accumulation phenomenon will cause some
problems throughout the paper, we will show how we can overcome them.

Let us mention that this phenomenon is called left Zeno behavior in the literature. It
appears in the Filippov solutions of some systems like the reversed bouncing ball. For
instance, in [14, p. 116] Filippov proposed a discontinuous first order system with solu-
tions exhibiting Zeno behavior. In [14, Theorem 2.10.4], he considered absence of Zeno
behavior as part of sufficient (but not necessary) conditions guaranteeing forward unique-
ness. We skip the analysis of Zeno behavior here and will address it in a future work.

3.3. Well-posedness in the supercritical regime

Recall that in the supercritical regime, i.e., @ > 1/2, the vector field H = H(0) is not
only discontinuous at the collision states but also unbounded near those points (see Fig-
ure 1). Thus, the classical theory of well-posedness cannot be applied either and one
might look for a notion of generalized solutions in the same sense as in the critical case
o = 1/2 (see Subsection 3.2). Hence, one strategy could be to turn again the differential
equation of interest into an augmented differential inclusion given by the associated Fil-
ippov set-valued map. A similar analysis to that in Proposition 3.2 yields the following
characterization of the Filippov set-valued map for the supercritical regime.

Proposition 3.4. In the supercritical regime o > 1/2, the value J¢ = JH (®) of the Filip-
pov set-valued map associated with H is the convex and unbounded polytope consisting
of the points (w1, . .., wn) € RY such that for some Y = (yij)i<i,j<n € Skewpy (R),

K K
wi=Qi+N Z h(@,-—@,-)+ﬁ Z yij foralli=1,...,N.
J£€;(©) JE€EC; (O\{i}
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The Filippov set-valued map enjoys similar expressions in the critical and supercrit-
ical regimes except for a “slight” change. In the former case, the coefficients y;; range in
the interval [—1, 1] whereas in the latter case they take values in the whole R. Indeed, the
examples for « = 1/2 in Example 3.1 can also be considered for & > 1/2. For instance,
similar polytopes to those in Figure 3 are obtained at the total collision phase configura-
tions when the corresponding polygon is replaced by its affine envelope. Those similarities
ensure that any Filippov solution to (3.2) with o > 1/2 also conserves the average fre-
quency as in Remark 3.2. What is more, since # (®) is apparently non-empty, Lemma
3.2 shows that J¢ takes values in the non-empty, closed and convex sets and it has closed
graph in the set-valued sense.

However, the unboundedness in y;; entails a severe change of behavior. Specifically,
it breaks the local compactness of m(H) and, as a consequence, the existence result in
Lemma 3.3 fails to work. The loss of compactness is fatal and implies that in the super-
critical regime « > 1/2 all the “classical” assumptions ensuring global existence and
one-sided uniqueness do not hold. The literature about the abstract analysis of unbounded
differential inclusions is rare [25,45]. In addition, all those results require some sort of
relaxed set-valued Lipschitz condition and linear growth that do not hold in our problem.
Nevertheless, we will show that in some cases we can still construct a Filippov solution
which is unique under some conditions.

Remark 3.5. Notice that, despite the lack of uniqueness in the supercritical case, the
approach in Theorem 3.4 may still be used to obtain a partial answer. Namely, it might
give a sufficient condition on the natural frequencies to ensure that after a collision of
a classical solution, we can continue a Filippov solution with sticking of the resulting
cluster. Since we elaborate on this idea later, we skip it here and will just focus on a
necessary condition of sticking as in (3.11). Indeed, consider some Filippov solution ® =
(61,...,60n) to (3.2) with @ > 1/2 and assume that it is defined in an interval [0, T)
and that t* € (0, T') is some collision time. Then we might fix a cluster E;(t*) = Ej
and assume that the ny (1*) = ny oscillators in the cluster stick together at time ¢*. Then
a proof similar to that of Theorem 3.4 would entail the existence of some bijection o :
{1,...,nx} — Ei and some Y € Skew,, (R) such that

K
My (Q2) = N & Tng + Tn - V). (3.13)

One might want to obtain again a more explicit characterization of that condition. We can
resort to similar ideas coming from Farkas’ alternative. Lemma C.1 ensures that (3.13) is
perfectly equivalent to the condition (C.2),

mij +mjx +my; =0

foralli, j,k =1,...,ng, where m;; denotes the (i, j) component of the matrix M, (2).

Let us look into the structure of M,?k (2) to restate the above condition (see (3.10)):

mi; +mjk + my; = (Qai - de) + (QUj - Qak) + (Qdk - QG,’)-
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Thus, the necessary sticking condition is automatically satisfied for every given config-
uration of natural frequencies. This suggests that, independently of the chosen natural
frequencies, any classical solution in the supercritical case that stops at a collision state
might always be continued as a Filippov solution with sticking of the cluster. For this, we
will need some precise control of the behavior of the classical solutions at the maximal
time of existence.

Lemma 3.7. Let ® = (04, ..., 0y) be any classical solution to (3.2) with o € (1/2,1)
that is defined in a finite maximal existence interval [0,t*). Then:

(1) The solution does not blow up at t*, i.e.,
lim |@(1)] # oo.
t—t*
(2) The solution converges to a collision state, i.e., there exists ®* € € such that
lim O() = 6%,
t—>t*

In addition, the trajectory t — ©(t) remains absolutely continuous up to the collision
time t = t*; specifically, ® € L>((0,t*),RY).

Proof. We split the proof into three parts. The first part is devoted to showing that the
classical trajectories satisfy the following fundamental inequalities:

1 [t . C2
—/ |0(s)|? ds < Vin(®o) + —21, (3.14)
2/, 2
t
uaa>|s|cm|+-/“|®cn|ds, (3.15)
0

for every ¢ € [0,1*). Here, Viy(®) is the second term of the potential V(®) in (2.10) and

we set v
Cq = (Z 95)1/2.

i=1

In the second step we will show that the inequalities (3.14) and (3.15) imply

1. Cc2
5/ |O@s)>ds < Vin(Op) + TQI* < 00, (3.16)
0
.y 1+ C3
/|mmwsm@m+ 6 e 3.17)
0
1+C2
1O(1)] < 00| + Vin(®o) + 2% (3.18)

for every ¢t € [0, ¢*). Finally, in the third part we will deduce the assertions of the lemma
from the inequalities (3.14)—(3.18).
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e Step 1. Recall that in Section 2, the classical solution ¢ > ©(¢) of (3.2) equivalently
solves the gradient flow system (2.9), i.e.,

O) = —VV(O(r))

for all ¢ € [0,1*), where V is given in (2.10). Hence,
d . .
EV@O)) = VV(O@)) - 0() = —|6@)

for every ¢ € [0, ¢*). Taking integrals in time, we obtain

t N
/0 1O)2 ds = V(€)= V(O) = 3 (B0 — 6 (1) + Viu(©0) — Viw(©(1))
=1 (3.19)

for every ¢ € [0, 1*). Recall that the function W in (2.11) involved in the potential (2.10)
is a primitive function of 4. Thus, W > 0, as a consequence of the antisymmetry of / and
our choice W(0) = 0, and in particular Vj,; > 0. This, together with the Cauchy—Schwarz
inequality, yields

t t
/ 1O(s)|?ds < CQ/ |O(s)| ds + Vin(Oo) (3.20)
0 0

for every ¢ € [0,1*). Using Young’s inequality in the first term of (3.20), we arrive at the
first fundamental inequality (3.14). The inequality (3.15) is standard, but let us sketch it
for the sake of clarity:

d |02 : .
S8l —0.60<10/16
== <16]16|

for all r € [0, t*). Hence, we arrive at
d .
—|O@)| < |O(
S100] = 160)

for every t € [0, t*), and integrating with respect to time yields (3.15).

e Step 2. First, taking limits as t — ¢* in (3.14), we clearly obtain (3.16). Also, the finite
length of the trajectory (3.17) holds true by the Cauchy—Schwarz inequality and Young’s
inequality both applied to (3.16). Finally, inequalities (3.15) and (3.17) entail (3.18).

e Step 3. The classical trajectory ¢ > ©(t) is defined up to a finite maximal time #*.
Hence, classical results show that either it blows up at r = ¢* or there exists some sequence
{tu}nen /" t* and some ®* € € such that {O(t,)}neny — OF. Since the former option
is prevented by (3.18), the latter must hold true. Let us prove that the whole trajectory
converges to the collision state ®*. Indeed, in the other case, there exists another sequence
{Sn}nen /" t* and some g9 > O such that

|O(sn) — OF| = &9 (3.21)
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for all n € N. Without loss of generality we can assume that the sequences {#, }en and
{Sn}nen are ordered as t; < 51 < tp < §p < --- and that

©(tn) — O] < £0/2" (3.22)
for every n € N. Therefore,

©(tn) = O(sn)| = [O(sp) — OF| = [O(1n) — OF| = &0 — £0/2",
©(sn) = O(tn+1)| = |O(sn) — O = |O(tn+1) — O| = 9 — £0/2" ",

for all n» € N. Then it is clear that

> o X rsp X a1
O@|dt = | |O6@)|di =) ©@)|di + ) |©@)|dt
/(; /; n=l/t~” n=1 /‘;”

1

= Z 1O(tn) — O(sn)| + Z |O(sn) — O(tn+1)]
n=1 n=1

= 1 > 1
> 280(1 — 2—n) + 280(1 — W) = 0Q,
n=1 n=1
which contradicts (3.17). Hence, lim; ., ©(¢t) = ©*. [

This conclusion shows that, as expected, it is possible to continue classical solutions
by Filippov solutions (hence absolutely continuous) after a possible collision. The explicit
method of continuation is exhibited in the following result.

Theorem 3.5. Let ©® = (01, ..., 0x) be any classical solution to (3.2) witha € (1/2,1)
that is defined in a finite maximal existence interval [0,t*) and, according to Lemma 3.7,
let the collision state ®* € € be such that

lim O(r) = O*.
t—t*

Then there exists € > 0 such that the classical trajectory t — O(t) can be continued to
a Filippov solution to (3.2) in [t*,t* + &) in such a way that oscillators belonging to the
same cluster of the collision state ©* remain stuck together after t*.

Proof. Let E} be the k-th cluster of oscillators with ny = #E; for k = 1,...,k. We
consider a bijection ok - {1,...,nx} — Ej forevery k = 1,..., «. Since the necessary
condition (3.13) is automatically satisfied as discussed in Remark 3.5, there exists a matrix
Y* € Skew,, (R) such that

K& K<\ 4
QofJFN;yiz:quf‘l'N;yjz

1#i I#j

O (3.23)
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forany i, j € {1,...,ng}. Consider the system of « differential equations
. K &
D =He@r.....00) == Qu + = D> nmh(@m — 0 (3.24)
N m=1
m+#k
fork = 1,...,k, with initial data
(D1(), .. () = (6], ....0). (3.25)

Since the initial datum is a non-collision state in a lower-dimensional space R* of phase
configurations, there exists a unique classical solution to the problem that is defined in a
maximal existence interval [t *,**) and such that if 1 ** < oo, then (94,. . ., ¥ ) converges
to a new collision state by Lemma 3.7 (merging of clusters). The same result ensures that

[0,£%) 21+ (01(2),...,0n (1)),
[t*, ")t = (@), ..., 00)),

belong to W12((0,1*),RY) and W12((¢*,1**), R¥), respectively. Let us set the prolong-
ation of t > ©(¢) in [t*, 1**) in such a way that

O,k (t) = O (r), VYt e[t™ ™),

for every i € Ex and k = 1,..., k. The two trajectories glue together in a W12 way
and it is clear, by the definition of HF¥ in (3.24) and Q k in (3.23) along with the explicit
expression of the Filippov map in Proposition 3.4, that [0, 1**) > ¢t > ©O(f) becomes a
Filippov solution to (3.2) in [0, 2**). |

Remark 3.6. The above procedure can be repeated as many times as needed after each
collision time of the corresponding classical solutions to the reduced systems (3.24)—
(3.25). Indeed, by Remark 3.5 the necessary condition (3.13) is automatically satisfied.
Since there can only be N — 1 collisions of oscillators with sticking, we may apply The-
orem 3.5 finitely many times to obtain global-in-time Filippov solutions to (3.2) in the
supercritical case. However, one may wonder whether this global-in-time continuation
procedure is unique or whether oscillators may also be allowed to split instantaneously
after a collision. Although answering the general question for any number N of oscillators
and any collision state is really difficult, let us give a particular answer for N = 2:

. K
th = Q1 + Eh(Qz —6h), (3.26)
. K
0, = Qs + ?h(Ql —67). (3.27)

Consider the relative phase 0 := 6, — 6; and relative natural frequency Q2 := Q, — Q3.
Then the associated dynamics of a classical solution is governed by the equation

6 = Q— Kh(9)
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in the maximal interval of existence [0, 7*). According to Lemma 3.7, we infer that
t* = o0 if 8(0) = 0, whereas t* < oo if 6(0) ¢ {0, 0}. Here, 6 stands for the unique
(unstable) equilibrium of the system (see Proposition 5.2). Without loss of generality, we
will fix the initial relative phase so that 8(0) € (0, ) (the other cases are similar). Thus,
we arrive at a collision of oscillators at t = t*, i.e., lim; .+ 0(¢) = 0.

(1) Assume for contradiction that there is another Filippov solution in [¢*, £**) consisting

2

of two particles that instantaneously split again after ¢ = ¢*. The split can arise in only
two different manners:

(a) (Sharp split) There exists a small & > 0 such that 6(¢z) # 0 for every t €
(t*,t* + ¢). In that case, either 6(¢) > 0 for all t € (t*,t* + ¢), or 8(¢t) <0
forallz € (t*,t* + ¢).

(b) (Zeno split) There exist sequences {t, }nen \ t* and {s,}nen \( t* such that
0(s,) = 0 but 6(t,) # 0, for every n € N. Recall Remark 3.4 for the left accu-
mulations of switches or Zeno behavior and see Figure 6.

Replacing t* by a suitable time, it is apparent that the second type of split at ¢*
guarantees the first one at a (possibly) later time. Let us focus on just the first case.
Looking at the profile of £ — kA () in Figure 5, we would then arrive at the following
conclusion: either 8(¢) < 0 and 6(¢) > 0 for all t € (t*,t* + &), or 8(¢) > 0 and
O(t) <Oforallt € (t*,t* + ¢). In any case, we obtain a contradiction.

35
—Q— Kh()
14
-3 -2 -l 2 3
-1
-2+t
-3

Fig. 5. Profile of @ — Kh(0) for 2 = 0.25, K = 1 and @ = 0.75.

Hence, the only choice for the oscillators after the collision state is to stick together.
Let us define the phase of the reduced system (see (3.23))

Q= Q1 +y12 = Q2 + ya1,

where Y € Skew»(R) is any matrix satisfying the necessary condition (3.13). Indeed,
there exists just one such matrix Y, with y1o = —y2;1 = (22 — 21)/2. Then Q =
(21 + ©2)/2 and the reduced system (3.24) looks like

H=Q, 1elt* 00).
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2 .
o) —60)

0.5

0.2 0.4 0.6 0.8 1

Fig. 6. Left-Zeno behavior in the relative phase 6(t) = 6,(t) — 01 (¢) of two oscillators.

Consequently, the only Filippov solution to (3.2) evolves through (3.26)—(3.27) up to
the collision time ¢*. Afterwards, both oscillators stick together and they move with
constant frequency equal to the average natural frequency.

For general N, it is not clear whether (b) in the above first item can be reduced to (a) in a
similar way. Namely, we cannot guarantee that along the whole time interval (¢*,1* + ¢)
all the subclusters splitting from the given cluster remain a positive distance apart or they
actually merge and split instantaneously with eventual switches of collision type in a
similar way to Figure 6 in Zeno behavior. Also, studying the higher-dimensional phase
portrait in the same spirit as we have done for N = 2 is not easy and we shall address it
in future work.

4. Rigorous limit towards singular weights

In the previous section, we studied the existence and one-sided uniqueness of abso-
lutely continuous solutions to the singular weighted first order Kuramoto model in all
the subcritical, critical and supercritical cases. Because of the continuity of the kernel
for a € (0, 1/2), we can show that in that case the solutions are indeed C L although
we can say the same neither for the critical case @ = 1/2 nor for the supercritical case
a € (1/2,1). Also, these results do not necessarily provide any extra regularity of the
frequencies w; = 6; for an augmented second order model to make sense.

Let us recall that in Subsection 2.2, the singular Kuramoto model was formally
obtained as the singular ¢ — 0 limit of the scaled regular model (2.5)—(2.6). Notice that
if we rigorously proved the ¢ — 0 limit, we would achieve an alternative existence result
for the singular models. In this section, we shall inspect to what extent this idea works
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and how many exponents we can obtain with that technique. In particular, we will recover
the existence results of Section 3. Indeed, this technique will yield a gain of piecewise
W L1 regularity of the frequencies w; in the subcritical case and will provide an equation
for them in a weak sense that will be discussed and related to similar models in Subsec-
tion 4.4. However, this idea fails for the more singular cases, where the compactness of
frequencies is very weak. While the singular limit for the subcritical case is straightfor-
ward, we need new ideas to deal with the limiting set-valued Filippov map in the critical
and supercritical cases along with the loss of strong compactness of the frequencies in
those cases.

4.1. Limit in the subcritical case and augmented flocking model

The following result provides a list of a priori estimates for the global-in-time classical
solutions of the regularized system (2.5)—(2.6), for any ¢ > 0:

Lemmad4.1. Let ®¢ = (01,...,0n,0) € RY be any initial data and consider the unique
global-in-time classical solution ®° = (07, ..., 0y) to (2.5)~(2.6) in the subcritical case
a € (0,1/2), for every & > 0. Then there exists a non-negative constant C such that

10| coa—2e((0.00)&N) < Co [1OF[lcr1—20(0.71.8N) < |O0] + CT,

for all T > 0 and & > 0. As a consequence, there exists a subsequence of {©°}¢>o,
denoted in the same way for simplicity, and ® € C'([0, c0), RY) such that © €
C%1722(]0, 00), RN), O satisfies the same estimates as above and

{00 — O inC([0,T],RY)
forevery T > 0.

Proof. All the properties follow directly from the first one along with the Ascoli—Arzela
theorem. Recall that there is a constant M > 0 such that

|he(0)] < M and  |he(61) — he(62)] < M| — 65172

for all 6,0, 0, € R and all € > 0. Thus, the first property is also a straightforward con-
sequence of the uniform-in-¢ boundedness and Holder-continuity of the kernel. ]

The following result holds true as a clear consequence of the uniform equicontinuity
of the sequence /. along with the compactness of the sequence {©¢}.~.

Theorem 4.1. The limit function © of {©f}¢~¢ in Lemma 4.1 is a classical global-in-time
solution of the singular model (2.5)—(2.6) with ¢ = 0 in the subcritical case a € (0,1/2).

Notice that we have arrived at a construction of classical global-in-time solutions of
the singular problem with 0 < & < 1/2 through two different techniques: Theorems 3.1
and 4.1. However, both techniques are actually closely related to each other, since origin-
ally, Filippov theory relies on a similar regularizing procedure. In what follows, we will
see that this procedure provides us with extra a priori estimates for the “accelerations”
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(derivatives of frequencies). Also, the procedure will allow us to derive a “piecewise weak
equation” for them. This is the rest of the content of this subsection.

Note that a necessary and sufficient condition for two oscillators §; and 6; that collide
at some time to stick together is that ; = 2;, by Theorem 3.2. In some sense, those
two oscillators are identified in a unique cluster with a bigger “mass”. Further, we can
quantify the times of “pure collisions” as follows. Starting with Ty = 0, we define

Tr :=inf{t > Tj_y : 3i,j € S;(Tx_1)° such that §;(t) = 6;(¢)} (4.1)

for every k € N. Recall the notation in Subsection 2.3, and see [37] for related nota-
tion in the discrete Cucker—Smale model with singular influence function. Then taking
derivatives in (2.5)—(2.6) we can obtain the split

D SN ARG
JECi (Tr—1)
K 1 (pne &\(pe e
D DR GG
JE@i\Si)(Tk—1)
+ % S RLOE —09)(6F — 67, 4.2)
J€8i (Tr—1)
where t € [Ti_1, Tx). The idea is to show that we can pass to the limit in the above
expressions in L ([T;_, t])-weak, for every k € N and every 7 € (Ty_1, Ty). This is the
content of the next theorem. Before going on, let us discuss the possible scenarios for the

sequence {7y }xen and how we can cover the whole interval [0, co) with them in any case
so that our dynamics can be reduced to each of them:

(1) It might happen that there exists ko € N such that Ty,11 = oo (then Ty = oo for
every k > ko). This is the case when either all particles have stuck together in finite
time or after some finite time there is no more collision. In this case

0,000 = |J [Tk Te1) U [Tko 00).
0<k<kop—1
and there is no collision in any of these intervals.

(2) Also it might happen that the sequence {7} }x < is infinite and unbounded, 7y " oco.
Then

[0,00) = ( [Tk Tiev1),
k>0

and there is no collision in any of these intervals.

(3) Finally, it might also be the case that the sequence {7} }ren is infinite but bounded.
In that case, there exists 7> € R* with right Zeno behavior, i.e. Ty * T®°. Then
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a straightforward argument involving the mean value theorem shows that 7°° is a
sticking point. Then we can split the dynamics up to time 7"°° through

[0.7%) = (J[Tk. Te-1).
k>0

Taking 7°°° as our initial time, we can repeat each of Steps 1, 2 and 3 above so that we
can globally recover the whole dynamics. Notice that since there can be just N — 1
times of sticking, there can be no more than N — 1 times like 7°°.

For simplicity of argument, we will assume that we are in case (2), although the same
results apply to any of the other cases. Before going to the heart of the result, let us
summarize some good properties of the kernel /7.

Lemma 4.2. Let o € (0, 1/2). Then the following properties hold true:

(1) Formula for the derivative:

he(0) =

: 2
|:cos9—2acsm|9|0 191 i|

1
(& + clo)2)* Blo &2 +clOl;

(2) Upper bound by an L' (T)-function.:

s @), 1h' ()] = M TR

(3) Strong L'(T) convergence:
B, — K in L'(T).
(4) Weighted Holder-continuity:

161 — 6,18

h.(01) — h.(05)] < M —
|he(61) — he(62)] < min{|01 [o, |02]0}"

for any exponents B,y € (0,1) such that y = 2« + B.
(5) Weighted L*°(T) convergence:

81—20{

hH(O)-h@O)| <M )
|h(0) O] = T

Proof. The first two results are straightforward and the third one is a clear consequence
of the dominated convergence theorem. The fourth property follows from an obvious
application of the mean value theorem and the fifth one is a standard property of mildly
singular kernels (one can show that M = «/f) . L]

Theorem 4.2. For any initial datum ©®y € RY let ®F be the classical global-in-time
solution of (2.5)—(2.6) in the subcritical case o € (0, 1/2). Also, consider the limiting ®
in Theorem 4.1 and the collision times {Ty }xen in (4.1). Then:
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(1) Foreveryi €{l,...,N}yand j ¢ €;(Tr_1),
ho(0F —67) — 1'(0; —0;) ase—0, inC([Tx-1,7]).
(2) Foreveryi € {l,...,N}and j € €;(Tx—1) \ Si(T—1),
ho(0F —67) = h'(0; —6;) as e—0, in LY([Ti—1, 7).

(3) Foreveryi € {l,...,N}and j € S;(Ty—1),
d
Ehg(ef —05) =0 ase—0, inW (Ti_1,1)).

Proof. (1) Fixanyi € {1,..., N} and j ¢ €;(Tig_1). There exists (by definition) some
positive constant §o = 8¢ (k, t) < 7 such that

|0;(t) — 0;(t)|o = 80 forallt e [Ti_q,7].
Then, by the uniform convergence in Lemma 4.1 there exists some g9 > 0 such that
107 (1) — 07 ()]0 > 80/2  forallt € [Ty, 7], 4.3)

for every ¢ € (0, g9). Consequently, by crossing terms we have

|16 (65 (1) = 07 (1)) — h'(0; (1) — 0: (1))
< e (07 (1) = 07 (1)) = H'(67 (1) — 67 ()| + [h' (07 (1) — 07 (1)) — 1" (6; (1) — 6: (1))

for every t € [Ty_1, t]. Hence, both terms converge to zero uniformly in [T;_1, 7] as
& — 0. This is due to (4.3), the third property in Lemma 4.2, the uniform continuity of 4’
in compact sets away from 2w Z and the uniform convergence of the phases in Lemma 4.1.
This ends the proof of the first part.

2)Now fixi € {1,...,N}and j € €;(Tx—1) \ Si(Tx—1). Then

0;(Te—1) = 0;(Tk—1)  but 6;(Tk—1) # 6 (Te—1).

Thus, it is clear that we again have |6;(¢) — 6;(¢)|, > 0 for ¢ € [¢*, 7] and for every
t* € (Tx—1, t). This amounts to saying that the preceding argument again holds in [t*, 7],
and consequently

he (07 — 6f) — 1'(0; —6;) inC([*,7])

for every ™ € (Tx—1, 7). Thus, we just need to prove the weak convergence in some
interval [Tx—q, t*]. Fix t*. Since 0; (Tx—1) # 6;(Tx—1), we can assume without loss of
generality that ) )

80 := 0;(Tg—1) — 0; (Tx—1) > 0.

By continuity of éj and 6;, there exists some small 7* € (Ty—1, 7) such that

6i(t) — 6;(t) = 8p/2 forallt € [Ty_y, 7). (4.4)
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Then, by the uniform convergence of the frequencies (see Lemma 4.1), we can take a
small enough g9 > 0 such that if ¢ € (0, g9) then

08 (1) — 05(t) = 80/4 forall t € [Ty—y, T*]. (4.5)

In particular, we have well defined inverses of 6; — 6; and 67 — 67 in [T}, T*] for every
¢ € (0, &9). Indeed, the inverse function theorem states that

1

0 =07 = —— 7
(6 ) (0; —6;)o(8; —6;)7!

(4.6)

and a similar statement holds for 67 — 6. In order to show the weak convergence in

LY([Ty_1,t*]), we equivalently claim that the following assertions are true:

(a) Uniform-in-¢ L' bound of hg(@f — 6f) and h(0; — 0;) in [Ty, T*]: there exists a
constant M > 0 such that

18507 = O L1 are_y .oy 1A 65 = O L1 qr_y vy = M

for every ¢ € (0, &9).
(b) Convergence of the mean values over finite intervals:

TH*

im [ (RLO5() — 65 () — I (6; (1) — 6 (0)) di = 0
Tk—1

e—>0

for every t** € (Tx—1,17%).

Let us prove this claim. Regarding (a), we just focus on hg(@f — 0f) (the other case is
similar). By a simple change of variables 6 = (91‘4E —07)(t) and (4.5)—(4.6),

THF* ej(t**)—af(‘[**) h/ 9 d9
[ e -sia= [ ol
0 (Ti—)=6; (Te—) (6] = O1) (6] — 67)71(9))

Tk—1
< ||h;||L1(T)%’

Then (a) follows from Lemma 4.2(2).
Regarding (b), we split
[ e —oer- w6, oy di = 1.+ 11,
Tk—1
where
Hx
I, .= / (h;(@f—@f)—h’(@f—@f)) dt,
Tr—1

*k

I, = / (h(6F — 6F) — W' (6, — 6,)) dt.

Tk—1
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The same change of variables as above allows us to rewrite /. in the following way:

05 ()~ 0f () 46
I, = / (H(0) = 1 (0))
0 (Tk—1)—6f (Tk—1) (9, - 9,' )((Gj - 9;‘ )~1(8))

Then estimate (4.5) along with the strong L'(T) convergence of the kernels in
Lemma 4.2(3) shows that I, vanishes when ¢ — 0:

4 ee(r**) 9[8(.[**) , ,
L] < 5—/ I1,(6) — ()] 8
0 JOF (Tk—1)—6f (Tk—1)

= 5—||h2(9) WOy =0 ase—0.
0

For the term 1 I, we use Lemma 4.2(4) to show

(0 - 60) — (6F — 6]

1| <M .
¢ T,_, min{|0¢ — 6F],.10; — 6io}"

ok

T
1
<22M|0° -0 / dt
= ” "C( [Ti—1,7**],RN) Te_s m1n{|98 9;|ov|9j _9i|g}y

skook

T 1 1
B &
<2’M|© ®||C( (Th_ ”**]RN)/“ max{lee AT |o}dt

B &
=2°M|® ®”c( [Ter.o], RN)/T“(sz_eﬂg + 16; _9i|g)dl'

Then, a new change of variables along with the equations (4.5)—(4.6) and the local
integrability in one dimension of an inverse power of order y entail the existence of a
non-negative constant C that does not depend on ¢ such that

[I¢] < ClIO° = Ollcqr,_,,**1.RN)-

Now (2) follows from the uniform convergence of the phases in Lemma 4.1.

(3) Consideri € {1,..., N} and j € S;(Tx—1). By the uniqueness in Theorem 3.1,
we can ensure that 0;(t) = 6;(¢) for all t > T;_;. Then the uniform convergence of the
kernels /1, along with the uniform convergence of the phases in Lemma 4.1 shows that

he(0 = 05) > 0 in C([Tiy, 7)),
and hence the result holds true by definition of the norm in W1 ([T}_,, ). |

Remark 4.1. The preceding results show that the unique global-in-time solution ® to
the problem (3.2), with o € (0, 1/2), which we constructed in Theorem 3.1, satisfies
6; € C11722([0, 00), RY) and the frequencies 6; exhibit higher regularity. Indeed, they
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are piecewise W1 in the sense that 6; € W1 ([Tx_1, 7]) for every k € N and every
T € (Tg—1, Ty). In addition, they satisfy the following equation in the weak sense:

== > KO —0)0—6) 4.7)
JES@(Tk—1)

in [Ty _1, t]. Throughout the proof of the above result we have just used the local integ-
rability in one dimension of any inverse power of order smaller than 1. However, one
might have tried to use the fact that such inverse powers actually belong to L]‘l(’)C in order
to show that in Step 2 the convergence takes place in L?([Ty—1, t])-weak forany 1 < p <
1/(2c). In this way, the gain of regularity is in reality higher, namely 6; € W17 ([T}_1. 1))
forevery 1 < p < 1/Qa).

In the following, we shall discuss the corresponding singular limit in the critical and
supercritical cases. Since the Filippov set-valued map is relatively simpler in the latter
case, we will start from it. Later, we will adapt the ideas therein to show a parallel result
in the critical regime.

4.2. Limit in the supercritical case

Using vector notation similar to that in (2.3) for the singular weighted model, our regu-
larized system (2.5)—(2.6) can be restated as

@s — H8(®5)7
0¢(0) = O,

where the components of the vector field H? read
K
Hf(©) = Q; + N Zha(ej —6:)
J#i
for every ® € RY and every i € {1,..., N}. Then one can mimic the ideas in Section 2

to show that the regularized system can also be written as a gradient flow

OFf = —VVE(0°),
©°(0) = B,

where the regularized potential now reads

(4.8)

N N
K
VEO©) ==Y Qi + ViE(©) == — Z Qi+ 5 Z We(6; — 6)) (4.9)
i=1 i#j
for every ® € RY. Again, W, is the antiderivative of /i, such that W,(0) = 0, i.e.,

i=1

6
W,(0) := /0 he(8) do'.

Also, it is clear that in the supercritical case, W, > 0 for every ¢ > 0. Thus, the following
result holds true.



J. Park, D. Poyato, J. Soler 3232

Lemma 4.3. In the supercritical case a € (1/2, 1), let ©F be the unique global-in-time
classical solution to the regularized system (4.8). Then

1 t C2
5 [ 10 ds = B+ @)
0

for everyt > 0 and every ¢ > 0, where Cq := (vazl 521.2)1/2.

The above result shows that {®¢}, is bounded in H1((0,T),R¥) for every T > 0.
Hence, there exists a subsequence (not relabeled) such that {®¢},.. ¢ weakly converges to
some ® € H! ((0,00),RY)in H'((0,T),R¥) forevery T > 0. The Sobolev embedding

loc
and the definition of weak convergence ensure that

©° >0 inC(0,T..RY), ©°—~ O inL2((0,T),RY),

for every T > 0. Before we obtain the desired convergence of (4.8) towards a Filippov
solution, let us introduce the following split of the frequencies:

O (1) = x*(1) + y°(1), (4.10)

where, componentwise, each term reads as follows:

K
xi (1) = N D (e (05 (1) — 65 (1)) — h(6; (1) — 6:(1))).
220
K K
O =5 Y hEO =60+ Y he(B5 ()~ 67 ().
JECi (1) JEC; (1)

Then it is clear by definition that
x>0 inC(0,T].RY), y*—=® inL2%(0,T),RY),

forevery T > 0, and y®(¢) € J(O(t)) for every t > 0. As a consequence, ©®° becomes a
Filippov approximate solution in the following sense:

O%(1) € H(O(t)) + x°(1). 4.11)

Remark 4.2. Recall that #(©(¢)) is a closed set for every ¢ > 0 (see Proposition 3.2).
Consequently, in order to prove that the limiting ®(¢) yields a Filippov solution, it would
be enough to show the almost everywhere convergence of the sequence {(H)E Je>o to 0.
Unfortunately, it is well known that weak convergence in L2 is not enough for that pur-
pose. Hence, we must deal only with that weak convergence.

Before going to the heart of the matter, we need to exhibit another characterization of
the Filippov set-valued map in terms of implicit equations. The next technical lemma will
be used for that. For the proof, see Lemma B.1 of Appendix B.

Lemma 4.4. Letn € N and x € R". Then the following assertions are equivalent:
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(1) There exists Y € Skew, (R) such that
x=Y-j.
(2) The following implicit equation holds true:
x-j=0,
where j stands for the vector of ones.

Hence, we are ready to obtain the above-mentioned characterization.

Proposition 4.1. In the supercritical regime a > 1/2, the value J(©) of the Filippov
set-valued map associated with H is the affine subspace of dimension N — k of points

(w1, ...,on) € RN obeying the following implicit equations (recall Subsection 2.3):
Ly Ly (2 + £ 3 hey -0 (4.12)
— Wi = — Al B )
nk A ! nk . ! N : I !
i€Ey i€Ey JEC;

foreveryk =1,... k.

Proof. By Proposition 3.4, #(®) is the set of (w1, ..., wy) € RY such that for every
k =1,... k there exist Y* € Skew,, (R) and a bijection ok {1,....,n} — Ej such
that

K < K &
k
O = Qi+ 50 D i By = 6,) + 37 3V
m=1 j=1
m#k
forevery i = 1, ..., ng. Then the result follows by applying Lemma 4.4 to each of the
above sets of ;. equations to the vectors x* € R”%(®) with components

K < ,
xlk = (l)o_ik — Qo_ik N Z nmh(0,, —0,), i=1,... ng,
m=1
m#k
when we equivalently restate it using the notation of Subsection 2.3. ]

Remark 4.3. Here we discuss why the same approach as in Subsection 4.1 to decompose
the dynamics for o € [1/2, 1) into subintervals (7%, Tx+1) of the same collisional type
cannot be taken:

(1) Recall that in the subcritical case o € (0, 1/2) in Subsection 4.1, any strong limit ®
already yielded a solution to the limiting system (3.2). Indeed, there can be just one
such strong limit by the one-sided uniqueness of the limiting system (3.2). Also, in
that case one can find a nice split of the dynamics into a sequence of intervals where
no collision happens. Thus, on every such interval, the kind of collisional state of our
trajectory remains unchanged. Let us remember that the reason why that sequence
fills the whole half-line in the subcritical case relies on the following facts: first, by
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uniqueness we can characterize the sticking of oscillators and once they stick during
some time they remain stuck for all time. In particular, only N — 1 sticking times
can exist. Second, when an accumulation of collisions takes place, it has to be at a
sticking time. Hence, there can be just N — 1 such accumulations of collisions, thus
covering the whole half-line.

(2) Unfortunately, for o € (1/2,1) or ¢ € 1/2 we still do not know at this point whether
any limit ® becomes a Filippov solution to the limiting system (3.2). Thus, despite
the fact that we have clear characterizations of sticking of such solutions, we cannot
apply them to any such limit ®. In addition, the behavior of any H! weak limit can
be very wild. Specifically, a possible scenario of an Hl(l,c trajectory is that sticking
might happen just for a short period of time, after which the cluster detaches. Also,
“pure collisions” might accumulate at a non-sticking time exhibiting Zeno behavior
(recall Remark 3.4 and Figure 6). Therefore, a split of the dynamics into countably
many intervals (Tk, Tx+1) as in Subsection 4.1, where the collisional state remains
unmodified, is not viable.

As discussed in the above remark, it is not clear how to achieve a split of the dynamics
into countably many time intervals covering the whole half-line, each of them exhibit-
ing unvaried collisional state. Hence we need a new approach, where the above explicit
H-representation of the Filippov set-valued map at any collision state will play a role.
One of our main tools will be the Kuratowski—Ryll-Nardzewski measurable selection the-
orem [30], which applies to set-valued Effros-measurable maps. For completeness we
include the statement of that result, adapted to a finite-dimensional setting.

Lemma 4.5 (Kuratowski—Ryll-Nardzewski). For any n,m € N, consider any set-valued
map ¥ : R" — 2R" with non-empty and closed values. Assume that ¥ is Effros-measur-
able, that is, for every open set U C R™, the set

(xeR": F(x)NU # 0.

is measurable. Then ¥ has a measurable selection, i.e., there exists a measurable function
F : R" — R™ such that

F(x) e F(x), ae xeR"

Sometimes, it is helpful to control how many of these single-valued measurable selec-
tions of the Effros-measurable set-valued map are needed in order to essentially have the
whole set-valued map “represented” in some sense. This is the content of an intimately
related result: the Castaing representation theorem [13, Theorem II1.30].

Lemma 4.6 (Castaing). For any n,m € N, consider any set-valued map ¥ : R" — 2R

with non-empty and closed values. Assume that ¥ is Effros-measurable. Then ¥ has
a Castaing representation, i.e., there exists a sequence {F"},en of measurable maps
F* : R" — R™ such that

F(x)={F"(x): neN}, ae xeR".
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These results will be directly applied to the critical case in Subsection 4.3. How-
ever, for the supercritical case, we will need a refinement of the above theorem to allow
for integrable representations of the set-valued map. The Effros-measurability has to be
improved to some integrability condition for set-valued maps.

Lemma 4.7. For any n,m € N, consider any set-valued map ¥ : R" — 2R" with non-
empty and closed values. Assume that ¥ is Effros-measurable and strongly integrable,
that is, the single-valued map |¥ | is integrable, where

|F|(x) :=sup{|y|: y € F(x)}, ae xeR".

Then every measurable selection of ¥ is integrable. In particular, ¥ enjoys a Castaing
representation consisting of integrable selections.

Proof. Take any measurable selection F' of ¥, which exists by Lemma 4.5. Then, by
definition of | F |,
|F(x)| < |#|(x), ae xeR"

Since || is integrable, the first part of the result holds true. The second one is a simple
consequence of the first one along with Lemma 4.6. ]

Remark 4.4. The same ideas as in Lemma 4.7 also yield similar statements for the spaces

L} .(R") and L*®(R"):

(1) If ¥ is locally strongly integrable, i.e., || € L
tion belongs to L1 (R").

loc

1

ioc R™), then every measurable selec-

(2) If ¥ is strongly essentially bounded, i.e., | ¥ | € L°°(R"), then each measurable selec-
tion belongs to L>*°(R").

Theorem 4.3. Consider the classical solutions {©%}.~¢ to the regularized system (4.8)
with a € (1/2, 1) and any weak H,}_ limit ©. Then

O(t) € H(O(1)), aet>0.

Proof. e Step 1: H -representation of the Filippov map. By Proposition 4.1,

k()
H(©) = () Pi0). (4.13)
=1
where
Pr(t) :={x e RN : a;(t) - x = by (1)}
with
1 1 K
at) ;= — ei, bi(t) = —— (sz,- += > ko —ei)).
m@) m(®) 5 N bew
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o Step 2: Castaing representation of coefficients. Define 4 : ]Rg —2RY and B IR(J; —2R
by

A)={a;@): I =1,...,k()} and B@):={b(t): I =1,...,k()}.

It is clear that both maps take closed non-empty values and they are Effros-measurable.
Thus, Lemma 4.6 yields their Castaing representations. On the one hand, +4 is strongly
essentially bounded (see Remark 4.4), so there exists a sequence {A" },eny € L°°(0, 00)
such that

A(t) ={A"(t) : n € N}

for almost every ¢t > 0. By the finiteness of #(t) we equivalently have
{aj@): 1l =1,...,k(t)} ={A"(¢t) : n € N}, (4.14)

for almost every ¢ > 0. However, it is not clear whether 8 is strongly locally integrable
since we expect possible switches of the collisional type of the limiting ®(¢), thus on the
coefficients by (t).

e Step 3: Strong local integrability of B. Let us show that the above wild behavior still
does not prevent us from achieving our goal. Consider the regularized coefficients

&€ . 1 K & &
b (t) ‘ZT(z),Z (QHFN -Z he (6 —ei)), I=1,....k().
i€E; (1) JEE;i (1)
We can define a similar set-valued map B° : R(‘)" — 2R by
By ={bj(t): [ =1,...,k()}.

By definition it is clear that
lin}) bi(t) = by (t)
e—>

forevery [ = 1,...,k(t) since j ¢ €;(¢) in the definitions and, at those 8;(t) — 6;(¢),
the limiting kernel % is continuous. Since both B(¢) and B4(¢) consist of finitely many
terms, we deduce that

|BE(t)| — |B(t)|, ae.teR]. (4.15)

Then Fatou’s lemma on any finite time interval [0, T'] C Rg‘ with T > 0 entails

T T
/ |B|(t)dt < liminf/ |B%|(¢) dt. (4.16)
0 e—>0 0

By definition, it is clear that

N
O (t)-a;(t) = Tl(t) Z (Qi + % Zhs(e;’ - 9;’)) =bj (1),
iEE](t)

j=1
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where we have canceled the terms with j € E;(¢) in the last step by the antisymmetry
of .. Hence, our set-valued maps are strongly dominated as follows:

|BE|(r) < |®%(r)|], ae.r>0. (4.17)

Putting (4.17) into (4.16) we obtain
T T
/ |B|(t) dt =/ liminf |B°|(¢) dt
0 0 e—0
T .
< liminf/ |©%()| dt
e—0 0

T 1/2

§T1/21iminf(/ |®5(t)|2dt)
e—>0 0

< TY2(CET + 2Vi(©9))"/? < 0.

Here, we have used the Cauchy—Schwarz inequality in the second step and the a priori
bound of Lemma 4.3 in the last one. Then Remark 4.4 yields the existence of a Castaing

representation {B" },eny € L} (0, 00) of the map B. Again, we conclude that

{bi(t): I =1,....,k@)y ={B"(): n € N} (4.18)
for almost every t > 0.

e Step 4: Conclusion. Since y®(t) € H(0O(t)) for every ¢ > 0 and every ¢t > 0, the
H-representation (4.13) along with the essentially bounded and locally integrable rep-
resentations (4.14) and (4.18) yield

A1) - y*(t) = B"(1), neN,
for almost every ¢ > 0. In particular,
o0 o0
| aro-voend = [ Bwena
0 0
for every & > 0, each ¢ € C.(R™) and any n € N. Notice that the boundedness and local

integrability of our selectors ensures that such expressions make sense. We can now use
the weak L2 convergence of y* towards ® to obtain

o0 . o0
/ A"(1) - O@)p(t) dt =/ B"(t)p(t) dt
0 0
for every ¢ € C.(R™) and each n € N. The fundamental lemma of calculus of variations

along with the Castaing representations in (4.14) and (4.18) and the H-representation in
(4.13) allow us to deduce the desired result. ]
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4.3. Limit in the critical case

In this subsection, we will address the singular limit of the regularized system (2.5)—
(2.6) towards a Filippov solution to (3.2) in the critical regime o = 1/2. We will mostly
apply a similar approach to that in the supercritical regime. Nevertheless, there are several
novelties. First, we will show that we actually enjoy a better W 1:°° a priori estimate, apart
from the above H! bound of Lemma 4.3. Second, the explicit expression of the Filippov
map in Proposition 4.1 in terms of the intersection of hyperplanes will be adapted to this
case.

Lemma 4.8. In the critical regime o = 1/2, let ®° be the unique global-in-time solution
to the regularized system (4.8). Then

10| Lo (0.00) & N) < Ca + K

for every ¢ > 0, where Cq := (ZlNzl 91-2)1/2.

We omit the proof since it is a clear consequence of the boundedness of /4 in the
critical case. As a consequence of Lemma 4.8, we infer the existence of a subsequence
of {®%}.~¢ (not relabeled) that weak-* converges to some ® € ngc’oo((O, 00), RY) in
W10, T),RY) for every T > 0. In particular,

0° -0 inC(0,T.RY), ©&° 2@ inL>((0,T),R"),
for every T > 0. In addition, the same split as in (4.10) can be considered and we obtain
x* =0 inC(0,TL,RY), »* 2@ inL>((0,T),RV),

and y®(t) € H(O(t)) for every t > 0 and ¢ > 0. Hence, ®° becomes an approximate solu-
tion in the same sense as in (4.11). What is more, the same Remark 4.2 is in force. Thus,
again we cannot ensure pointwise convergence of ©°. In order to obtain an analogous
characterization of the Filippov map, we will need the next technical lemma.

Lemma 4.9. Foranyn € N and x € R”, the following two assertions are equivalent:
(1) There exists Y € Skew, ([—1, 1]) such that

x=Y-j
(2) We have
1 k
£ oy € [0 = k). (1 = )
i=1
for every permutation o of {1,...,n} and any k € N.

For easier readability, we postpone the proof to Appendix B. The following result a
straightforward consequence of Lemma 4.9 along with the explicit formula in Proposi-
tion 3.2.
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Proposition 4.2. In the critical regime o = 1/2, the value J(®) of the Filippov
set-valued map associated with H is the compact and convex polytope of points
(w1, ..., ox) € RN whose H-representations consist of the affine inequalities (recall
Subsection 2.3)

1 1 K K K

LY ee n—iz(szi NI —6») n [—ﬁ(nk ). e —m)} (4.19)
iel iel JEE;

foreveryk =1,...,k and I C E with#I = m.

Now we turn to the main result, i.e., the convergence of the singular limit to a Filippov
solution of the critical system.

Theorem 4.4. Consider the classical solutions {©¢}.~¢ to the regularized system (4.8)
with o = 1/2 and any weak-* limit © in Wléc’oo. Then

O(t) € H(O(1)), aet>0.

Proof. We mimic the proof of Theorem 4.3. Recall that by Proposition 4.2, an analogous
H-representation to that in (4.13) holds. Specifically,

k(1)
HO@) =) () 650080 (4.20)

I=11CE;
where the half-spaces are
;@) :=A{x e RN ap 1 (1) - x < b ()},
S () i={x e RN s aq; (1) x = by, (1)},

for every I C Ej(t). We set

1
ar(t) = — > e

i€l
+ oy L LK (1) — 6; K oo -
b0 = (o + v X o0 610 ) £ 3 (1) =)

where m = #I. Now, the coefficients are clearly uniformly bounded. A straightforward
application of Remark 4.4 leads to the existence of essentially bounded selectors for the
coefficients. Namely, we can give an ordering such that

{a () 1 =1,....k@), I CE(t)} ={A"(t): n e N} (4.21)
bi5 () 1=1,....k(t). I CE(t)y ={B™"(1): n € N}, (4.22)

for almost every ¢t > 0. Recall that y®(¢) € #(O(t)) for every ¢ > 0 and every ¢t > 0.
Then, by (4.20)—(4.22), we equivalently have

A™(1) - (1) < BT"(t) and  A"(t)-y°(t) = B~"(1),
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for all n € N, each ¢ > 0 and almost every ¢ > 0. In particular,
oo o0
f A™M(t) - yE(t) (1) dt 5/ Bt dt,
0 0
oo o0
/ A"(t) -y (1) p(t) dt > / B~ dt,
0 0

for alln € N, each & > 0 and any non-negative ¢ € C.(R™). Then, using the weak-* L*>®
convergence we obtain

/oo A"(1) - O@) (1) dt < /oo Bt d1,
0 0

o
/ A1) - O@) ) dt > / B™" dt,
0 0
for all n € N and any non-negative ¢ € C.(R™). Hence, the result follows from the
fundamental lemma of calculus of variations along with the Castaing representations
(4.21)—(4.22) and the H-representation (4.20). [

4.4. Comparison with previous results about singular weighted systems

We have studied the existence and one-sided uniqueness for the singular weighted first
order Kuramoto model in all the subcritical, critical and supercritical regimes. We now
compare our result with previous research on the singular weighted Cucker—Smale model,
which is a second order system describing the flocking behavior of interacting particles. In
Section 2, the first order Kuramoto model (2.1) was shown to be equivalent to its second
order augmentation (2.4). On the one hand, this is clear for regular weights as studied in
Theorem 2.1 (see [16,22]). What is more, it remains true in our case, which is character-
ized by singular weights. However, we must be specially careful with time regularity in
order for such heuristic arguments to become true. Let us focus on the subcritical regime,
where the rigorous equivalence between (2.1) and (2.4) follows from Remark 3.6 by virtue
of the one-sided uniqueness in both models. Indeed, in the subcritical case, the “influence
function” of the augmented flocking-type model reads

sin|9|0:| 1 -2«

h'(6) =
1010 1013

near 0 € 277, (4.23)

o2 [cos@ —2a

which enjoys mild singularities of order 2o < 1 in the subcritical case. The singular
second order model (2.4), (4.23) shares some similarities with the Cucker—Smale model
with singular weights,

Xi = Vi,

(4.24)

v;

K N
~ 2 W = XD — v,
j=1
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where the communication weight v is given by

1
V() == (4.25)
r

for r > 0 and B > 0. Although some results regarding the asymptotic behavior of that
system have been established [20], its well-posedness has not been addressed until very
recently in [36,37] for the microscopic model and [9,33,39,43] for some first and second
order kinetic and macroscopic versions of the model. Regarding the microscopic system
(4.24)—(4.25), the existence of global C! piecewise weak W21 solutions (x1,...,xy) has
been established in [36] for 8 € (0, 1), which corresponds to & € (0, 1/2) in our setting
(see Theorem 3.1, Theorem 4.1 and Remark 4.1). Also, in the weakly singular regime B €
(0,1/2) (i.e., @ € (0, 1/4)), the same author proved in [37] that the velocities (vy,...,vN)
are indeed absolutely continuous. Consequently, the C! weak solutions (x,. .., xy) are
actually lec’l in that case. This property was proved through a differential inequality.

The method of proof is similar to ours in Section 4 and relies on a regularization pro-
cess of the second order model near the collision times. In our case, we have obtained a
similar regularization process of the first order model, entailing the corresponding regu-
larization of the augmented second order model. Indeed, the method has not only proved
successful in the subcritical case, but also in the critical and supercritical cases. Also,
we have obtained the well-posedness results in an alternative way based on the gain of
continuity of the kernel in the first order model along with its particular structure near
the points of loss of Lipschitz-continuity. Indeed, we have succeeded in introducing an
analogous well-posedness theory in Filippov sense for the endpoint case @ = 1/2 and the
supercritical case o > 1/2.

Regarding the more singular cases f > 1 (i.e., @ > 1/2), one can show that there
exists some class of initial data for (4.24)—(4.25) such that one can avoid collisions and the
solutions remain smooth for all time. Indeed, such solutions exhibit asymptotic flocking
dynamics [2]. Very recently, it was shown in [ 10] that the loss of integrability of the kernel
when 8 > 1 actually ensures the avoidance of collisions for general initial data. In that
regime, the asymptotic flocking behavior is not guaranteed for any initial data. However,
the ideas for (4.24)—(4.25) fail in our model (2.4)—(4.23) because the kernel 4’ with o >
1/2 no longer behaves like the communication weight ¢ with 8 > 1. Specifically, ¥
is always a positive and decreasing function whereas 4’ is negative and increasing (see
Figure 7). Thus, we expect our solutions to exhibit finite time collisions as shown in the
results of Section 5. This is the reason for the generalized theory in Filippov’s sense to
come into play in the critical and supercritical cases.

5. Synchronization of the singular weighted system

We now analyze the collective behavior in the system (3.2). We first consider the system
of two interacting oscillators. Then we extend the argument to the N -oscillator system.
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Fig. 7. Comparison of the functions 4’(6) and v (6) with & = 0.75.

5.1. Two-oscillator case

In this part, we consider the dynamics of two oscillators. The system (3.1) for two oscil-
lators becomes

. K sin(@z - 091) : K sin(91 — 92)

Oh=Q+——"—=-, L=+ ———7-—-.
T 2 e -0 T T T 2 16— 6f
Recall that in the critical and supercritical cases we do expect collisions (see Subsections
3.2 an 3.3). The above representation of the system is only valid before the first collision.
After that time, the right hand side has to be replaced with the corresponding Filippov
set-valued map. At this step, we shall focus on the dynamics before the first collision. Let
us define the relative phase and the natural frequency by 6 := 6, — 6y and Q := Q, — Q3.
Then the system (5.1) can be rewritten as

(5.1

. sin 0
0=Q—-K——. 52
o1 o
Proposition 5.1. Let 6 : [0, T) — R be a maximal classical solution to the differential
equation (5.2) with o € (0, 1) such that the oscillators are identical, i.e., Q = 0, and
with initial datum 0 < |0y| < . Then the maximal time of existence T lies in the interval

[[mins Z‘max]7 where

60> J ot
= an = —
2Ka T 2 Kasin |Gy

In addition, the lower and upper estimates

|90|2cx+1

I'min

sin |G|
|60l

hold for all t € [0, T), and lim; 1 8(t) = 0. Hence, two identical oscillators confined to
the half-circle exhibit finite-time phase synchronization.

1002 —2Kat < |0]** < |6p|** —2Kat
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Proof. First of all, in the identical case, w + 2w Z are equilibria of (5.2) where the inter-
action kernel is Lipschitz-continuous. Hence, the maximal solution 6 cannot touch such
values if started at 8y. Therefore, 0(¢) € (—mn, ) for every ¢t € [0, T'), and consequently
16(t)|o = |0(t)| for t € [0, T). Let us now multiply by (2« + 1)|6]?>*sgn () on both sides
to obtain

d 2a+1 2a d .

E|0| = Qu + 1)|0] sgn(@)ae = —K(Q2a + 1) sin 6 sgn(0)

= —KQa + 1)sin|6]|.

Denote y = |0]?>*™1; then the equation becomes

d S
Ey = —K(Q2a + 1) sin y 2«+T, (5.3)

We now consider upper and lower estimates for (5.3) separately.

e Lower estimate: Since |y| > sin|y|, we have

d 1
—y > —KQu + 1)y2e+1,

dt
By multiplying by 524+ Y3 on both sides, we obtain
d 2a
—y2e+T > 2Kq.
dt y =
This yields

2o 2T
Y2+t >y, —2Kat.

Thus, we have a lower estimate
10> > |6o|** —2Kat for0<t <T.
In particular, the above lower estimate shows that

[

= !min-

T >
~ 2K«
o Upper estimate: As long as 0 < y < w2%*!, the solution y is non-increasing, i.e.,
4y < 0. Since the initial data 6, satisfies |f| < 7, we have yo < 72*+1, thus y () < yo
for t > 0. Hence,
T

R sin y; 1
S]ny2a+l Z —1y2a+1 . (54)
2a+1
0
Applying (5.4) to (5.3), we find
1
d sin y2otT

dt TaFT
J’oa



J. Park, D. Poyato, J. Soler 3244

Multiplying by 5= +1 y_2al+l on both sides, we obtain
2ot+l
iy prany < 2K« %’
dt y02a+l
which yields
o 20 sin 251
yRdT < vt —ZI(ot—yOl t
2aF1
Yo
This is equivalent to
in |6
102 < |6o2* — 2KaSl|9—||0|t for0<t <T.
0
Again, the upper estimate shows that
|90|2a+1
T = tmax~
~ 2Kasin|6p] .

Assume that the oscillators are non-identical: Q2 = Q, — €27 > 0, and the system (5.1)
has a phase-locked state (91 6,) satisfying 0 < 6, — 6 < 7. Then the equation (5.2) has
an equilibrium 0=0,—0, € (0, ) such that

in 0
Q- k27 . (5.5)
1015

To guarantee the existence of that equilibrium, we need the following conditions for the
coupling strength K:

if a«<1/2, choose KzQ/E,
if a=1/2, choose K >,

where & := maxg<, < h(r). Note that the equilibrium exists for of @ > 1/2 without any
condition on K > 0. We now investigate the stabilities of the equilibria in each case.
Proposition 5.2. Let 0 be a solution of (5.2).

(1) Fora > 1/2, the equilibrium 0 is unstable. Furthermore, if

Op 0 and 6y # 0,

then the solution 0 reaches 0 or 27 in finite time.

(2) For o < 1/2, there are a stable equilibrium 6 € (0, é) and an unstable equilibrium
0* € (0 ), where 6 e (0, w/2) is the solution to 6 = 2« tan 6. Moreover; if 6y €
(=27 4 0*,0%), then the solution 6 converges to 6 asymptotically.
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Proof. We linearize the equation (5.2) near 0 as
6 = —kh'(6)(6 — 6) + R(H).

When o > 1/2, we have #'(9) < 0 for 6 € (0, ). Thus, the equilibrium 6 is unstable.
For a < 1/2, if the equilibrium @ is located in (0, 0) we have 2'(6) > 0, i.e., it is stable.
By a similar argument, since /' (9*) < 0, the equilibrium 6* located in 0, ) is unstable.
We now investigate the convergence of the solution.

e Step I: Critical and supercritical cases, « > 1/2.

o Case 1 (0 > 6): Since the function A is decreasing in (0, 27r), we have h(0) < h(6)
for 8 € (0, 2m). Thus,

0=Q—Kh(®)>Q—Kh(@) =0 forf e (0,2r).

Moreover, due to the monotonic increase of 8, we obtain the lower estimate for the fre-
quency: ) B
0=Q—Kh(0)>Q—Kh(8y) >0 for6 e (0,2n).

Hence, there exists a finite time #; < #he(gw at which the solution converges to 2.

o Case 2 (6y < 6): We apply an analogous argument. Since / is decreasing, we deduce
h(8) > h(0) for 8 € (0, 6). Thus,

0=Q—Kh®)<Q—Kh(@) =0 forb e (0,0).
This monotonic decrease of the phase yields the upper estimate for the frequency:
6 =Q—Kh(®) <Q—Kh(b) <0 forb e (0,0).
So, there exists a finite time 7, < \Q—Ig—%(@o)l at which the solution converges to zero.

e Step 2: Subcritical case o < 1/2. We consider two steps for the asymptotic convergence
to the equilibrium:

o Step 2a: We first show the solution moves into the interval (0, 9) in finite time when
the initial datum 6 is in (=27 + 6*,0] U [9 6*). As long as the solution 6 is in [9 *),
we have 1(0) > h(9). Thus, the solution is non- increasing:

6 =Q—Kh()<Q—Kh(@) =0 forfel[d,0%).
Moreover, the non-increase of solution 6(¢) < 6y gives an upper bound on the frequency:
0=Q—Kh(®) <Q—Kh(b) <0,

while 6 is in [é , 0 *). So, there exists a finite time #3 := % such that the solution

satisfies 0(¢) < 6 for ¢ > t3. Analogously, if the initial datum 6y is in (—27 + 6*,0], then
we have h(6) < h(6), the solution is non-decreasing:

6 =Q—Kh®)>Q—Kh() =0,
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and the frequency has a lower bound

0=Q—Kh(®)>Q—Kh(b) >0,
aslong as 6 € (27 + é* 0]. Thus, there exists a finite time 74 := % such that
the solution satisfies 8(z) > 0 for z > 4.

o Step 2b: We will show that the solution converges to the stable equilibrium_é asymp-
totically when the initial datum is in (0, ). Suppose the initial datum is in (0, 8). Then

h(e)e < h(0) < I'(0)(6 — 0) + h(d).

Thus, the solution satisfies the differential inequality

K(h'(0)(0 — ) + h(B)) < Q—@O

By Gronwall’s lemma, we obtain

Kh(6) P

0 — (G —0)e MO <9ty < — (8 —6p)e o

Similarly, if the initial datum 6y is in (é, é), the function 4 satisfies
h() — h(H)
6—6

Then we have the following differential inequality:

(0 —0) + h(@) < h(B) < h ()6 — 0) + h(B).

h(@) h(6)

— K(H(0)(0 —0)+h(h) <6 <Q— K( 6—0)+ h(@))

Hence, by Gronwall’s lemma, we find

_gh@)=h@,

0 —(p—0)e KW -9ty < b — (B —0)e X 75 . "

Remark 5.1. In the subcritical case « € (0, 1/2), for two non-identical oscillators
a phase-locked state emerges asymptotically (see Proposition 5.2), whereas for two
identical oscillators phase synchronization holds in finite time (see Proposition 5.1). How-
ever, in the critical and supercritical cases @ € [1/2, 1), phase synchronization always
appears in finite time as shown in Propositions 5.2 and 5.1 as long as the initial phase
configuration does not agree with the unstable phase-locked state 6. Namely, in the
supercritical case both oscillators stick together into a unique cluster moving at constant
frequency Q = (21 + 25)/2, independently of the chosen natural frequencies. However,
in the critical case, the same only happens under the assumption |Q2; — Q5| < K. In the
other case, the resulting cluster will instantaneously split.
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5.2. N-oscillator case

In this subsection, we consider the system of N interacting oscillators. We will first focus
on the dynamics in the simpler subcritical case o € (0, 1/2), where solutions have been
proved to be classical (see Theorem 3.1). The reason to start with this case is that the right
hand side of (3.2) can then be considered in the single-valued sense. The dynamics in the
critical case @ = 1/2 and some intuition about the dynamics in the supercritical regime
a € (1/2,1) will be provided at the end of this subsection.

Let ® = (61, ..., 0xn) be the solution to the system (3.2). We first study phase syn-
chronization for identical oscillators. Let the indices M and m satisfy

Op (1) ;== max {01(¢),...,0n ()} and 6,(¢) := min{6;(¢),...,0n (1)}, (5.6)
for each time ¢ > 0. Then we can define the phase diameter to be
D(®) := 0y — 0),. 5.7)

Theorem 5.1. Let ® = (64,...,60x) be the solution to (3.2) with « € (0, 1/2) for identical
oscillators (2; =0 fori =1,...,N). Assume that the initial configuration © is confined
to a half-circle, i.e., 0 < D(®¢) < . Then there is complete phase synchronization at a
finite time not larger than

D(@O) 1—2«a
20Kh(D(®g))

=
Proof. We consider the dynamics of the phase diameter:

d K

ED(@) = N;(h(e,- — Op) — h(0) — Om)).

Since h(6; — 6pr) < 0and h(6; — 6,,) > 0 as long as D(®) < m, we have
d

ED(G)) <0 and D(O(t)) < D(®g) <m fort>0.

Due to the contraction of phase, and the fact that (0, ) > 6 + h(60)/0 is decreasing, we
have

_h(D®) L hD©)
MO — O < 5 oS (B — Oha) and (6 ) = = S 6~ ).
Thus, we obtain the following differential inequality:
d h(D(®0)) h(D(O9))
"=y Z(W”f =0~ gy =)
K h(D(B9)) _ (D)
=N D@ Z —Om) — () = Om)) = —KWD(@))-

J=1
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By Gronwall’s lemma, we obtain

h(D(®q))

K oo ' fort > 0.

D(®) < D(®¢)e
Notice that #(#) behaves like #'72% near the origin. Indeed, it is easy to prove that for
every 0y € (0, 1),

h6s) 1,
91 —2a o 05’

h(9) =

VO € [0, 64].

The main idea is to show that the mapping 6 + h(6)/6172 is non-increasing in [0, 7].
Since the phase diameter D(®) is bounded above by D(0®,) we can take 6, = D(0y)
and apply the above lower estimate for / to obtain

d kY
—D(©) = N;(hwj — Op) — h(6) — 6m))
S o =0 )
< gh(DD((g)o)))Z(eM 0;) + (6 — Om))
_ K—hg()@()?)“)) D(©)2

for every t > 0. In the last inequality we have used that 1 — 2« € (0, 1), and consequently
(Cl + b)l—Zot < al—20{ + bl—Zot
for any a, b > 0. Integrating the above differential inequality implies

h(D(@)o))t)z‘a

20
D(@(f))S(D(@o) - 2uK M

for all + > 0. This implies the convergence to zero at a finite time not larger than 7,. =

We now consider the system for non-identical oscillators. The next proposition yields
the structure of a phase-locked state of (3.2) for non-identical oscillators with mutually
distinct natural frequencies in the subcritical regime.

Proposition 5.3. Let a € (0,1/2) and 0= (91, ..., On) be an equilibrium of the system
(3.2) such that max;_; |0; — 0;| < 0 where 6 € (0, 7/2) is the solution to

6 = 2 tan 6.

Assume the natural frequencies satisfy 21 < --- < Qp. Then the phase-locked state e
satisfies ) < --- < Op.
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Proof. First, we show that the equilibria 6; are mutually distinct, i.e., 6; # G_j fori # j.
Since O is an equilibrium, it satisfies

K .
Qi+ 5 2 h—8) =0 (5.8)
k#i

foreveryi =1,..., N. If there existed two oscillators having the same equilibria 6; = éj ,
then we would have

K - - K - -

~ 2 h O =0 = 3 h(B—6)),

k#i k#j

which contradicts Q; # ;.
We now show the ordering property. From (5.8), we have

K - - K _ _
Qi1 —Q; =-v Z h(ej_9i+l)+ﬁzh(9j_9i)
Jj#i+1 J#i
_ _ o K - - _ _
(h(0ix1—0;)—h(0; —0;)) — — (h(0; — 0; 1) —h(0; 11 —0;))
N
i+l
_ _ L 1K - _
> (h O =0)—h(B:=0)) + (B =)
i1

_ - 2K - _
Z cj(0iy1—0;)+ Wh(0i+1 —0;),
JALiFl

zZlx z[x =[x

where _ _ _
o, e i1 —0) —h (i ;)
;= = — .
Oi+1—0;
They are properly defined because all the equilibria are mutually distinct, and they are
positive because / is strictly increasing in (—6, 6). Thus, the order Q; 1 > €; yields the
order of equilibria 6; 1 > 6;. |

In the subcritical case, we can attain the uniform boundedness of phase differences
under sufficiently large coupling strength.

Lemma 5.1. Let ® be the solution to (3.2) for a € (0,1/2) and non-identical oscillators
with initial data O satisfying D(®g) < D® < 0. If
- D(©)
W/(D>®)(D% — D(®y))’

then the phase diameter D(®) is uniformly bounded by D*°:
D(®()) < D*° fort > 0.
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Proof. Suppose there exists a finite time * > 0 such that
t* :=sup{t: D(O(s)) < D®for0 <s <t} and D(O@*)) = D*.
Let indices F and S be such that
ép = max{él, . ..,éN} and 95 = min{él,...,éN},
for each time . We define the frequency difference so that
D(O(t)) := 0F — bg.
We note that ‘ . ‘g ‘
D(©(t)) — D(®p) = /o ED(@(S)) ds. (5.9
By taking the time derivative of D(©), we obtain

d . K& .. .
ZD(G)) =¥ Z(h’(@' —0F)(0; — OF) — 1’ (0; — 05)(6; — 6m)).

j=1

As long as D(©) < D*°, we have 1'(8; — 6;) > h’'(D*°) > 0. Thus, we get

d

) K o . o
ED(@)SN;h(D )6 — bF) — (6 — b)) = —KI' (D®)D(®).  (5.10)

We combine (5.9) and (5.10) to obtain
t
D(O(1)) < D(Og) — Kh/(D°°)/ D(O(s)) ds. (5.11)
0

Setting y(s) := f(; D(O(s)) ds, we can rewrite (5.11) as

Y1) = ¥'(0) — Kh'(D=)y(1).

Hence,
y'(0) —Kh' (D)t y'(0)
—(1— _—.
() = Kh/(D°°)( ¢ )= Kh' (D)

Since D(®(t*)) = D*®° and K > h,(DOQ)(DD(goOlD(@())), we get

t* t*
D® = D(Oy) +/0 %D(@(s)) ds < D(®y) +/0 D(O(s)) ds
< D(@Q) + % < oo,

which is a contradiction. Thus, we have the desired uniform bound D(®(¢)) < D for
t>0. [
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Remark 5.2. In the preceding proof, the solution ® = @(¢) is C ! but not necessarily C?
because of the essential discontinuity of 4’. Hence, one cannot directly argue with two
time derivatives in the computation of %D(@). However, the preceding arguments can
be made rigorous because the C! solution of (3.2) is a piecewise W?2'! solution of the
augmented model (2.4)—(4.23) as discussed in Remark 4.1. Another possible approach is
to directly show the Gronwall inequality (5.11) in integral form.

In the following result, we show the collision avoidance when the oscillators are ini-
tially well-ordered.

Lemma 5.2. Let © be the solution to (3.2) with o € (0, 1/2) and with initial datum ©g
satisfying D(0g) < D < 6. Assume the natural frequencies and the initial configuration
satisfy Q21 < --- < Qn and 61,0 < --- < On,0. Assume that

- D(®g)
I (D%) (D% — D(®q))

Then there is no collision between oscillators, i.e.,

0i(t) #6;(t) fori#j, t>0.

Proof. From Lemma 5.1, we have a uniform bound D(®(¢)) < D for ¢t > 0. Let £ be
an index such that

ba ) = () = _min (6541(1) = 6;(0)

for each ¢ > 0. For notational simplicity, we set

A= 9@4_1 — 9@.
Then
. kY
A=Quit =R+ 3 (16 = Oe41) = h(6; — 00)

j=1

K N
> Q5+ (10 = Oc1) = h(6; = 00), (5.12)

j=1

where Qg 1= min;j—;,. y—1(;+1 — ;) > 0. We define

S1(0):={j:j<{} and $(0):={j:j>L+ 1}
Note that h(6) is convex increasing for 6 € (—é, 0) and is concave increasing for 6 €

(0, é). Thus, we have

0<Hh(b) < M

<H() for0<a<b<9,
(5.13)

()<h/(c)§M
d—c

<KW(d) for—0<c<d<0.
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From (5.12) and (5.13), we obtain

. K K
Az + 5 D (6 = bey1) —h(8; —60) + v 10 = Oet1)

Jjes1()
K K
= MO =00 + 5 D0 (6 = Oeyr) — (B — 60))
Jj€82(0)
K , K 2K
> Q5 — o ) WO —0)A— = > KO — ) A= —h(A)

N N N
0 J€S2(0)

K K 2K

2K
> Qs — KI'(A)A — —5h(A) = Q5 — CAY = ¢(A),

where we have used 2(0) < C16” and 1/ (6)6 < C,0Y for§ >0and 0 < y < 1 — 2a. Since
limg_04+ g(0) = Qs > 0 and ¢g(0) is continuous for # > 0, there exists a positive ¢ > 0
such that ¢(6) > 0 for 6 € (0, ¢). Hence, the distance A has a positive lower bound. =

In what follows, we study the stability of the phase-locked state for the system of non-
identical oscillators. We use the center manifold theorem to investigate the stability of the
linearized system.

Lemma 5.3 (Center Manifold Theorem [6]). Consider the system

X =Ax + fa(x,y), y=By+ fg(x,y) (5.14)

where x € R", y € R™ and A and B are constant matrices such that all the eigenvalues
of A have zero real parts while all the eigenvalues of B have negative real parts. Assume
that the functions f4 and fg are C? with f4(0,0) = 0, V f4(0,0) = 0, f3(0,0) =0,
V f8(0,0) = 0. Then:

(1) There exists a center manifold for (5.14), y = ¢(x), |x| < 8, where ¢ = ¢(x) is C2.
The flow on the center manifold is governed by the n-dimensional system

u = Au + fa(u,¢u)). (5.15)

(2) Assume the zero solution of (5.15) is stable (respectively asymptotically stable/un-
stable). Then so is the zero solution of (5.14).

Theorem 5.2. Let © := (Ay,...,0x) & € be a collisionless equilibrium of (3.2).

(1) If a > 1/2, then the phase-locked state ® is unstable.

(2) If a < 1/2, then the phase-locked state © is stable.

Proof. (1) In the critical and supercritical regimes « € [1/2, 1), we first linearize the

system (3.2): ) B _
® = A(® —-0)+ R(O), (5.16)
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where the elements of the matrix A = (a;;)1<i,j<n are determined by

COS(éj —6) ) sin |éj —6il,

ajj = — = o— = for i ,
16— 6 16; — 0[5 7
(5.17)
aj; = —Zaij.
J#i

If « > 1/2, we find a;; < 0 fori # j, and hence a;; > 0 fori =1,..., N. Hence 4
is a Laplacian type matrix with all eigenvalues non-negative. Since A represents all-to-
all connected network, there exists a zero eigenvalue of multiplicity 1 and all the other
eigenvalues are positive, which implies the unstability of the equilibrium.

(2) In the subcritical regime o € (0, 1/2), since the equilibrium satisfies

max |6; — 6] < 6
i,j
and 0; # éj fori # j, the elements of the matrix have a;; > 0 fori # j and a;; < 0 for
i =1,..., N.By a similar argument to the above, the eigenvalues of A are non-positive

and there is a zero eigenvalue with multiplicity 1. Let Ay = O and A5,...,Axy < 0 be the
eigenvalues of A and let vy, ..., vy be the corresponding left eigenvectors such that

v, A=Av; fori=1,...,N.

We note that vy = (1,..., 1). Consider the matrices
1 1 0 0 0
U2 0 A, 0
Pli= . and D := :
UN 0 0 AN

Then P diagonalizes the matrix A:
P~'AP = D. (5.18)
We change variables from ©® = (0y,...,0x5) to X = (x1,..., xy) such that
X :=Plo. (5.19)
Then the system (5.16) can be transformed into
X = D(X — X) + R(X). (5.20)
Let X1 := (x2,...,xn) and

Ay o 0
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Then we can rewrite the system (5.20) as

/ — a4 A
0 O — Ri(x1,Xx
()fl) - ( ) (’fl i“) + (cl( ! Al)). (5.21)
1 0 DJ\x1—x Ri(x1, %1)
Consider the center manifold in Lemma 5.3, which can be written as
We i={(x.y) e Rx RN 1y = ¢(x) for |x] < &, ¢(51) = 0, Dp(&1) = 0},
and consider the equation ~
X1 = Ri(x1,$(x1)). (5.22)

By the Center Manifold Theorem, the stability of (5.22) implies the stability of (5.21).
Since (5.19) yields x; = 6; + --- 4+ Oy, we have

N . N
%1 =Ze,- =Zsz,- =0.
i=1

i=1

Thus, Iél = 0 and the dynamics of (5.22) is stable. Therefore, the phase-locked state O is
stable for o < 1/2. L]

Finally, we are ready to show the emergence of a phase-locked state for non-identical
oscillators.

Theorem 5.3. Let ® be a solution to (3.2) for a € (0, 1/2) with initial datum @ satisfy-
ing _
D(®g) < D® < 6.
If .
y D(®0)
W (D%) (D> — D(0q))’
then we can show the emergence of a phase-locked state. Moreover, if the oscillators

have distinct natural frequencies, i.e., Q; # Q; for i # j, then synchronization occurs
asymptotically.

Proof. By applying Gronwall’s lemma to (5.10), we have exponential decay of the upper
estimate on the frequency diameter:

D(O(t)) < D(@g)e KW D™,

This exponential decay implies the emergence of a phase-locked state.

Assume the oscillators have mutually distinct natural frequencies. Since Proposi-
tion 5.3 gives the structure of a phase-locked state, the oscillators become sorted in
increasing order of natural frequencies in finite time. After this time, by Lemma 5.2,



Filippov trajectories and clustering in the singular Kuramoto model 3255

we have a positive lower bound e > 0 for the distances between the oscillators. Con-
sequently,

d

- D©) = (' (8; — OF)(6; — OF) — ' (6; — 05)(6; — 65))

>

(W' (ea)(6; — OF) — W' (ea)(B; — Os)) = —Kh'(ea) D(O).

z|~ z|x

N
j=1
N
j=1
By Gronwall’s lemma, we have a lower estimate on the frequency diameter:

D(O(1)) = D(Og)e KW (ea) .

Let us now get some insight into the behavior of the Filippov solutions to (3.2) (see
Theorems 3.3 and 3.5) in the most singular cases @ = 1/2 and « € (1/2, 1). Looking at
Remark 5.1 for the dynamics of two oscillators, we expect global synchronization in finite
time for N oscillators. Specifically, in the supercritical case, the emerging global cluster
is expected to stay stuck independently of the chosen natural frequencies. In the critical
case, the sticking conditions (3.12) are required for the cluster to remain stuck. To begin,
let us prove finite-time global phase synchronization of identical oscillators in the critical
and supercritical cases. To that end, we need the following technical results.

Lemma 5.4. Let« € [1/2,1), B € (0,2] and 0« € (0, ) and define

)

c@ ) = (

Then

he(60) > Vo € [c(a, B)e, O4],

he(0s) g
08 o

*

for every 0 < & < c(a, B)™16,.

Proof. Define
in
he(0)  Grea7)e
g8~ @B
We claim that g, is non-increasing in (c(c, B)e, m) for every ¢ € (0, c(a, B)~!604); then
the result is apparent. Indeed, taking derivatives we have

ge(0) == 6 € (0, 7).

1 62 .
g;(@) = m[@ cosf — (20[82+—92 + /3) s 9]
B 1 BO? — Qo — B)e? .
_m[écosé—(hx—i— FERg )sm@]
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for every 6 € (0, w/2). Notice that 2a > 1 and 8 < 2a. Then, by virtue of the definition
of ¢(a, B) one checks that

2 )
6 cosO — 204—}—'30 (2 —ple sinf < fcosf —sinf <0
62 + &2

for every 0 € (c(«, B)e, ) and the monotonicity of g, becomes clear. |

Lemma 5.5. Let ©® = (6, ...,0y) be the solution to (3.2) with« € [1/2, 1) for identical
oscillators, Q; =0 fori =1,...,N, obtained in Theorems 4.3 and 4.4 as singular limits.
Suppose the initial configuration ®y is confined to a half-circle, i.e., 0 < D(®¢) < . Then

h(D(Bq))

D(©(1)) < D(8g)e X @0 ¢ ifa=1/2,

h(D(@)o))I)_m1

1—2a 20—1
D(O(1)) < (D(@o) + Qo — 1227 'K PICNE

if a € (1/2,1),

for everyt > 0.

Proof. The main idea is to handle the approximate sequence {®°},~¢ obtained as solu-
tions to the regularized system (4.8) and to take limits as ¢ — O in the phase diameter
estimates. First, notice that by the assumed initial condition on the diameter one has

d

ED(®€) <0 and D(®°@)) < D(Og) <m for t > 0.

Indeed, note that we can obtain an explicit decay rate for the diameter by mimicking the
ideas in Theorem 5.1. Namely, choosing 6, = D(®¢) and 8 = 2« in Lemma 5.4, we
notice that c(, B) = 0. Consequently, the lower bound of the kernel /4, is valid in the
whole interval [0, D(®¢)]. Hence,

N

d K
Z(h (0F — 057) — he (05 — 05))

ZD(®®
dt © N

N
K
- N Z (he(O3y — 67) + he (67 — 65))

K h (D(®0)) &\2a £ £\2a

—‘NWZ(QM P )
K h (D(@)O)) Za 1 a s a 20
_Khe(D(®0)) 22“_1 D(@)Za.

D(G)*
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Let us integrate the above differential inequality. We need to distinguish the cases @ = 1/2
and o € (1/2,1):

D(©* (1)) < D(©g)e D0 ¢ o =12,
D(®%(1)) < (D(@O)I—Z“ + a — 1)22(1_1[(%0—%1 ifae(1/2,1),

for every ¢ > 0. Recall that by Lemmas 4.3 and 4.8,
©° X @ in H'((0,T),RY).

In particular,
©° > ©® inC(0,T].RY).

Finally, we can take the limit as ¢ — 0 in the above estimates to obtain the desired result.
(]

Under the assumptions of Lemma 5.5 one obtains exponential decay of the diameter
in the critical case and algebraic decay in the supercritical regime. However, finite-time
global synchronization is expected. This is the content of the following result.

Theorem 5.4. Let ® = (64,...,0y) be the solution to (3.2) with o € [1/2,1) for identical
oscillators, Q; =0 fori =1,..., N, obtained in Theorems 4.3 and 4.4 as singular limit of
the regularized solutions ©F to (4.8). Assume that the initial configuration ©y is confined
to a half-circle, i.e., 0 < D(®g) < 7. Then for every B € (0, 1) there exist two oscillators
that collide at some time not larger than

1 _ D(®0)
¢ (1=PB)Kh(D(®o))

Proof. Assume the contrary. Then by continuity there exists 7' > TC1 such that there is
no collision between oscillators along the time interval [0, T']. Again, by continuity there
exists 67 € (0, D(®g)) such that

0; (1) = 0;(t)| = 81/2

forall# € [0,T]and all i # j. Since ® — @ in C([0, T], RY), there exists g9 > 0 such
that
16 (1) — 67 (1)| = 67

forallt € [0,T],alli # j and all € € (0, &g). Take 6, = D(0¢) and let
0 < &y < min{eo, c(a, f)0; ", c(e. B)~ 187}

Then it is clear that

107 (1) — 67 (1)] € [c(a, B)e, 0s]
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forevery ¢t € [0, T],any ¢ € (0,&1) and i # j. Applying Lemma 5.4 we obtain

d kY
ED(G)E) = Z(hg(ef — 051) — he (05 — 65))

K N
—ﬁZ(h (05 — 05) + he (65 — 65))
j=1

K he(D(®y))

—— e _ 958 e _pe)B
Kh (D(®0)) e & 3 e\ B
=N W;((GM —0))+ (6 — Gm))
_ h(D®) g
=-K G D(®)

forall t € [0, T] and ¢ € (0, &1). Integrating the differential inequality yields

ha(D(®0))t) =

&) < 1-8 _ —
D)) < (D(®o) (=P K= @y

forallt € [0,T] and ¢ € (0, &1). Letting £ — 0 leads to

h(D(®0))t)

< 1-8
D(O@)) < (D(®0) -(1=-pK D(@y)?

for each ¢ €[0, T']. However, this clearly contradicts 7 > Tc1 due to the definition of TC1 R

The above result leads to a time estimate for the first collision between a couple of
oscillators in the critical and supercritical cases. However, this idea can be repeated and
improved in the critical case to give a total collision in finite time. The key ideas will be
the uniqueness in Theorem 3.3 or, more specifically, the characterization of sticking of
oscillators in Corollary 3.1.

Theorem 5.5. Let ©® = (0y,...,0x) be the solution to (3.2) with o = 1/2 for identical
oscillators, Q2; = 0fori =1,..., N. Assume that the initial configuration ® is confined
to a half-circle, i.e., 0 < D(®¢) < m. Then there is complete phase synchronization in a
finite time not larger than

D(©o)
Kh(D(®9))

c =

Proof. Assume the contrary, i.e., complete synchronization does not arise along [0, T¢].
By continuity there exists 7 > T, such that it does not happen along [0, T'] either. Recall
that by Corollary 3.1, sticking of oscillators takes place in the critical case after any col-
lision. Then the collision classes €; (¢) and sticking classes S; (¢) in Subsection 2.3 agree
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with each other. Let us list the family of collision (or sticking) classes, i.e., the different
clusters at time ¢:

E(1) = {€1(1)......Ex (1)} = {E1(0)..... Exry(D)}.

As a consequence of the assumed hypothesis «(¢) is non-increasing with respect to ¢ and
bounded below by 2. Coming back to the initial configuration, we define i3y and i, to be
such that

max 09 =06;,,0 and min 0;9 = 6; 0.
1<j<N Js M > 1<j<N Js m

Since the regularized system (4.8) enjoys uniqueness in the full sense, the oscillators 67
and 0]'-9 cannot cross. Similarly, by Corollary 3.1, the oscillators ¢; and 6; cannot cross
either unless they keep stuck together after that time. In any case, it is clear that

12[}"2‘1\7 0; (1) = 6iy, (1), I;I}iélN 0;(t) = 0;,(t),

max 07 = 65, (). min 67() = 6, (1),
for every t > 0 and any ¢ > 0. Then
D(©%(t)) = 0;,,(t) — 07 (1) and D(O()) = 0;,(t) — 6;, (1),
for all # > 0 and & > 0. All the above remarks ensure that for every ¢t € [0, T'],
0;(t)—6;,(t) >0 forall j €€, (t),
0ip, ) —0;(z) >0 forall j €€, (1),
Oy (1) —0;(t) >0 forall j ¢€;,, UE, (1),
0;(t)—6;,t) >0 forallj ¢%€;,, UE,1).
Since ®* — ® in C([0, T, ]RN), by continuity we can find &g, 7 > 0 such that
0;(t) —0; (t) > ér forall j € €y, (1),
67, (1) —07(t) > dr forall j €C, (1),
07, (1) —07(t) >8r forallj ¢€;,, UT,, (1),
07(t)—06; (t)>ér forall j ¢ €y, U, (1),

(5.23)

forall t € [0, T] and all ¢ € (0, &9). Take 6, = D(0y), fix B € (0, 1) and consider
0 < &, < min{gg, c(ax, B)O; L, c (o, ) 167}
Then it is clear that
07 (1) — 07 (t) € [c(a, B)e, 04] forall j €€y, (1),
67, (1) =07 (1) € [c(a, Be, 0]  forall j €C, (1), 5.24)
07, (t) =07 (1) € [c(a, B)e, 0x]  forall j ¢ €, UTC;, (1),
07 (t) — 07 (t) € [c(e, Ble, 0«] forall j ¢ €, UG, (1),
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forallz € [0, T] and ¢ € (0, £1). Now, let us split as follows:

d K
PO =5 2 (heli, —6) +he(6] ~ 7))
J€Ci,, ()
K
J€Ciy, ()
K
N > (he(0F,, — 07) + he(6] — 65,))
JECiy, (DU, (1)
K
<-— NZh(ea 0f ) Zh(@
J€Ciy, (©) 1 €€y, (1)
K
-y 2 (@, =) +he6] ;)
J#Cip, (DUE;,, ()

forall € [0,T] and ¢ € (0, &1). By Lemma 5.4 and the estimates in (5.24), the above
chain of inequalities implies

d K ho(D(®0) Z (98

P =-5 " D(©g)F

]E‘é’

_ K he(D(©0)) S (6, —00)"

" D(Og)B
Y D(®y) et

K he(D(Oo)) 3

N DO (6, —05)P +(0: =65 )P).

J#€ip, (DU, (1)

Let us integrate this differential inequality to obtain

D(©°(1))
0o, K he(D(®0)) . P
< D) - 1 s []; (65 (5) — 65, (5))° ds
K he(D(0)) Y
~ N D©gF / Z (0 (s) — 05(s))” ds

K he(D(8y))
(65, (s) — 05 ()P + (05 (s) — 6F (s))F) ds
N D(@o)ﬁ /1¢€ %\:—’fzm@) J
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forallz € [0,T] and ¢ € (0, &1). Letting ¢ — 0 we obtain
D(O())

~o0, K h(D(®y)) B
= DO -+ DE0F [ Zj)(@w(s) 0, (5))P ds

K h(D(®o)) 5
N D(®g)f / Z( )(QIM(S) i (8)) ds

K h(D(O9)) 5 5
Oins —0; 0; —0i, d
N DE / 1¢€M(sX)L:Jam(s)(( ()= 66D + (6;6) = 61, )" ds

for every ¢ € [0, T]. To sum up, we obtain

t
D©®) = DEn) KT [ DE))
Hence,
p©®) = (D0~ 1 - pr ) t)
for all ¢ € [0, T']. Then, it is clear that
. D(®)

(1= B)Kh(D(O9))

for all 8 € (0, 1). Letting B — 0 shows that T < T, a contradiction. L]

Remark 5.3. Notice that Theorem 5.4 also works in the supercritical case. However, the
same proof as in Theorem 5.5 is not valid to show finite-time complete phase synchron-
ization of identical oscillators for & € (1/2, 1). The reason is that at this point we cannot
guarantee that the Filippov solution in ® obtained as the singular limit of the regularized
solutions ®? to system (4.8) in Theorem 4.3 agrees with the solution obtained in Remark
3.6 via the “sticking after collision” continuation procedure of classical solutions. How-
ever, if the limiting ® obtained in Theorem 4.3 has the “sticking after collision” property,
we can mimic Theorem 5.5 to show that it exhibits complete phase synchronization no

later than at time
D(®y)

7 Kh(D(©g))’

Appendix A. Regular interactions

In this appendix, we study the Kuramoto model with regular coupling weights:

N
aZa

K . .
O =i+ 5 Z(az+c|9 “gzye G 0 fori =1 N (AD
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where we denote ¢ = ¢t = 1—¢ —1/e for simplicity. Recall that this model comes from
the choice (1.4) of T" as the Hebbian plasticity function in (1.5). Since the right hand
side of (A.1) is Lipschitz-continuous, the system (A.1) has a unique solution by Cauchy—
Lipschitz theory in this case.
For positive o, we get the following bounds for I':
2«

<T@) <1, T(@0)=TICr) =1

g i = ——————
7 (02 + cm?)e
Note that &, converges to zero as ¢ — 0. We will study the emergence of synchroniza-
tion for identical and non-identical oscillators and we will use the idea of [15] to prove
synchronization.

A.l. Identical oscillators

Consider the Kuramoto model (A.1) for identical oscillators which have the same natural
frequency. Without loss of generality, we may assume 2; = O foralli = 1,..., N. The
system (A.1) becomes

. K N O.Za
0, = — in(6; — 6;), j=1,...,N. A2
NZ(02+C|9j—9i|g)“ sin(6; ), i (A.2)
=1

We can show complete phase synchronization asymptotically for (A.2) with a con-
straint on the initial configuration. Let us recall the notation 6y (¢) and 6,,(¢) in (5.6)
for the indices of largest and shortest phases and D(®) for the phase diameter defined
in (5.7).

Theorem A.l1. Let ® = (61, ...,0y) be the solution to (A.2). Assume that the initial
configuration is confined to a half-circle, i.e., D(®g) < 7, and the coupling strength K
is positive. Then the solution ® shows complete phase synchronization asymptotically:

K _KT(D(©0)sinD©) ,
D(®g)e™ ™" < D(®) < D(Og)e D(@y) _
Proof. We consider the dynamics of the phase diameter,

d kY . .
DO =4 > (T (6; — 6y) sin(8; — Oar) — T(6; — ) sin(6; — 6)).  (A3)

Jj=1

Since sin(6; — 6pr) < 0 and sin(6; — 0,) > 0, as long as D(®) < 7 we have

d
ED(Q) <0 and D(O(t)) < D(®g) <m fort>0.

By this contraction of phase difference, we have

in D(® . in D(®
oo =) and sin(6) — ) = T 2500, )

sin(6; — 0p) < PICH)
(A4)
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On the other hand,
go <T(D(®)) <T'(D(®)) < 1. (A.5)

By applying (A.4) and (A.5) to (A.3), we obtain the differential inequality

%D(@)
% ]: (r(e %(@ —0m) —T(6; — 9m)%(91 - m>)
_ _% %Gf)");(r(ej — 00) Ort — ;) + T (6 — Om) (0 — Om)
_ _KF(D((;))O()(z)Z;n DOV o,

Gronwall’s lemma yields the desired upper estimate. Similarly, from (A.5) and sinx < x
for 0 < x < 7, we have

d K&
D)= > (6 = ) — (6 = Om)) = —KD(®),

j=1

which gives the lower estimate. ]

A.2. Non-identical oscillators

We assume that the diameter of the initial configuration is less than D> < /2. We first
show that the phase diameter is less than D*° for all time ¢ > 0 for sufficiently large coup-

ling strength K. Recall that for 6 € (—m, i) the plasticity function is I'(6) = %.
Thus,

20%%qch (8) = _202"‘016[02 — (o + 1)c6?]
(02 + ch2)a+1’ (02 + ch2)a+2

') = —

If we set
o

veQRa + 1)’

then I' attains its global extrema at those points:

Or =+

I"é-)= max I"() >0 and TI'(f;)= min TI'(9) <O.
Oe(—m,m) be(—m,m)
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Indeed,
2a4/c
o2+ 1(1 + 5)e+t

We first show the boundedness of phase differences.

I'(0-) = -T"(64+) =

Lemma A.1. Assume that D(©g) < D for some small D*° < 1 /2, and that the coup-
ling strength is sufficiently large so that

(D)
_ li
F(6+) < tan D>
and .
K> D(©9)
[T7(04) sin D® 4 T' (D) cos D®](D*® — D(By))"
Then

D(®(t)) < D*® fort > 0.
Proof. Assume that there exists a time ¢ for which D(®(t)) > D°. Then by continuity
t* :=sup{t >0: D(O(s)) < D®for0 <s <t}
is positive and finite and D(©(t*)) = D*°. Let indices F and S be such that
Op (t) := max {0, (7). ....0n (1)} and 6s(r) := min{6;()....,0n 1)},
for each time 7, and define the frequency diameter by

D(O(1)) := O (t) — Os(2).

Then ‘g
D(O(1)) — D(Og) = / %D((;)(s)) ds. (A.6)
0
By taking the time derivative, we get
d . K o
ED(®) = N Z[F/(Qj —6F) sin(9j —0r) + F(Qj - QF)COS(QJ‘ — QF)](QJ' —6F)
j=1
kY ..
-y Z[F’(Qj — Os)sin(8; — 0s) + I'(6; — Os) cos(0; — 95)](9] — 0s).
j=1
(A7)
Then we get the upper and lower bounds
F’(0+) sin D*®° < F/(Qj —0;) sin(@,- - 9,) <0, (A.8)

I'(D*)cos D <T'(6; —6;)cos(d; — 6;) < 1. (A.9)
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By applying (A.8) and (A.9) in (A.7), we deduce

N

d . K . .
ED(@) < N;[F’(m) sin D® + T'(D*) cos D*®]((8; — bF) — (6; — 0s))

= —K[I'(64) sin D® + ['(D*) cos D*®°|(OF — Os)

< —K[I'(6+)sin D® + T(D*®) cos D] D(®) (A.10)

>0

for every ¢ € [0, t*]. Combining (A.6) and (A.10), we obtain
t
D(O(1)) < D(®g) — K[T"(6+) sin D® + I'(D*) cos D°°]/ D(O(s))ds (A.11)
0

for every ¢t € [0,1*]. Define y(¢) := fot D(©(s)) ds. Then (A.11) can be rewritten as

Y1) < y'(0) = Cy(t).
Here, C := K[I''(64) sin D® + T'(D*) cos D*] and ¢ € [0,1*]. Then

) < X%?l(l—-e*C@ < 1%33

for all ¢ € [0, ¢*]. However, since D(®(t*)) = D, we get

t*

iD(@(s)) ds < D(®) + / D(O(s)) ds
ds 0

t*

D® = D(0g) +/0

(0
< D(©0) + 1) = D©y) + 2 <
when .
- D(6v)
[T7(04) sin D® + T'(D%) cos D®](D*® — D(By))’
a contradiction. Thus, D(O(t)) < D* forall t > 0. |

We are ready to prove frequency synchronization for non-identical oscillators.

Theorem A.2. Assume that D(®g) < D for some small D*° < 7 /2, and that the coup-
ling strength is sufficiently large so that
(D)

/ D(®0)
Tl < Gipe @ K> G D+ T(D%) cos DR](D® — D(@g))’

Then we have complete frequency synchronization

D(@(O))E_Kt < D(@(l)) < D(@(O))e—K[F’(9+)sinD°°+l"(D°°)cosD°°]t.
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Proof. From (A.7)—(A.10), we obtain
d . .
ED(@) < —K[I(64)sin D*° + I'(D*°) cos D®°|D(®).
On the other hand, from (A.7)-(A.9), we have

d . .
ED(G)) > —KD(O).

By Gronwall’s lemma, we achieve the exponential estimates for frequency synchroniza-
tion. ]

Since the decay rate of the asymptotic frequency synchronization is exponential, the
solution ® shows the emergence of a phase-locked state.

Appendix B. H-representation of Filippov set-valued maps

In this appendix, we prove the technical Lemmas 4.4 and 4.9. Recall that they were
respectively applied in Propositions 4.1 and 4.2 in order to explicitly characterize some
H-representation of the Filippov set-valued map in the supercritical and critical cases. We
introduce some notation.

Definition B.1. Forn € N and i, j € {1,...,n} we define the linear operators

L;j : Skew,(R) = R, Y = y;j,
n
L;:Skew,(R) > R, Y Z Yiks
k=1

&£ : Skew,(R) - R"”, Y Y -j.

By definition, we have

n
Li :ZLik and cf:(Llvan)
k=1

First, we give the simpler proof of Lemma 4.4:

Lemma B.1. Foranyn € N and x € R", the following assertions are equivalent:
(1) There exists Y € Skew, (R) such that x =Y -j.

(2) x - j = 0, where j stands for the vector of ones.
Proof. Define the linear operator

&£ : Skew,(R) - R", Y i>7Y-j.
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Then the assertion is equivalent to
£(Skew, (R)) = j*. (B.1)

On the one hand, it is clear that the inclusion C in (B.1) holds by the properties of skew-
symmetric matrices. On the other hand, define the matrices

E;j = %(6,‘ ®ej—ej ®e;) (B.2)

foreveryi # j,where{e; : i = 1,..., N} is the standard basis of R” and ® denotes the
Kronecker product. Notice that

L(Eij) =1 ®ej—ej®e)-j=ei —ej.
Hence,
{cf(Ei’,'+1)ii = 1,...,n—1}={ei—ei+1 1= 1,...,}1—1}

consists of n — 1 linearly independent vectors. Consequently, &£ has rank larger than or
equal to n — 1. Since j* has rank n — 1, the identity in (B.1) holds true. ]

Now, we turn to the proof of Lemma 4.9. Our main tool will be the Farkas alternative
from convex analysis, which we now recall.

Lemma B.2 (Farkas alternative). Consider any finite-dimensional vector space V, a finite
family of linear operators Ty, ..., T : V. — Rand b = (b1, ..., bx) € R¥. Then exactly
one of the following statements holds true:

(1) There exists v € V such that
Ti(v)fbi, i=1,...,k.
(2) There exists ¢ € R™ withq; > 0foralli = 1,...,k such that

k
Z%Ti=0 and ¢-b <0O.

i=1

This result has several equivalent representations in the literature and it is sometimes
called the Theorem of Alternatives. One reference where we can find our version is [44,
Lemma 2.54]. We are now ready to give the proof of Lemma 4.9.

Lemma B.3. Foranyn € N and x € R”, the following assertions are equivalent:
(1) There exists Y € Skew,([—1, 1]) such that x =Y -j.
(2) There exists Y € Skew,, (R) such that

L,’j(Y)fl, L,-(Y)fxi and —L,-(Y)f—x,-,
foralli,j e{l,...,n}.
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(3) We have
n
> i +Aixi =0 (B.3)
i,j=1
forall Q € M,,(RE)") and A € R” such that q;; + A; = qji + Aj.
4) We have
k
> xo; € [—k(n — k). k(n — k)]
i=1
for every permutation o of {1,...,n} and any k € N.
Proof. We split the proof into two parts. First, we establish the equivalence of the first

three assertions. The main tool here is Lemma B.2. Secondly, we focus on the more con-
voluted equivalence between the first group of assertions and the last assertion.

e Step 1: Equivalence of the first three assertions. The first two assertions are equi-
valent by Definition B.1. In (2), we have a system of affine inequalities in the vec-
tor space Skew, (R) of skew-symmetric matrices. Hence, by the Farkas alternative (see
Lemma B.2), (2) amounts to saying that whenever ¢;;, qi+ ,q; are non-negative coeffi-
cients satisfying

n n n
> qiLij+) qtLi—) qiLi =0 in Skew,(R),

ij=1 i=1 i=1

then

n n n
Z qij +Zqi+xz' —Zq,-_x,- > 0.
i=1

ij=1 i=1

Defining A; = qt.+ —¢q; , we can simplify the equivalent assertion: for every Q € M, (R:{ )
and A € R” such that

n n
Z qijLij + Z)LiL,- =0 in Skew,(R), (B.4)
ij=1 i=1

we have

n n
Z qij + Z/\ix,- > 0.
i=1

ij=1

Thus, the equivalence with the third assertion follows by evaluating the identity (B.4) on
every matrix in the canonical basis of Skew, (R), i.e.,

{ei®@ej—ej®e 11 <i<j<nj},

and noticing that we obtain the condition ¢;; + A; = ¢;; + A; in the third assertion.
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o Step 2: Equivalence with the last assertion. Assume that (1) is satisfied, i.e., x =Y -
for some Y € Skew,, ([—1, 1]). Taking any permutation ¢ of {1,...,n} andany 1 <k <n
we obtain

k k n k k k n
Zxai = Zzyoiaj = Zzyaioj + Z Z Yojoj-
im1

i=1j=1 i=1j=1 i=1j=k+1

Since the first term is zero (by antisymmetry) and the second term consists of n(n — k)
terms with values in [—1, 1], it follows that

k
> xo; € [=k(n — k). k(n — k).

i=1

Conversely, assume that (4) is true and let us prove (B.3). Consider Q € M, (Rg’ ) and
A € R” such that
gij —qji = Aj — Ai. (B.5)

Without loss of generality we will assume that g;; = 0 foreveryi = 1,...,n (in the other
case, (B.3) is even larger), and we split

n
I := Zqij —i—Z/\,'x,' =11+ 1.

itj i=1

Notice that

L= dixi=Y (Ai—A)xi+A Y xi
i=1 i=1

i=1

forevery j = 1,...,n. Since the sum of all the x; is zero by hypothesis, taking averages
with respect to all the indices j = 1,...,n we obtain
1 n n
I, = - 2} Zl(xi — Aj)xi.
i=1j=

Finally, interchanging i and ;j and taking the average of the resulting two expressions we
can equivalently write

1 1
L=~ DY =) —x)) = - D = A)(x; = xi).
i=1j=1 i<j
Thus, substituting (B.5) into /> and putting it together with /; we can write

1 1
I = Z%‘j +5, Z(qz’j —qji)(xj —xi) = Zqzj (1 + ;(Xj - Xi))~ (B.6)
i£j i#j i#]j
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Let us consider a permutation o of {1, ..., n} that puts the coefficients A; in increasing
order:
Aoy <+ =< Ag,- (B.7)
Then )
I = ZQU,'UJ' (1 + ;(xcrj _XU,'))
i#]j
1
=Y (oo, —qg,oi)(l + ~ (X, = xof)) +2) dojo;
i<j i<j
=: I3+ 14.

It is clear that /4 is non-negative. We will show that so is /3. By (B.5), it is easy to show

that
Jj-1

QU,‘Oj _‘Iajai = Z(QUkak+1 _q0k+10'k)
k=i

for any i < j. Therefore,

j—1
1
I3 = ZZ(%WHI _qak+10k)(1 + ;(xvj —xgl.))

i<j k=i
n—1
= Zak(q0k0/c+1 — 4oy 4y01)
k=1
n—1
=Y (o — Aap): (B.8)
k=1

where in the last step we have used (B.5) again and the coefficients ay are

ay ‘= Z (1 + %(xo_,- _xa,-))

i<k
J=k+1
k& n—k &
:k(n—k)+;'z Yo, = — Zxoi.
Jj=k+1 i=1

Bearing in mind that the sum of all the x; vanishes by hypothesis, we have

k
ar =k(n—k) = xo,.

i=1

Thus, ax > 0 by hypothesis. Since we have chosen ¢ so that (B.7) takes place, the result
follows from the expression (B.8) for /3. [
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Appendix C. Characterizing the sticking conditions

Our purpose in this appendix is to give explicit conditions on the weights yielding neces-
sary and sufficient conditions for sticking of particles (3.12) and (3.13) in Subsections 4.3
and 4.1 respectively. The first part is devoted to the supercritical case and the second part
will focus on the critical case.

Apart from the linear operators in Definition B.1 we will need the following ones.

Definition C.1. Foranyn € N and i, j € {1,...,n} we define the linear operator

n
T;j : Skew,(R) = R, Y > Z(J’ik = Yjk)-
k=1

Notice that by definition we get the following relation to the operators in Definition B.1:
n
Ty =Y (Lik — Lyx).
k=1

The next result yields a characterization of the sticking condition (3.13).

Lemma C.1. Foranyn € N and M € Skew, (R), the following assertions are equivalent:
(1) There exists Y € Skew,, (R) such that

M=Y-J+J-7Y.
(2) There exists Y € Skew, (R) such that

T;;j(Y)<myj and —T;;(Y)=<—myj.

(3) We have
my; +mij +mj; =0 (C.1)
forall2 <i < j <n.
4) We have
mij +mjg + my; =0 (C.2)

foralll <i < j <k <n.

Proof. First, it is clear that the first two assertions are equivalent. Second, let us briefly
show that (C.1) and (C.2) are equivalent. On the one hand, it is clear that (C.1) is a par-
ticular case of (C.2). On the other hand, assume that (C.1) holds. Then in particular for
1 <i<j<k<nwehave

my +mij +mj =0,
myj +mjx + mpy =0,
mik + mg; +mjp = 0.

Taking the sum of these equations we obtain (C.2) by the skew-symmetry of M.
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Hence, let us prove the equivalence between the second and third assertions. By
Lemma B.2, (2) amounts to saying that whenever A € M, (R) satisfies

n
> ATy =0,
i,j=1
then
n
Z )L,-jm,-j > 0.
i,j=1

Evaluating on the basis ¢; ® e; — e; ® ¢; we equivalently write the former condition as

D ik = Aki) = (g — Ae)] = 0.
k=1

Hence, if we define p;; = A;; — Aj; we can conclude that (2) is equivalent to the fact that
whenever P € Skew, (R) satisfies

n
> (pik = pjx) =0 (C.3)
k=1
foralli, j € {1,...,n}, then
n
Z pijmij = 0. (C.4)
i,j=1

e Step 1. Here, we characterize the condition (C.3). Taking

X = (é ij).i

in Lemma 4.4 shows that the matrices P € Skew, (R) fulfilling (C.3) coincide with those

in the kernel of the operator £ = (L1, ..., Ly). Recall that £ has rank n — 1. Since
Skew;,, (R) is a vector space of dimension d; := n(n — 1)/2, we find that
-1 —D(n-2
dy := dim(ker £) = n(n—) —(n-1)= M
2 2
Consider the matrices
Pij := Ey; + Ej; + Ejy = Ey; — Eij + Ejj, (C.5)

where E;; are the skew symmetric matrices in (B.2). Then
éC(P,-j) = x(Eli) -+ :ﬁ(Eij) + ;C(Ejl) = (61 — ej) + (€i — €j) + (ej — 61) = 0.

Hence, the subset
P:={P;:2<i<j=<nyCkerfL
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consists of (n — 1)(n — 2)/2 different elements, which can be ordered according to the

lexicographic order of the pairs (i, j). Let us show that they are linearly independent, thus

generating the whole kernel. We first consider the basis of skew-symmetric matrices
B:={Ej:1=<i<j=<n}

and again we arrange them in lexicographic order. Let M € Mg, x4, (R) be the matrix of
coordinates of the elements in J° with respect to the basis 8. Then by (C.5) one infers
that the d, x d5 identity matrix appears as the submatrix of M consisting of all the d,
rows but just the last d, columns. Hence, rank M = d, and consequently

ker £ = span(P).

e Step 2. Here, we characterize the condition (C.4), which clearly amounts to

n
Z pijmij =0

ij=1
forevery P € . Taking P = P;j for2 <i < j < n we get
n
1
Z pijmij = 3 (myi —miy +mij —mji +mjy —myj) = my + mi; +mj,
i,j=1

and this concludes the proof. |

Finally, we focus on the sticking condition (3.11) in the critical case. The next result
gives an explicit characterization that uses similar techniques to those in Lemma B.3.

Lemma C.2. Foranyn € N and M € Skew, (R), the following assertions are equivalent:

(1) There exists Y € Skew,([—1,1]) suchthat M =Y -J+J-Y.
(2) There exists Y € Skew, (R) such that
T;;(Y)<m, —T;j(Y)<-mij and L;(Y)<1.
(3) We have
n 1 n
Z 9+ 5 Z pijmij =0
i,j=1 i,j=1
foranyi,j =1,...,n, and for every P € Skew,(R) and Q € M, (R(T) such that
Y k=1(Pik — pjk) + qij — qji = 0.
(4) The following two conditions hold:
(a) Condition (C.2) holds true.

(b) We have
Z Z Me;o; € [=nm(n —m),nm(n —m)] (C.6)
i=1j=m+1

for every permutation o of {1,...,n}andany 1 <m < n.
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Proof. Assertions (1) and (2) are apparently equivalent due to the definition of the linear
operators involved. Also, (2) and (3) are equivalent by an application of Lemma B.2 that
is analogous to that in the proof of Lemma B.3; hence, we skip the proof for simplicity.
Therefore, we will only focus on the equivalence with the last assertion. First, assume that
for some Y € Skew,, ([—1, 1]) the first assertion holds true, i.e.,

n
mij = Z(yik — Yjk)-

k=1

By Lemma C.1 we arrive at (C.2). Moreover,

Z Z Moo, =Z Z Z(y(fjdk_yajo'k)

i=1j=m+1 i=1j=m+1k=1
m n n m m n
=(=m) Y Y Ve —m Do Dy =n), Yo Vik
i=1k=m+1 j=m+1k=1 i=1k=m+1

Since it is n times the sum of m(n — m) numbers in [—1, 1], the condition (C.6) is also
satisfied. Conversely, assume that both (C.2) and (C.6) hold and take any P € Skew,(R)
and Q € M, (]Rg) such that

n
> (pik = pjx) + qij — qji =0 (C.7)
k=1
forany i, j = 1,...,n. Without loss of generality we can assume that g;; = O for every
i =1,...,n. Also, define A; := ZZZI pik and consider a permutation o of {1,...,n}

such that the A5, are in non-decreasing order,
Aoy < =< Agp,- (C.8)

Let us split

n n
1
= § qO‘,’O’j +§ § po‘l‘O'ij'iO'j = 11+12~
i,j=1 i,j=1

Using (C.2) in the second term we can write

1
12 = Eijz_l Pai(rj (mUiUk _mO'jO'k)

forany k = 1,...,n. Let us take the average with respect to k in the above expression:

2= (Zmal‘”‘)kgl + 5 Z(Z m"j"k) g
%;(]; mai"k)kai = 1 Z(meak)(kaj +qoj0; — qU,O'j)

l—l k=1
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forany j = 1,...,n, where (C.7) has been used in the last step. Taking the average with
respect to j we get

1 n n
b= 2 Z (Zmo’,—o’k)(qa_/-o'i —4ojo;)

i,j=1 k=1
1 n n
= m Z (Z(moiﬁk _mUjUk)>(q0‘jUi _QGio‘]‘)
ij=1 k=1
1 n
= n_2 Z(Z(moiak - mUjUk))(quUf - qgicrj)- (C.9
i<j k=1
On the other hand,
L= doio; + Y _(oio; —dojo;)- (C.10)
J>i i<j

Putting (C.9)—(C.10) together we obtain
1 n
I= 22‘1’7 + Z(l Tz Z(mﬂiok - mff./ffk))(%mj ~doj0;)-
Jj>i i<j k=1

Finally, notice that for any i < j, the condition (C.7) entails

j—1
Yoic; —Ydojo; = Z(qﬁmﬂm-H _q0m+1<7m)’
m=i
and consequently
n
I = 2Zqij + Zam(%rmam.:,.l —Gopii1om)s
Jj>i k=1

where the coefficients are

1 &
(1 - n_z Z(mciok - m(TjO'k))
k=1
TR n
:m(n—m)—zz Z Moq,; -

i=1j=m+1

Here, (C.2) has been used again. Since the a,, are all non-negative by (C.6) and the A,
are ordered as in (C.8), we conclude that / > 0 and this ends the proof. [
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